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ABSTRACT 

This thesis has been formulated with a view to understanding and quantifying the 

structure and physical processes that drives climatically sensitive lower layers of the 

atmosphere i.e., atmospheric boundary layer (ABL) and its sub-layer i.e., atmospheric surface 

layer (ASL) over geographically and topographically distinct regions of the globe. Climatic 

significance of these layers lies in the fact that, since the evolution of life on earth, all type of 

weather patterns, residence of all forms of lives, occurrence of different extreme weather 

events, and release, suspension, trapping, and mobility of all forms of natural and 

anthropogenic emissions continuously occurs and are regulated within these layers. However, 

since the industrial revolution, an increasing anthropogenic input i.e., aerosols and trace gases 

have been continually fed in these layers. Because of this, significant perturbations have been 

forced in the inherent structure and functioning of these atmospheric layers. The nature of 

perturbations induced in these layers are dependent on the physiochemical properties of 

anthropogenic inputs and the meteorological settings specific to a geographic location. The 

perturbations driven by the coupled interaction between meteorology and anthropogenic inputs 

have portrayed both positive (warming) as well as negative (cooling) feedback on rapidly 

changing global climate. Realizing the importance of these atmospheric layers and their 

interaction with aerosols, and their role in regulating present and future earth’s climate, Indian 

Space Research Organization has initiated an ISRO’s Geosphere-Biosphere Programme. 

Under this Programme, two projects entitled “Network of Observatories for Boundary Layer 

Experiments (NOBLE)” and “Aerosol Radiative Forcing Over India (ARFI)” have been 

executed and the study conducted in this thesis constitutes a part of these projects.  

 In this thesis, a combination of in-situ, satellite-derived, and model simulated datasets have 

been used for studying the dynamic nature of ASL, ABL, and aerosols over two geographically 

diverse regions of the globe. The first region is a tropical coastal region (Goa, 15.46°N, 



 

   
 

73.83°E) of the Indian sub-continent, while the other region is the Indian Ocean Sector of 

Southern Ocean (ISSO) extending up to the Prydz Bay region of Antarctica encompassing the 

area from 24°S to 68°S.  

The thesis begins by presenting an investigation of the micrometeorological turbulence 

characteristics of ASL over a region in Indian sub-continent using yearlong in-situ 

measurements collected from 32 m tall meteorological tower installed in the campus of Goa 

University. Being a costal site, the region experiences meso-scale land-sea breeze circulation 

concurrent with diurnal transitions, however, on a seasonal scale, this regional land-sea breeze 

circulation is experienced during all seasons i.e., pre-monsoon, post-monsoon, and winter 

except during summer-monsoon. During monsoon, the prominent flow of sea breeze was due 

to the onset of strong south-west monsoonal winds, i.e., from sea to land. Observations revealed 

that the structure and turbulence characteristics of coastal ASL were modulated by land and 

sea breeze phenomenon. Analysis of surface layer fluxes of heat, energy, and momentum 

revealed strong diurnal and seasonal fluctuations that contributed to stabilized or destabilized 

atmospheric surface layer during daytime and nighttime in different seasons. Examination of 

surface layer turbulence showed that the flux-variance in the atmospheric surface layer were 

defined by Monin-Obukhov Similarity Theory (MOST), and the turbulence within the surface 

layer over the study site was highly dependent on varying stages of stability.  

 Considering significant variability of ABL characteristics above land and oceans, this thesis 

further dealt with studying the thermodynamic structure of marine ABL (MABL) over oceanic 

region extending from subtropics to poles. This study was performed by analyzing a total of 

75 high resolution atmospheric soundings launched in the area covering from 24°S to 68°S and 

57°E to 79°E during three cruises onboard ORV S. A. Agulhas during the austral summers of 

2017, 2018, and 2020. The track of all three cruises, passed through crucial planetary scale 

oceanic fronts i.e., Sub-tropical front (STF), Sub-Antarctic Front (SAF), Polar Front (PF), 



 

   
 

Southern Antarctic Circumpolar Current Front (SACCF), and Southern boundary of ACC (SB) 

formed in the Indian Ocean sector of Southern Ocean (ISSO) as well as in Prydz Bay region 

of coastal Antarctica. Special attention was taken while taking couple of soundings at/near each 

front. These soundings were analyzed to develop an understanding of the role of oceanic fronts 

in dictating the vertical structure and the thermodynamic stability of MABL. Associated to 

prevailing stability/instability of MABL over each frontal regions, the spatial and vertical 

distribution of clouds and inversions, along with the physical processes responsible for driving 

such a weather system over this oceanic domain were studied. Analysis revealed strong 

dependence of vertical stability of MABL on the air-sea temperature gradient, that varied 

sharply across distinct oceanic fronts of ISSO. In the subtropical frontal regions, surface based 

convective mixing and decoupling of thermodynamically coupled surface-based mixed layer 

were common. Unique distribution of clouds and inversions were recorded within the MABL 

of ISSO with presence of low level multi-layered thick clouds prominently in mixed phase 

(super-cooled water or ice). ISSO recorded frequent high level multiple inversions with the 

strongest multiple inversions observed in the polar front region. This unique cloud and 

inversion characteristics recorded in ISSO regions were the result of highly stabilized MABL 

governed by dominant physical process of condensation and precipitation regulated via strong 

advective motions of colder air masses. Higher MABL stability, intense winds, and its 

associated wind shear in the ISSO supported occurrences of numerous mesoscale low-pressure 

stormy cyclonic systems. Snow and fog were common phenomenon of the ISSO regions. 

Towards the end of south pole, in high-latitude ISSO and in coastal Antarctic region, soundings 

revealed occurrence of weak low-level surface-based convection while at upper altitudes above 

the surface, sublimation supported virga conditions accounted for the presence of ice or super-

cooled water clouds. 



 

   
 

 Together with the detailed characterization of MABL from 24°S to 68°S, study in this thesis 

also describes the coupled effect of aerosol-boundary layer dynamics, and its associated effect 

on atmospheric radiative forcing and heating rate due to aerosols in the least explored oceanic 

region of ISSO. In-situ measurements of total columnar aerosol depth of composite aerosols 

and mass concentrations of black carbon aerosols along with surface and vertical 

meteorological measurements were used. Satellite-derived measurements describing vertical 

distribution of aerosols and cloud sub-types, model estimated radiative forcing and heating rate 

estimates provided a complete insight on aerosol-boundary layer dynamics occurring over the 

oceanic study region. These observations highlighted the crucial role played by thermodynamic 

state and the dynamics of MABL in governing the distribution, accumulation, and the 

dispersion of aerosols via several physical processes unique to each front. Analysis revealed 

surprisingly higher loading of dust, dusty marine, and black carbon aerosols over the oceanic 

polar front region. This higher loading was weakly attributed to long-range advection of 

anthropogenic origin aerosols while strongly attributed to the unique boundary layer dynamics 

specific to polar front region i.e., significant stabilization of MABL, occurrence of baroclinic 

instabilities, and intense mid-latitude cyclonic systems. These dynamics significantly 

contributed to higher accumulation and enhanced confinement of such anthropogenic as well 

as natural origin aerosols in this remote oceanic region. Such higher aerosol loading is 

alarming, as these aerosols can act as cloud condensation nuclei’s, by which they may either 

enhance or reduce cloud formation depending upon their characteristic nature. If these aerosols 

are of solar irradiance absorbing type, atmospheric warming is likely to be enhanced, while 

scattering type of aerosols are likely to induce a cooling effect, and an overall consequence will 

lead to alterations in the radiative balance of this climatically sensitive oceanic region on a 

planetary scale.  
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Chapter 1 

Introduction 

 

1.1. Introduction 

In the last few decades, rapid urbanization and industrialization have deteriorated the quality 

of air by increasing emissions of anthropogenic aerosols within the earth's atmosphere IPCC 

(2013); (Pörtner et al., 2022). As a result, the earth’s atmosphere is presently loaded with 

abundant natural as well as anthropogenic aerosols (IPCC, 2014). An atmosphere in such a 

state poses  serious threat to the environment, human health, and the regional as well as global 

climate (Licker, 2022). These aerosol species exhibits varying physiochemical and optical 

properties and are suspended in the air, predominantly in the lowest layer of the atmosphere 

lying close to the earth’s surface (Lui et al., 2015). This layer is commonly referred as the 

planetary boundary layer (PBL) or atmospheric boundary layer (ABL) (Figure 1.1; Stull, 1988; 

Garratt, 1994). (Figure 1.1; Stull, 1988; Garratt, 1994). The ABL acts as a lid, shielding the 

free troposphere above from the direct impact of the processes taking place on the surface of 

Earth. Lives on earth, and all forms of weather and climate systems, occur in this layer through 

continuous exchanges of heat, momentum, moisture, aerosols, trace gases, and other pollutants 

(Carslaw et al., 2010; Li et al., 2017). All these exchanges are dynamically regulated as a 

function of atmospheric motions, stability, and convective potential of ABL (e.g., mechanical 

and thermal turbulence), depending upon the diurnal, spatial, temporal, and topographic 

characteristics of the region (Stull, 1988; Arya, 2001; Quan et al., 2020). The thermal 

stratification within ABL affects the intensity of thermal turbulence (i.e., buoyancy) as well as 

the depth of ABL (Miao et al., 2009). The resultant ABL structures and processes affect the 

quality of air by horizontal as well as vertical dispersion and transport of aerosols (Arya, 1999). 

Moreover, the shallowness of ABL is partly responsible for cases of severe atmospheric 
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pollution (Miao and Liu, 2019). Thus, the exchange of aerosols of varying physiochemical and 

optical properties driven by the ABL dynamics holds stronger potential to modulate incoming 

shortwave radiative fluxes, cloud microphysics, precipitation pattern, and the formation of 

cloud condensation nuclei’s (CCN’s) (Albrecht, 1989; Fan et al., 2016; Michibata, 2020). The 

coupled interaction of aerosols and meteorology plays a significant role in governing the 

regional as well as global pollution levels, the earth’s total radiation budget, water cycle 

balance, and global climate on a larger scale (IPCC, 2013, 2014). Hence, a proper 

understanding of the dynamic characteristics of ABL (i.e., local ABL processes/structures) and 

aerosols (distribution, quantification, and regional transport) over regions of the varying 

geographical and meteorological conditions across the globe becomes extremely crucial.  

 

Figure 1.1  A schematic representation of the atmosphere, indicating the atmospheric boundary 

layer (ABL) lying in the lowest part of the troposphere (not drawn to scale). The bottom 

boundary conditions provided by the earth’s surface induces exchanges of momentum, heat, 

and moisture fluxes. These exchanges drive mechanical (wind-induced shear) as well as 
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thermal (solar heating) turbulence distinguishing this layer from the rest of the atmosphere 

(Modified after Stull (1988)). 

From this perspective, over the past several decades, numerous experiments using 

ground-based, tethersonde, balloon borne, and airborne measurements (Lenschow, 1973; 

Kaimal et al., 1976; Brost et al., 1982a; Nicholls, 1984; Garratt and Physick, 1985; 

Kunhikrishnan et al., 1993; Carter et al., 1995; Wilczak, J. et al., 1996; Luhar et al., 1998b; 

Rao and Fuelberg, 2000; Angevine et al., 2001; Stevens et al., 2002; Miller and Keim, 2003; 

Franchito et al., 2007; Plant and Keith, 2007; Hogan et al., 2009; Lothon et al., 2009; Tucker 

et al., 2010; Barlow et al., 2011; De Tomasi et al., 2011; Svensson et al., 2011; Busse and 

Knupp, 2012; Harvey et al., 2013; Jensen et al., 2016; Solanki et al., 2016a; Wang and Wang, 

2016; Mahrt et al., 2018a; Manninen et al., 2018; Segal Rozenhaimer et al., 2018a; Barman et 

al., 2019; Chandra et al., 2019b; Pal and Lee, 2019; Solanki et al., 2019a; Truong et al., 2020a; 

Barman et al., 2021; LeMone et al., 2021) and theoretical and modelling based studies (Monin 

and Obukhov, 1954; Deardorff, 1974; Willis and Deardorff, 1974; Deardorff et al., 1980; 

Driedonks, 1982; Moeng, 1984; Moeng and Wyngaard, 1984; Pielke and Segal, 1986; Avissar 

and Pielke, 1989; Moeng and Wyngaard, 1989; Kaimal and Wyngaard, 1990; Hadfield et al., 

1991a; Kaimal and Finnigan, 1994; Ramis and Romero, 1995; Angevine et al., 2001; Atkinson 

et al., 2001; Savijärvi and Matthews, 2004; Beare et al., 2006; Savijärvi, 2006; Basu et al., 

2008a; Kumar et al., 2010; Holtslag et al., 2013; Hariprasad et al., 2014; Fedorovich et al., 

2017; Efstathiou et al., 2018; Listowski et al., 2019; Edwards et al., 2020) have emerged from 

across the globe, including from different parts of India (Winston Prakash et al., 1993a; 

Ramachandran et al., 1994b; Gera et al., 1996; Manghnani et al., 2000; Satyanarayana et al., 

2000; Prabha et al., 2002; Subrahamanyam, D.B. et al., 2003; Moorthy et al., 2005b; Kumar 

and Jain, 2006; Sandeep et al., 2014a; Solanki et al., 2016b; Sathyanadh et al., 2017; Anurose 

et al., 2018; Deb Burman et al., 2018; Nair et al., 2018; Kannemadugu, 2019; Prasad et al., 
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2019; Rai and Pattnaik, 2019; Sudeepkumar et al., 2020; Reddy et al., 2021; Seetha et al., 

2023). These studies were focused on addressing different aspects of ABL properties and its 

influence on weather and climate as well as probed into its role in pollutant dispersion over 

distinct land-based regions such as coastal, inland, arid, and mountainous terrains as well as 

over oceanic regions (Mohanty and Mohan Kumar, 1990; Parasnis and Morwal, 1991; Murty 

et al., 1996; Satyanarayana et al., 2003; Ramana, et al., 2004; Aravind et al., 2022). From these 

studies, ample of knowledge has emanated on the properties of boundary layer which varied 

significantly across spatiotemporal scales in regions of distint geographical and meteorological 

conditions (Augstein et al., 1974; Fitzjarrald and Garstang, 1981; Stull, 1988; Garratt, 1992; 

Kaimal and Finnigan, 1994; Miller and Keim, 2003; Talbot et al., 2007; Liu and Liang, 2010; 

Sandeep et al., 2014b; Solanki et al., 2016a; LeMone et al., 2019; Pal and Lee, 2019; Finnigan 

et al., 2020; Truong et al., 2020a). Bhumralkar (1975) highlighted that the diurnal variation of 

net radiative energy budget at the surface accounts for prominent diurnal variation of soil 

temperature over continental regions, which tend to produce strong diurnal variation of 

atmospheric temperature close to land surface (Arya, 1988). This, along with frictional effects 

leads to formation of atmospheric turbulent eddies over a wide range of temporal and spatial 

scales (Garratt, 1992). This aerodynamic drag between surface and overlying atmosphere is 

one of the main mechanisms by which energy is eventually dissipated in large-scale 

atmospheric motions. Studies further highlighted that turbulent kinetic energy varies diurnally 

and plays an important role in the vertical transfer of heat, momentum, water vapor, aerosols, 

pollutant gases and all other trace constituents prevailing within the boundary layer 

(Krishnamurti et al., 1998). In the entire atmospheric column, friction and turbulence intensity 

are strongest at the base of ABL, and it strongly determines the extend of vertical mixing of air 

inside the ABL as well as the transfer of moisture and pollutants between ABL and above free 

troposphere. These studies also highlighted that over continental regions, ABL height varies 
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from less than a few hundred meters during nocturnal cloud-free conditions to a few kilometers 

during clear sky conditions (Arya, 1988; Stull, 1988; Garratt, 1994; Foken and Napo, 2008). 

Land surface heterogeneities such as topographic settings, vegetation, soil type, surface 

reflectively, proximity of water bodies accounts for significant diurnal and spatial variations of 

ABL evolution (Stull, 1988; Bhat et al., 2003; Alappattu and Kunhikrishnan, 2010; Winning 

et al., 2017; Lang et al., 2018; Truong et al., 2020a). The entire exchange of energy (through 

both mechanical and radiation), mass, energy, aerosols, water vapor, and gases between earth’s 

surface and free troposphere takes place through the ABL dynamics (Arya, 1988). The ABL 

regulates the dispersion of aerosols and pollutants from their source regions and the spatial 

extend of their transport (both horizontal and vertical) determines the air quality of any region 

(Moorthy et al., 1993; Parameswaran, 2001; Babu and Moorthy, 2002; Pradeep Kumar et al., 

2003; Takashi et al., 2003; Moorthy et al., 2005a; Singh et al., 2005; Pant et al., 2006; Satheesh 

et al., 2006a; Satheesh et al., 2006b; Nair et al., 2007; Moorthy et al., 2008; Satheesh et al., 

2008; Menon et al., 2011; Srivastava et al., 2011; Menon et al., 2014; Bharali et al., 2019; 

Govardhan et al., 2019). Also, enhanced trapping of aerosols and atmospheric pollutants within 

shallow ABL tend to dilute aerosol and pollutant concentrations in biosphere and enable their 

long-range transport to regional and planetary scales (Nair et al., 2007). Stable ABL enhances 

fog formations which likely increases trapping of moisture, thereby preventing its vertical 

ascent or vertical cloud development.  

The ABL is observed to drastically vary over continental, coastal, marine, and regions 

of mountains terrains. Past studies over continental regions indicated that during fair-weather 

conditions, ABL exhibits a well-defined structure and pronounced diurnal evolution (Stull, 

1988; Angevine et al., 2020). During the noontime, formation of well-developed convective 

boundary layer occurs due initiation of strong turbulent eddy motions (Lyons and Cole, 1973; 

Venkatram, 1977; Stull, 1988; Luhar et al., 1998a; Angevine et al., 2020). However, during 
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the late evening and nighttime, stable boundary layers are likely wherein wind shears strongly 

generate sporadic turbulence causing atmospheric mixing (Parameswaran et al., 1997; Babu 

and Moorthy, 2002; Cai et al., 2014; Kaser et al., 2017; Mahrt et al., 2018b) (Parameswaran et 

al., 1997; Babu and Moorthy, 2002; Cai et al., 2004; Kaser et al., 2017; Mahrt, 2017; (Beare et 

al., 2006). Boundary layer over continent shows drastic variations in ABL over the coast, 

inland, arid, or complex mountains terrains. As the coast acts a boundary separating drastically 

different land and oceanic surfaces, it exhibits inhomogeneous ABL (Kunhikrishnan et al., 

1993; Ramachandran et al., 1994b). Contrasting to inland regions, coastal ABL is significantly 

regulated by several complex factors, among them few dominant factors are (a) differential 

heating between land and ocean surfaces which causes daytime sea-breeze and nighttime land-

breeze to flow (b) difference in the surface friction between land and ocean influences the sea 

breeze front and its propagation (c) coastal circulation results in formation of thermal internal 

boundary layer, and (d) steep orographic features are common characteristics of coastal regions 

(Simpson et al., 1977; Garratt, 1990; Jeeva Prakash et al., 1992; Winston Prakash et al., 1993b; 

Miller et al., 2003; Steyn, 2003; Porson et al., 2007a, 2007c; Talbot et al., 2007; Kala et al., 

2010a; Kala et al., 2011; Muppa et al., 2016; Anurose et al., 2018; Pal and Lee, 2019; Reddy 

et al., 2021; Yang et al., 2022). The combination of these factors regulates the coastal 

meteorology and coastal boundary layer properties. Another feature of boundary layer in 

coastal regions is the onset of land-sea breeze circulation. During daytime sea breeze, advection 

of cooler and moist marine origin air mass propagates over land which induces a net cooling 

effect in the atmosphere (Kuwagata et al., 1994), and tend to supply more moisture for 

enhanced cloud formations in the daytime evolving coastal convective boundary layer (Clarke 

et al., 2013). Further, in addition to coastal regions, most part of the earth’s surface is covered 

by topographically complex regions, where boundary layer properties in these regions are 

dependent on the air flow modified by the horizontal pressure gradients imposed due to the 
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complexities laid by small hills to mountains range (Zeman and Jensen, 1987; Raupach and 

Finnigan, 1997; Monti et al., 2002; Abedi et al., 2021).  Past studies highlighted that over 

similar complex terrains exhibiting steep terrains, pollutant transport can be modified by 

downslope gravity currents (Banta et al., 1990; Finnigan et al., 2020). As the wind flows over 

the hill, the vertical advection of air parcels is affected by the against restoring gravity induced 

force. However, if the hills are large enough to disturb the entire ABL and the overlying stable 

atmosphere above, then buoyancy effects play a crucial role for the vertical movement of air 

parcels (Kaimal and Finnigan, 1994).  

On the other hand, open ocean regions experience high temporal and spatial 

homogeneity of temperature near the surface (Smith and Reynolds, 2004a). Unlike land 

surfaces where direct interaction of atmospheric flow and consequent heat exchange is largely 

limited within the canopy, the interaction between the atmosphere and ocean surface extends 

deeper down to several tens of meters (de Boyer Montégut et al., 2004a). Owing to remarkably 

higher heat capacity of ocean and the deeper mixing, diurnal variation of sea surface 

temperature (SST) in open ocean is mostly limited to less than 1-2 ℃; and the SST variations 

are quite prominent in larger spatial scales particularly in regions of upwelling, and over period 

of several days to seasonal and interannual scales at a given region. As a result, in open ocean 

regions, weak diurnal variations of ABL have been observed (Lui and Liang, 2010; Johnson 

and Ciesielski, 2017), while in longer period and large spatial domains, variations are noticed 

to be quite significant. Numerous studies have reported significant temporal variations of 

marine ABL (MABL) height due to variations in weather systems and large-scale circulations 

(Augstein et al., 1974; Bhat et al., 2000; Bhat et al., 2003; Ramana et al., 2004a; Alappattu and 

Kunhikrishnan, 2010; de Szoeke et al., 2017; Johnson and Ciesielski, 2017; Lang et al., 2018; 

Truong et al., 2020a). Typical variation of MABL height varies from less than 500 m to about 

1000 m, depending on the state of atmospheric stability, occurrences of clouds, and weather 
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systems (Albrecht et al., 1995; Bhat et al., 2003; Bony and Dufresne, 2005; Truong et al., 

2020a). The top of MABL is often characterized by the occurrence of boundary layer clouds 

(Albrecht et al., 1995; Bony and Dufresne, 2005). Presence of optically think marine 

stratocumulus clouds have been reported throughout the year over the southeast and northeast 

of Pacific, the southeast of Atlantic and southern Indian Ocean (Subrahamanyam and Radhika 

2003b; Wood and Bretherton, 2004). Substantial diurnal variations in the frequency of 

occurrence and its geometric thickness have been observed, which critically influences the 

thermal structure and mixing within MABL (Bony and Dufresne, 2005). Also, decoupling of 

MABL has been observed using ship-borne radiosonde measurements in these oceanic regions 

(Bretherton, 1997; Bhat et al., 2000; Morwal and Seetaramayya, 2003; Subrahamanyam and 

Radhika 2003b; Alappattu and Kunhikrishnan, 2010; Jones et al., 2011; Johnson and Ciesielski, 

2017; Zheng and Li, 2019a; Truong et al., 2020b). Remote sensing measurements have been 

used to describe the seasonal climatology of MABL height over global oceans (Ratnam and 

Basha, 2010; Guo et al., 2011; Ao et al., 2012; McGrath-Spangler and Denning, 2013; Winning 

et al., 2017; Vignon et al., 2019a). Few satellites based lidar measurements e.g., Cloud-aerosol 

Lidar and infrared pathfinder satellite observation (CALIPSO) have utilized aerosol and their 

mixing within ABL as a proxy to determine the MABL structure over different regions across 

the globe (Boers and Eloranta, 1986; Luo et al., 2014). 

Considering the significance of ABL from weather and climate perspective, in the 

present thesis, the characteristics of ABL over continent as well as over the oceanic domain, 

together with the dynamics of aerosols and their radiative impacts have been examined. A 

tropical coastal region from the Indian continent has been chosen to study the 

micrometeorological turbulence characteristics of the lowest layer of ABL (i.e., the 

atmospheric surface layer (ASL). Followed by this study, the vertical thermodynamic 

characteristics of MABL and its coupled interaction with aerosols, and their effect on clear sky 
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direct shortwave radiative forcing and atmospheric heating rate have been studied over one of 

the least explored oceanic domains (i.e., Indian Ocean sector of Southern Ocean and 

Antarctica) encompassing between 24°S and 68°S.   

1.2. The Atmospheric Boundary Layer (ABL) 

The atmospheric boundary layer is defined as “lowest part of the troposphere which is strongly 

influenced by the presence of the earth’s surface and responds to surface forcing with a time 

scale of about an hour or less” (Arya, 1988; Stull, 1988; Garratt, 1994; Kaimal and Finnigan, 

1994). The nature of the surface (i.e., land or ocean), determines the characteristic properties 

of ABL. In addition, several other factors such as latitude (Garratt, 1982, 1994), time of day 

and year (Brümmer et al., 2012), and synoptic conditions, such as uneven heating/cooling of 

the surface of land or ocean and topography control the properties of ABL (Sinclair et al., 

2010). Among all the aforementioned factors, the domain factors that decide the characteristic 

nature of ABL is the 24 hour cycle of incoming solar insolation (Arya, 2001). In response to 

which strong diurnal pattern of net radiative balance i.e., sum of upwelling and downwelling 

solar and terrestrial fluxes tends to induce a net surplus radiative energy at the surface and a 

net deficit radiative energy within the atmosphere. This imbalance in the net radiative energy 

is balanced by exchange of surface layer fluxes i.e., sensible, and latent heat flux via continuous 

motions of turbulent eddies occurring between the surface and the atmosphere (Trenberth et 

al., 2009; Mauder et al., 2020). Qualitatively, turbulent motion of eddies is defined as the 

chaotic motion of air consisting of three-dimensional eddies of different sizes interacting with 

one another. Large scale eddies having maximum energies generally reach a size of several 

thousand meters, then tend to progressively cascade down into small-scale eddies dissipating 

energy through frictional effects (Nieuwstadt, 1984; Garratt, 1994; Nieuwstadt and Duynkerke, 

1996; Honnert et al., 2020). In addition to frictional effects, the aerodynamic drag between the 

surface and the atmosphere eventually causes energy dissipation of large-scale atmospheric 
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motions occurring within ABL. These microscale turbulence and large-scale motions 

determines the vertical mixing of air within ABL which directly or indirectly controls the 

exchange of moisture, aerosols, pollutant gases, and all trace constituents between the ABL 

and free troposphere (Caughey, 1984; Barthelmie et al., 2014; Honnert et al., 2020). Associated 

to these interactions, the energetics, and the thermodynamics of the atmosphere (ABL in 

particular) shows strong diurnal patterns which regulates the water content (in all forms i.e., 

vapor, solid, and liquid) within ABL, which indirectly plays a vital role in energy transfer, 

radiative balance, and formation of different weather systems and climate patterns (Chepfer et 

al., 2019). Collectively these factors, determine the depth of the ABL which typically varies 

from 50 m to 5,000 m altitude over regions varying geographically and topographically (Stull, 

1988; Garratt, 1994; Foken and Napo, 2008). For instance, over land, its surface heterogeneities 

i.e., surface topography, surface reflectance, vegetation, type of soil, its proximity to water 

bodies accounts for prominent spatial and diurnal variations in the properties and height of 

ABL (Foken and Napo, 2008; Bou-Zeid et al., 2020). Thus, on the diurnal cycle, ABL height 

over land varies from few kilometers during clear sky daytime conditions to few hundred 

meters during nighttime conditions (Arya, 1988; Garratt, 1994; Foken and Napo, 2008). 

However, over ocean surface, the diurnal variation of ABL is significantly reduced due to less 

change in the sea surface temperature (SST), because of the higher specific heat capacity of 

water as well as due to vertical mixing of heat content over a larger depth of ocean water i.e., 

within oceanic mixed layer. As a result, significantly suppressed diurnal and short-scale spatial 

variations occurs within the MABL, thereby resulting in slow changes in the properties and 

height of MABL (Stull, 1988; Bhat et al., 2003; Alappattu and Kunhikrishnan, 2010; Winning 

et al., 2017; Lang et al., 2018; Truong et al., 2020a). In the past, numerous studies have been 

conducted to improve understanding on the characteristics of ABL, its interaction with 

aerosols, and its influence on weather and climate using in-situ and remote observations 
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(Lenschow, 1973; Kaimal et al., 1976; Brost et al., 1982a; Brost et al., 1982b; Garratt and 

Physick, 1985; Wilczak, J. et al., 1996; Luhar et al., 1998b; Rao and Fuelberg, 2000; Angevine 

et al., 2001; Stevens et al., 2002; Miller et al., 2004; Plant and Keith, 2007; Hogan et al., 2009; 

Tucker et al., 2010; Barlow et al., 2011; Harvey et al., 2013; Jensen et al., 2016; Wang and 

Wang, 2016; Tang et al., 2017; Mahrt et al., 2018a; Manninen et al., 2018; Barman et al., 2019; 

Chandra et al., 2019b; Solanki et al., 2019b; Pal et al., 2020; Truong et al., 2020b; Barman et 

al., 2021; LeMone et al., 2021; Solanki et al., 2021; Liu et al., 2022) and using theoretical 

formulations and model simulations (Monin and Obukhov, 1954; Deardorff, 1974; Willis and 

Deardorff, 1974; Deardorff, 1980; Deardorff et al., 1980; Driedonks, 1982; Moeng, 1984; 

Moeng and Wyngaard, 1984; Pielke and Segal, 1986; Wyngaard, 1990; Hadfield et al., 1991b; 

Ramis and Romero, 1995; Avissar and Schmidt, 1998; Atkinson et al., 2001; Savijärvi and 

Matthews, 2004; Cuxart et al., 2006; Savijärvi, 2006; Basu et al., 2008a; Basu et al., 2008b; 

Kumar et al., 2010; Holtslag et al., 2013; Hariprasad et al., 2014; Efstathiou et al., 2018; 

Angevine et al., 2020; Honnert et al., 2020; Liu et al., 2020; Liu et al., 2022). 

1.2.1. Diurnal evolution of ABL 

During clear sky conditions, ABL exhibits a clear diurnal cycle over land (Stull, 1988). Figure 

1.2 indicates the variation occurring in an idealized boundary layer for 24 hours diurnal cycle. 

During clear sky conditions, the boundary layer tends to be unstably stratified. Incident solar 

forcing heats air closer to the earth’s surface which makes near-surface air mass warmer and 

less dense than the surrounding air. This led to a positive buoyancy force, which raises the 

unstable and less dense air parcels vertically upwards forming convective thermals. These 

thermal drives convection in ABL forming daytime convective boundary layer (CBL). In CBL, 

these thermals efficiently mix heat, moisture, momentum, and mass. Owing to this, temperature 
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Figure 1.2 Diurnal evolution experienced by an idealized clear sky atmospheric boundary layer 

(ABL). The depth of diurnally evolved ABL is shown in a red solid and dashed line (Modified 

after (Stull, 1988)). 

and wind profiles vary mostly uniformly with height in this layer. The convection is further 

inhibited in CBL by a strong inversion, where a sharp increase in temperature occurs, thus 

forming the top of CBL. The depth of this layer is determined by the strength of convection. 

In the tropics, it is typically 3,000 to 4,000 m while in mid-latitudes it is around 1,000 to 2,000 

m altitudes (Stull, 1988). Figure 1.3 depicts a typical potential temperature (𝜃) profile for a 

convectively driven boundary layer. In addition to convective turbulence, turbulence driven by 

shear production by wind occurs in the boundary layer. This kind of turbulence is prominent 

in mid-latitudes and polar regions, where purely convective-driven turbulence is a rare 

phenomenon. The preceding description of the diurnal evolution of ABL is observed under 

clear sky conditions whereas the presence of stratocumulus clouds weakens the nature of the 

diurnal cycle (Lock, 2004). Weakening of ABL evolution is caused due to lesser 
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heating/cooling of the earth’s surface causing a reduction in the buoyancy intensity under such 

cloudy/overcast conditions. As a result, the production of wind-driven shear dominates over  

 

Figure 1.3 The typical profile of potential temperature in (a) a buoyancy-driven convectively 

formed ABL with a well-evolved mixed layer and (b) an idealized stably stratified ABL 

(Modified after (Stull, 1988)). 

buoyancy effects. In contrast, the properties of nighttime ABL are very different from that of 

daytime ABL discussed above (Garratt, 1982; Högström et al., 1982). With sunset, the intensity 

of incoming shortwave radiation decreases, and longwave radiation is released by the earth’s 

surface causing surface cooling. This leads to equivalent cooling of the overlying air parcels 

and decreases the temperatures of air closer to the surface. This results in a temperature 

inversion that extends a few meters above the surface. The presence of cool near-surface air 

mass indicates decreasing density of air with increasing height. In such an atmospheric state, 

weak buoyancy forces inhibit the rising of thermals and restrict vertical turbulent mixing in 

ABL (Smedman, 1988). This results in the formation of a stably stratified layer defined as a 

nocturnal boundary layer or stable boundary layer (SBL) (Figure 1.3). The depth of SBL varies 

typically between 50 to 500 m (Mahrt, 1998a). SBLs are not only formed during nighttime but 

also observed in regions of weak solar forcing or cloudy/overcast conditions. SBL is 
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prominently observed in mid-latitudes during wintertime, where the developed nighttime SBL 

sustains throughout the next day due to weaker solar insolation.   

The diurnal cycle of the boundary layer discussed above is an idealized cycle that holds 

over a homogenous land surface, but these conditions are rarely observed in reality. Real 

boundary layers depart from idealized boundary layers based upon surface topography and 

heterogeneity of land and water surfaces. Also, clouds and synoptic surface forcing complicates 

real atmospheric boundary layer structure. Therefore, understanding the structure and 

characteristics of ABL over regions of land having distinct topographic features as well as over 

global open ocean water surfaces has been an important topic of research for few decades 

(Avissar and Pielke, 1989; Mahrt, 2010).           

1.2.2. Features of Atmospheric Boundary Layer over varying geographic domains 

1.2.2.1. Coastal Atmospheric Boundary Layer 

The coast is the boundary seperating two drastically different surfaces i.e., land and ocean 

surfaces. Due to the differential diurnal heating/cooling occurring over these surfaces the 

coastal atmospheric boundary layer represents an inhomogeneous atmospheric boundary layer. 

Because of its inhomogeneity several meso-scale processes such as land-sea breeze circulation, 

formation of mesoscale eddies and the typical structure of winds are common phenomenon 

within coastal ABL. Due to these phenomena, a complex pattern of air flow occurs within the 

coastal ABL  (Wilczak et al., 1991; Ulrickson, 1992). The structure of ABL over the coast 

largely depends upon the shoreline curvature and coastal topography (i.e., mountains near the 

coast) (Klipp and Mahrt, 2003). The characteristics of coastal ABL are observed to be distinct 

from an inland boundary layer because of the unique nature of the local atmospheric circulation 

(Prakash et al., 1992; Ramachandran et al., 1994a; Miller et al., 2003; Venkata Ramana et al., 

2004; Wichink Kruit et al., 2004; Porson et al., 2007b; Talbot et al., 2007; Kala et al., 2010b; 

Muppa et al., 2012; Anurose et al., 2018; Pal and Lee, 2019). Depending upon the unique air 
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circulation within the coastal ABL, occurrence of land-sea breeze occurs on the diurnal scale. 

Land-sea breeze is a local convective circulation formed due to the differential heating of the 

land and sea surface, and on account of which sea breeze occurs during the daytime while land 

breeze during the nighttime. The intensity and the horizontal as well as vertical range of land-

sea breeze largely depends upon several factors i.e., synoptic flow, the temperature difference 

between the land-sea surface, air temperature, and moisture profile of the boundary layer 

(Garratt, 1990; Reddy et al., 2021). Another unique layer peculiarly formed within coastal 

atmospheric boundary layer is the formation of thermal internal boundary layer (TIBL) which 

results due to the occurrence of land-sea breeze circulation. Although during the last few 

decades, the significance of land-sea breeze has been understood over coastal ABL, but the 

proper knowledge required to accurately model the effects of land-sea breeze interaction with 

the coastal ABL and associated large-scale weather system has still remains inadequate, and 

needs more attention (Melecio-Vázquez et al., 2018; Pal and Lee, 2019). 

1.2.2.2. Marine Atmospheric Boundary Layer 

The marine atmospheric boundary layer is formed above the surface of open oceans where 

within few meters of ocean water significant homogeneity of temperature exists on spatial and 

temporal scale (Smith and Reynolds, 2004b). The interaction between atmosphere and the 

ocean surface is much deeper with its effect penetrating to several tens of meters unlike the 

interaction between atmosphere and land surface which is limited to few meters or within the 

canopy (de Boyer Montégut et al., 2004b; Holte et al., 2017). Also, unlike over land, over the 

ocean surfaces, due to higher heat capacity of ocean and the deeper oceanic mixing, the diurnal 

variation of sea surface temperature (SST) is less and limited to < 1℃ to 2 ℃ in shorter spatial 

scales, but on considering larger spatial scales, upwelling regions, seasonal and interannual 

scales, the variation in SST is significant (Sandeep et al., 2014b). Thus, on short spatial scales, 

the diurnal pattern of ABL over ocean i.e., MABL is much weaker than the diurnal pattern of 
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ABL over land (Liu and Liang, 2010; Johnson and Ciesielski, 2017). In open ocean regions 

that experiences unique weather systems and large-scale circulations the temporal variations 

in MABL are much prominent (Augstein et al., 1974; Bhat et al., 2003; Ramana et al., 2004b; 

Alappattu and Kunhikrishnan, 2010; de Szoeke et al., 2017; Johnson and Ciesielski, 2017; 

Lang et al., 2018; Truong et al., 2020a). In general, the typical variation of MABL height is 

from < 500 m to about 1,000 m which depends upon the atmospheric stability conditions, 

presence of clouds and nature of weather pattern specific to that region (Bhat et al., 2003; 

Morwal and Seetaramayya, 2003; Subrahamanyam and Radhika 2003a; Ramana et al., 2004b; 

Alappattu and Kunhikrishnan, 2010; Liu and Liang, 2010; Ratnam and Basha, 2010; Guo et 

al., 2011; Jones et al., 2011; Ao et al., 2012; Johnson and Ciesielski, 2017). At the top of the 

MABL, common presence of boundary layer marine stratocumulus clouds occurs (Albrecht et 

al., 1995; Bony and Dufresne, 2005). These boundary layer clouds vary significantly on diurnal 

scale with variations in their frequency of occurrences and thickness and have substantial 

influence in determining the thermal structure and mixing within the MABL (Bony and 

Dufresne, 2005). The structural characteristics of MABL can be accurately understood using 

ship-based radiosonde observations (Bhat et al., 2000; Seidel et al., 2010; Lang et al., 2018; 

Truong et al., 2020a) and lidar profiles (Melfi et al., 1985; Luo et al., 2014). Also, remote 

measurements and GPS radio occultation techniques have been used in recent years to 

understand the structure of MABL over global oceans (Von Engeln et al., 2005; Ratnam and 

Basha, 2010; Guo et al., 2011; Ao et al., 2012; Luo et al., 2014; Winning et al., 2017).   

1.3. Characteristics of Atmospheric Surface Layer (ASL)  

The atmospheric surface layer (ASL) is defined as the lowest layer within ABL wherein 

momentum flux lies within 90% of its surface estimates (Stull, 1988; Arya, 2001). As a result, 

this layer is also referred to as a nearly constant flux layer. This layer is characterized by an 

increase in wind speed with height caused due to surface frictional effects Figure 1.4. Thus, in 
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this layer shear-induced turbulence strongly controls the transfer of heat, momentum, and mass 

within the air column. In addition, turbulence in this layer is dependent on characteristics such 

as atmospheric stability and surface roughness (Stull, 1988). In ASL, elements of surface 

roughness (such as forests, houses, buildings, etc.) plays a vital role in shaping wind and 

temperature profiles specific to regions, which in turn influences the magnitude of surface layer 

fluxes of energy and momentum. Atmospheric stability in this layer plays a distinct role. 

Unstable stratification caused by excess surface heating from the solar radiation supports the 

rising of buoyant thermals and high energy eddies and augments turbulent air 

 

Figure 1.4 The ABL includes an atmospheric surface layer (ASL) that comprises of a 

roughness layer and an inertial sub-layer, where the classical Monin-Obukhov Similarity 

Theory (MOST) could be applied for surface layer micrometeorological studies (Modified after 

Kohler et al., 2012).  

motions in this layer. At nighttime, the intensity of thermal eddies is negligible which leads to 

stably stratified conditions with reduced turbulent air motions. Thus, a time series of mean 

airflow and turbulent fluctuations of wind and temperature over a fixed surface of a particular 

region is widely examined to determine the regional airflow characteristic of ASL.  
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The surface layer turbulence and fluxes have been mathematically represented by the Naiver-

Stokes equation. For practical application, the nature of surface-layer turbulence is given by 

the equation of the budget of turbulent kinetic energy (𝑒),  
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  1.1 

Here, 𝑢′, 𝑣′, and 𝑤′ represent the fluctuation of zonal (x-direction), meridional (y-direction) 

and vertical (z-direction) wind velocity components. 𝑒
¯
 represents turbulent kinetic energy (𝑒) 

normalized by air density (𝜌) while 𝑒′ represents the instantaneous contribution to 𝑒. These 

variables are given as,  
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′
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1.3 

𝑇𝑣 represents virtual temperature, is defined as 𝑇(1 + 0.61𝑞) where T is the air temperature 

and q are specific humidity. In the equation, 1.1, the first term on the right side indicates the 

rate of change of turbulent kinetic energy due to advection, the second term indicates the shear 

production term, the third term represents flux divergence of turbulent kinetic energy, and the 

fourth term is the pressure flux divergence, the fifth term is buoyancy loss or turbulent energy 

production, and the last term indicates loss of turbulent energy due to viscosity.  

The complication of this equation, however, prohibits its applicability to direct use. 

Hence, a simplified version of this equation is formulated which eliminates a few independent 

parameters for readily accessible solutions. Among the introduced simplifications, an 

assumption of steady-state, horizontally homogenous, lateral symmetry in turbulence and flux 

variations w.r.t average meridional wind direction are considered. Considering this 

assumption, a modified form of the above equation appears as follows,  
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Here, 𝐼,̅ the last term on the right side of equation 1.4 is the imbalance term which is the sum 

of pressure flux divergence and energy flux terms. Generally, this imbalance term is neglected 

during most of the conditions for surface layer turbulence and flux studies (Geernaert, 2003).    

1.3.1. Theoretical framework for the turbulence characteristics of Atmospheric Surface 

Layer 

Monin-Obukhov 1941, has proposed a robust theoretical framework referred as Monin-

Obukhov Similarity Theory (MOST) to better understand the turbulent characteristics of ASL 

(Pahlow et al., 2001; Foken, 2006). This theory was partly developed for important applications 

such as pollutant dispersion calculations, and modelling regional weather and climate 

(Leelőssy et al., 2014). The basis for the formulation of this theory was laid on the assumption 

that groups of dimensional variables can be arranged in terms of the functional form of 

relationship with the airflow. Also, another assumption of the surface layer to be nearly a 

constant flux layer for exchange of heat, moisture, momentum, and mass. According to this 

theory, the fundamental variables needed to depict surface layer processes are the surface heat 

flux (− 𝑢′𝑤′̅̅ ̅̅ ̅̅ ), buoyancy factor (𝑤′𝑇′
𝑣 ), frictional velocity (𝑢∗) and the height above the 

ground surface. According to this theory, any bulk quantity (X) satisfying assumptions of 

MOST can be written in the form of,   

𝜕𝑋

𝜕𝑧
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 𝜙𝑥 

  1.5 

Here, X can be U, 𝑇𝑣, q and other such variables. 𝑋∗ represents the vertical turbulent flux of 

quantity X normalized by scaling parameter 𝑢∗ and 𝜙𝑥 is a quantity representing stratification. 

This equation when used for wind speed and temperature can be written in the form of,   
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 1.6a 
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𝜕𝑇

𝜕𝑧
=  

𝑇∗

𝑘𝑧
 𝜙𝑇 

 1.6b 

Here, 𝜅  is the von Karman constant having a value of 0.4. The functions 𝜙𝑈  and 𝜙𝑇  are 

presented in terms of the dimensionless parameter (z/L), where z represents the height of 

measurements and L is the Monin-Obukhov length. This stability parameter is defined as the 

ratio of shear-induced turbulent energy to buoyancy induced turbulent energy written in the 

form of,   

𝑧 𝐿⁄ =  
𝑔𝑘𝑧 𝑤′𝑇′

𝑣
̅̅ ̅̅ ̅̅ ̅̅

𝑇𝑣 𝑢∗3  
  1.7 

Integrating equation 1.7 to equation 1.6a will give a logarithmic wind speed profile upon 

assigning wind speed at a small height (𝑧0) above the surface as zero. This height is generally 

referred to as roughness length.  

Another application of MOST is in deriving co-efficient for variation of surface layer 

fluxes with respect to varying conditions of surface layer stability. These coefficients are 

mostly derived using time series field observations conducted on fixed stable platforms having 

minimum distortion to surface layer airflow. The significance of deriving flux coefficients is 

that theoretically they negligibly depend on wind speed but show relatively higher dependence 

on surface roughness, height, and ranges of atmospheric stability conditions based on the 

region’s topographic features. These coefficients are obtained during near-neutral conditions 

with a height of around 10 m or above, to compare with other region datasets as well as to 

integrate these parameterizations in regional models.  

1.4. Aerosols and their impact on earth’s climate 

Aerosols are small solid, or liquid or mixed phased particles dispersed in the atmosphere. Their 

size varies in the range between a few nanometres to 100 𝜇m (Albrecht, 1989). Depending 

upon the generation mechanism, aerosols are classified as primary and secondary aerosols, 

where both are produced from natural as well as anthropogenic sources. Primary anthropogenic 
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aerosols are composed of anthropogenic dust released from land cover, burning of fossil fuel, 

biomass, and agricultural remains and secondary aerosols are generated by homogenous 

nucleation of gases and condensation of vapors released from combustion process (Seinfeld 

and Pandis, 1998). These suspended aerosols are removed from the atmosphere mainly by two 

processes, i.e., dry and wet removal mechanisms (Slinn and Slinn, 1981). Dry removal is 

accomplished by the transport of aerosols through gravitational settling, impaction, and 

diffusion (Zhang and Vet, 2006). These processes are dependent upon surface characteristics 

and the state of the atmosphere (Hoppel et al., 2002). The wet removal process involves cloud 

scavenging (below- and in-cloud) (Seinfeld and Pandis, 1998). These aerosols once released to 

the atmosphere can remain suspended according to their residence time. Their residence time 

is dependent upon aerosol size, altitude of occurrence, optical properties, production 

mechanism, dry or wet deposition, growth and transformation defined by meteorological 

conditions (Pruppacher and Klett, 1978; Jaenicke, 1980; Hofmann and Rosen, 1981).  

These aerosols are known to affect life on earth, weather, and global climate (IPCC, 

2014). The climate implication of aerosols can be classified into two categories i.e., climate 

forcing and climate feedback (Hansen et al., 1997). Aerosol-induced climate forcing is the 

alterations in the earth’s total radiation balance caused by abnormal absorption and scattering 

of irradiances. This forcing is strongly dependent upon the optical properties of aerosols. 

Climate feedback on the other end is the atmospheric response to these climate forcing. These 

responses are mainly meteorological responses such as changes in atmospheric and surface 

temperatures, and the pattern of wind and precipitation across the globe (IPCC, 2013; Pörtner 

et al., 2022). Such climatic implications of aerosols are often quantified using the concept of 

atmospheric radiative forcing, which provides the change in net solar flux at the top of the 

atmosphere, surface, and its resultant within the column of atmosphere with and without the 

presence of aerosols (Hansen et al., 1997). Using this quantification, a negative radiative 
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forcing implies that the present aerosols induce cooling of the atmosphere while a positive 

radiative forcing implies warming relative to the initial state of the atmosphere without aerosols 

(Ramaswamy et al., 2019).  

Important climate implications of these aerosols are over mid-and high latitude regions. 

Over these regions, in-situ generation of anthropogenic aerosols is negligible hence presently 

serves as a natural laboratory on the earth’s surface. However, from the past few years, 

increased urbanization has been attributed to the deposition of anthropogenic aerosols over 

these regions through long-range advective mechanisms (Noone and Clarke, 1988). These 

advected aerosols strongly influences the radiative balance of these pristine regions by direct 

and indirect interactions with solar radiation (Clarke and Noone, 1985; Chýlek et al., 1996). In 

addition, they tend to alter the surface albedo over poles (Clarke and Noone, 1985; Warren and 

Clarke, 1990). For example, the deposition of absorbing aerosols over higher reflecting 

surfaces such as ice or snow reduces overall albedo causing the melting of ice shelves, which 

is an another major climate concern in the mid-and high latitude regions (Hansen and 

Nazarenko, 2004).         

1.5. Previous studies  

1.5.1. On the micrometeorological characteristics of the Atmospheric Surface Layer 

(ASL) over continental regions of different geographical and meteorological 

settings 

In 1941, Kolmogorov proposed a significant contribution towards understanding the structure 

of microscale turbulence and energy exchange processes occurring within ASL. In the same 

year, Obukhov 1941, proposed the distribution of spectral energy in a turbulent airflow in ASL. 

Monin 1970, further contributed to the field of ASL studies and the contribution is now known 

as the Monin-Obukhov Similarity Theory (MOST) (Foken, 2006). The period from 1960 to 

1970 was a golden age for boundary layer studies when conditions of several boundary layers 
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(such as convective, stable, and neutral layers) were studied, and more importantly, the 

verification of surface layer similarity theory was conducted. One of the pioneering turbulence 

studies was carried out in an international experiment known as International Turbulence 

Comparison Experiment (ITCE-1976 & 1981). This experiment illustrated that more reliable 

observations are required on the variances of surface layer variables to examine errors 

associated with point measurement techniques (Francey and Garratt, 1981; Dyer et al., 1982; 

Tsvang et al., 1985). Other major land-based surface layer experiments were the Kansas 

experiment in 1968 and the Minnesota experiment conducted in 1973 (Kaimal and Wyngaard, 

1990), the Wangara experiments in 1967 (Clarke et al., 1971), First International Satellite Land 

Surface Climatology Project (ISLSCP), field Experiments (FIFE) in 1983 (Sellers et al., 1988; 

Betts, 1992), boundary layer experiment in 1983 (Stull and Eloranta, 1984), Amazon and 

Arctic Boundary layer Experiment (ABLE) in 1985; 1987 (Harriss et al., 1990), Hydrological 

and Atmospheric Boundary Layer Experiment (HAPEX) in 1986 (André et al., 1986). These 

experiments improved the understanding of the spectral and co-spectral behavior of ASL 

(Kaimal et al., 1972; Wyngaard and Coté, 1972; Kaimal, 1973). Also, the terms contributing 

to turbulent kinetic energy equations were defined (Wyngaard and Coté, 1972; Deardorff and 

Willis, 1985; Moeng and Wyngaard, 1989). (Högström, 1996) examined the prime issues in 

the then understanding of surface layer physics. (Al-Jiboori et al., 2001; Zhang, L. et al., 2001) 

presented the importance of similarity theory over regions of varying topographic features. 

Following the importance, several studies were proposed that tested the applicability of the 

Monin-Obukhov similarity theory over homogeneous surfaces  (Monin and Yaglom, 1975; 

Sorbjan, 1989a; Wyngaard, 2010), complex terrains (Moraes et al., 2005; Yue et al., 2015), 

heterogeneous terrains (Babić et al., 2016), Greenland, Arctic pack ice and Antarctica (Forrer 

and Rotach, 1997; Grachev et al., 2007, 2013). On the foundation laid by MOST, globally 

several statistical-based turbulence studies were also carried out over urban land-based regions 



Chapter 1. Introduction 

24 

(Grimmond and Oke, 1999; Roth, 2000; Wood et al., 2010; Trini Castelli and Falabino, 2013; 

Trini Castelli et al., 2014). Notably, most of these experiments were conducted over oceanic 

domains and over mid-latitude regions whereas such studies over coastal land-based regions 

were comparatively sparse (Singha and Sadr, 2012; Grachev et al., 2014; Grachev et al., 2015; 

Grachev et al., 2018b; Grachev et al., 2021).  

Over tropical regions, similar experimental campaigns and field measurements 

quantifying turbulence of ASL were least. However, over the tropical Indian sub-continent, a 

such studies were conducted at different geographical locations like inland regions (Goel and 

Srivastava, 1990; Sivaramakrishnan et al., 1992; Kailas and Goel, 1996; Rao et al., 1996),  

semi-arid regions (Krishnan and Kunhikrishnan, 2002; Solanki et al., 2016a; Solanki et al., 

2019a; Nagi Reddy et al., 2021), complex terrains (Solanki et al., 2016a; Barman et al., 2019; 

Solanki et al., 2019a; Solanki et al., 2021) and coastal regions (Prakash et al., 1992; 

Kunhikrishnan et al., 1993; Ramachandran et al., 1994a; Ramana et al., 2004a). Most of the 

above-mentioned studies were carried out in campaign mode during a particular season, but a 

study by Ramachandran et al. (1994a); Namboodiri et al. (2014); Prasad et al. (2019) has 

demonstrated that surface layer parameters varies with seasons over Indian sub-continent. To 

better understand surface layer turbulence over a specific region, it becomes essential to know 

the seasonal surface layer turbulence characteristics. These kinds of studies hold important 

applications for modelling regional-scale turbulent exchanges and pollutant dispersion in 

numerical models over regions of varying geography, topography, and meteorology.  

Among different geographical regions, coastal boundary/surface layers are of great 

interest considering the occurrence of strong mesoscale circulations and diurnal advection of 

heat and moisture across the land-sea interface (Kunhikrishnan et al., 1993; Ramachandran et 

al., 1994a; Miller and Keim, 2003; Miller et al., 2003; De Tomasi et al., 2011; Anurose et al., 

2018; KiranKumar et al., 2019; Pal and Lee, 2019; Davis et al., 2020). Several national and 
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international studies have been conducted in the past to understand the structure and dynamics 

of coastal boundary layers. Results from these studies highlighted that coastal ABL exhibits 

significant spatial variations in the nature of surface transfers due to variations in surface 

roughness, vegetation, soil temperature, and soil moisture (Shao et al., 1991; Shao, 1992; 

Angevine, 2008; Crosman and Horel, 2010; De Tomasi et al., 2011; Rajeev et al., 2016; 

Melecio-Vázquez et al., 2018; Wei et al., 2018; Davis et al., 2020). Among unique features of 

coastal ABL is the formation of thermal internal boundary layer which forms because of the 

advection of cold and moist marine air over the coastal regions (Garratt, 1990; Lyons et al., 

1995; Ramana et al., 1999; Wei et al., 2018). This layer inhibits development of convective 

boundary layer and vertical mixing of aerosols over coastal regions (Parameswaran, 2001). 

Studies have highlighted the crucial role of sea and land breeze circulation on the evolving 

structure of boundary layer and pollutant dispersions in coastal regions (Neumann and Mahrer, 

1971; Parameswaran et al., 1997; Parameswaran, 2001; Miller and Keim, 2003; Srinivas et al., 

2007; Talbot et al., 2007; Reddy et al., 2021). Ramachandran et al. (1994b) have conducted a 

study over western coastal station for different wind directions (northeast monsoon & 

southwest monsoon) and have reported that the variation of frictional velocity with height was 

mainly attributed to variation of surface roughness which varied with the wind direction 

associated with the sea breeze. The flow structure of the coastal ABL strongly depends on the 

curvature of the shoreline and the topography of the coast like the presence of mountains along 

the coast (Klipp and Mahrt., 2003). Nair et al. (2018) presented in detail the variability of mixed 

boundary layer height over Thiruvananthapuram, one of the tropical coastal sites of India. This 

study has also reported seasonal variability in the thickness of three different sublayers of the 

coastal boundary layer, namely, mixed layer, turbulent flow, and sea breeze flow over Thumba 

region. Renju et al. (2017) highlighted the potential of microwave radiometer profiler 

observations to investigate the continuous diurnal evolution of boundary layer height over a 
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tropical coastal region manifested by a thermal internal boundary layer (TIBL) at much better 

time resolution. Using two-years of field observations, a reliable climatology on the diurnal 

evolution of the vertical thickness of sea breeze flow and vertical thickness of ABL in 

association with the altitudes of lifting condensation level have been provided over 

Thiruvananthapuram (8.5°N, 76.9°E), a coastal station on the western coastline of the Indian 

sub-continent (Anurose et al., 2018). Detailed studies focused on boundary layer have been 

carried out at 18 different coastal locations in United States along the Gulf of Mexico and the 

Atlantic and Pacific Oceans which revealed the impact of the advection of marine airmass on 

the boundary-layer height at coastal areas during onshore flow (Pal and Lee, 2019). The ABL 

height during offshore and onshore flow differed by 100 – 1500 m, depending on location and 

season (Pal and Lee, 2019). In recent years, model simulations involving inputs of surface 

physics such as surface temperature, soil moisture, evaporation, and evapotranspiration has 

significantly improved the representation of coastal ABL development, structure, and onset 

timings of land-sea breeze circulation (Zhang et al., 2008). 

1.5.2. On the characteristics of Marine Atmospheric Boundary Layer and its 

interactions with aerosols in Southern Ocean and Antarctica 

Southern Ocean (SO) is one of the unique oceans on earth due to remarkable differences in 

geographic location and extreme weather conditions driven by the strong Antarctic 

Circumpolar Current (ACC) (Carslaw. et al., 2013; Ghan et al., 2013). This massive current 

causes water mass to flow from west to east around Antarctica. Thus, Antarctica forms the 

southern boundary of SO while the southern extent of the Pacific, Atlantic, and Indian Oceans 

forms the northern boundary of SO. ACC is also associated with several fronts that separate 

tropical, sub-tropical, sub-Antarctic, and polar water masses (Belkin and Gordon, 1996). 

Among other oceans, SO constitutes about 20% of global waters (Haumann et al., 2020). SO 

is widely reported to have a crucial impact on global climate, beginning from energy 
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distribution across the globe, signatures of temperature anomalies, and influence on global 

rainfall pattern to huge storage of carbon dioxide in the atmosphere (Rintoul, 2018). A detailed 

review of the climate system of the Antarctic and the Southern Ocean is provided in Mayewski 

et al. (2009). Despite its strong effect on global climate, SO remains largely under-explored 

due to fewer field observation. Conducting frequent year-round field experiments are hindered 

by the remoteness and harsh weather conditions of this oceanic region. Hence, poses a great 

challenge for weather and climate models to accurately simulate SO atmosphere, which is 

known to be highly distinct from the atmosphere across the globe. For instance, the absence of 

terrestrial inhabitants and anthropogenically produced aerosols results in a highly pristine 

atmosphere over SO. Thus, the likelihood of natural aerosols is prominently high while long-

range advection is likely to feed anthropogenic aerosols over SO. Such conditions make SO a 

natural laboratory to study the dynamics of the boundary layer, its interaction with aerosols, 

and the effect of their coupled dynamics on the SO radiation budget. In this context, during the 

last two-decades several field campaigns have been conducted that sampled different sectors 

of SO (such as Australian and African sectors) however, the Indian Ocean sector of SO (ISSO) 

is still under-sampled for boundary layer and aerosol based studies (McFarquhar et al., 2021). 

Previous campaigns conducted in different sectors of SO (mostly were in the 

Australasian sector) with a major focus on understanding the dynamics, structure, and 

characteristics of the boundary layer are provided in Table 1 in (Schmale et al., 2019). The 

observations from these campaigns have greatly helped in improving understanding of the 

climatology of MABL over SO as well as in identifying biases in satellite retrievals and climate 

models projecting SO (Haynes et al., 2011; Huang et al., 2014; Naud et al., 2014; Hande et al., 

2015). These observations revealed the complex structure of the boundary layer aggravated by 

the dominance of multilayer low-level clouds (Russell et al., 1998; Jensen et al., 2000; Mace 

et al., 2009; Chubb et al., 2016). Specifically, revealed the presence of shallow low-level 
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boundary layer clouds at altitudes as low as 500 m (Haynes et al., 2011; Huang et al., 2012; 

Lang et al., 2018; Roh et al., 2020; Truong et al., 2020a). These clouds were reported to be 

highly saturated in mixed supercooled water or ice phase (Russell et al., 1998; Alexander and 

Protat, 2018; Mace and Protat, 2018a; Alexander et al., 2021; Humphries et al., 2021; Mace et 

al., 2021; Vignon et al., 2021). These studies also revealed the presence of large biases in the 

shortwave radiation budget attributed to such unique low-level cloud coverage which generates 

anomalies in the absorption of irradiance and limits the accuracy of remote measurements 

(Haynes et al., 2011; Huang et al., 2012; Muhlbauer et al., 2014; Huang et al., 2015a; Huang 

et al., 2015b; Mace and Protat, 2018a; Lang et al., 2020; Mace et al., 2020; Roh et al., 2020; 

Mace et al., 2021). These biases were particularly reported over SO storm track region where 

extra-tropical fronts and cyclones have been associated with the occurrence of low altitude 

clouds (Orsi et al., 1995; Belkin and Gordon, 1996; Simmonds., 2003; Hoskins and Hodges, 

2005; Haynes et al., 2011). These biases can be minimized by improving the parameterization 

of boundary layer structure, cloud microphysics, and low-level thermodynamic characteristics 

based on well-resolved in-situ measurements (Huang et al., 2015a; Furtado and Field, 2017). 

In addition to the characterization of SO boundary layer, campaigns have been executed 

on studying aerosol dynamics over SO (mostly in the Australasian sector). Details on these 

campaigns are provided in Table 1 of Kremser et al. (2021). However, the Indian Ocean sector 

of SO has been explored to some extent in terms of aerosol characterization during a series of 

Indian expeditions to the Southern Ocean (Menon et al., 2015; Hulswar et al., 2020; Srivastava 

et al., 2021). Observations from all these campaigns revealed large spatiotemporal variability 

in the concentration, and optical and radiative properties of aerosols over SO (Quinn et al., 

2000; Moorthy et al., 2003; Moorthy et al., 2005a; Moorthy et al., 2008). These observations 

also revealed that natural aerosols predominantly act as cloud condensation nuclei (CCNs) 

(Gras, 1995; Yum and Hudson, 2005). However, studies across the globe have revealed that 
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the distribution and characteristics of residing aerosols and their ability to alter climate are 

strongly governed by atmospheric dynamics controlled by prevailing meteorology and 

regional/long-range advective mechanisms (Alroe et al., 2020; Zhang et al., 2021). These 

governing dynamical variables are majorly marine atmospheric boundary layer (MABL), 

physical processes (such as convection and advection), state of atmospheric stability, 

characteristics of clouds and inversions unique to the SO region (Groß et al., 2015; Rittmeister 

et al., 2017; Thomas et al., 2022). Thus, to examine alterations induced by aerosols on radiation 

budget, weather pattern and climate systems of SO and Antarctica, accurate quantification of 

aerosol-boundary layer interactions are required (McFarquhar et al., 2021).  

1.6. Research Gap, motivation, and aims of the present study 

As described in the earlier sections, extensive studies have been carried out on the ABL 

characteristics, structure, and their changes at various spatial and temporal scales, along with 

its crucial role in governing regional weather and global climate based on field observations 

and modelling approaches (Ramdas and Atmanathan, 1932; Monin and Obukhov, 1954; 

Lenschow, 1973; Deardorff, 1974; Willis and Deardorff, 1974; Kaimal et al., 1976; Deardorff, 

1980; Deardorff et al., 1980; Kaimal and Finnigan, 1994; Narasimha and Prasad, 1994; Atkins 

et al., 1995; Wilczak, J.M. et al., 1996; Luhar et al., 1998b; Rao and Fuelberg, 2000; Angevine 

et al., 2001; Miller et al., 2003; Hogan et al., 2009; Lothon et al., 2009; Mahrt, 2010; Tucker 

et al., 2010; Barlow et al., 2011; De Tomasi et al., 2011; Busse and Knupp, 2012; Harvey et 

al., 2013; Lothon et al., 2014; Jensen et al., 2016; Solanki et al., 2016a; Wang and Wang, 2016; 

Mahrt et al., 2018a; Manninen et al., 2018; Segal Rozenhaimer et al., 2018b; Barman et al., 

2019; Chandra et al., 2019a; LeMone et al., 2019; Pal and Lee, 2019; Solanki et al., 2019b; 

Truong et al., 2020a; Barman et al., 2021). However, despite substantial progress made in these 

areas, major gaps still exist in proper understanding of the characteristics of ABL/ASL, its 

diurnal evolution, the nature of ABL/ASL under conditions of varying background 
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meteorological, topographical, and geographical conditions in regions across the globe. 

Coupled variations between these factors affects the characteristics of ABL/ASL such as., solar 

radiative flux, soil moisture, turbulent air-land/sea interactions, tropospheric stability and 

clouds. The impact of these boundary layer characteristics in regulating the diurnal and 

seasonal evolution of turbulence over several regions across the globe are less explored. 

Particularly, the role of these factors in shaping the spatiotemporal variations of the 

thermodynamic characteristics of ABL over open Southern Indian Ocean and Antarctic regions 

sufficiently lacks field observation-based studies. Mostly studies focused on providing more 

accurate and reliable quantifications on the vertical structure of MABL in these regions. For a 

better understanding of the structure and dynamics of ABL/ASL and its role in governing 

regional weather systems and aerosols/pollutant dispersion over these regions, combination of 

theoretical, observational, and numerical modelling studies is required.  

Among these approaches, observational studies are particularly important as they provide 

direct means for analyzing, validating, and improving model results for more accurate 

visualization of physical processes governing the dynamic structure of ABL/ASL on varying 

spatial and temporal scales. Mostly such studies are needed in data sparce regions such as 

Southern Ocean, where continuous monitoring using field measurements are challenging. So, 

to understand the role played by ABL of such remote regions on global climate, accurate 

remotely retrieved datasets from these regions becomes important. In particular, by using a 

combination of field measurements and remotely retrieved datasets from SO region, more 

studies are needed on the dynamics behind development of SO ABL, and its influence on the 

atmospheric stability state, transport of moisture to the free troposphere, nature of atmospheric 

inversions and stable layers, and distribution of clouds. Currently, less studies are available 

that describes the spatial and temporal variation of ABL/ASL, with its effects on regulating the 

aerosols dynamics along with their radiative effects covering large spatial domains i.e., from 
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tropics to subtropics to polar Antarctic regions. Such kind of studies are important over tropics, 

as well as Southern Ocean and Antarctica regions as these regions plays a key role in regulating 

the global heat, water vapor, and radiation budget. Such kind of observational based 

quantifications on boundary layer properties when incorporated in regional and global climate 

models will serve as an essential tool to improve its accuracies in projecting ABL/ASL over 

tropics, subtropics, and Antarctica regions.  

Further, if compared to the sparce knowledge on MABL of Indian sector of Southern 

Ocean, significant literature is available on the ABL/ASL over coastal tropical Indian regions 

and surrounding oceanic domains (Prakash et al., 1992; Sivaramakrishnan et al., 1992; 

Kunhikrishnan et al., 1993; Ramachandran et al., 1994b; Sikka and Narasimha, 1995; 

Satyanarayana et al., 2000; Miller et al., 2003; Pillai et al., 2004; Ramana et al., 2004a; De 

Tomasi et al., 2011; Hariprasad et al., 2014; Namboodiri et al., 2014; Pal and Haeffelin, 2015; 

Lee and Pal, 2017; Melecio-Vázquez et al., 2018; Pal and Lee, 2019; Davis et al., 2020). As, it 

is well known that dynamic physical processes within ABL/ASL are unique to a particular 

location with specific geographic and topographic settings. Considering this aspects, in past 

several field campaigns such as., Monsoon Experiment (MONEX) - December 1978 to 

November 1979 (Holt and Sethuraman, 1985); Monsoon Trough Boundary Layer Experiment 

(MONTBLEX) - 1987 to 1990  (Goel and Srivastava, 1990; Sikka and Narasimha, 1995; Gera 

et al., 1996; Kailas and Goel, 1996; Rao et al., 1996); Land Surface processes Experiments 

(LASPEX) – 1997 (Vernekar et al., 2003; Sanjay, 2008); Bay of Bengal and Monsoon 

Experiment (BOBMEX) – 1999 (Mitra et al., 2003; Jain et al., 2010); Indian Ocean Experiment 

(INDOX-IFP 99) – 1999 (Subrahamanyam, D. et al., 2003; Subrahamanyam, D.B. et al., 2003); 

Integrated Campaign for Aerosol, Trace Gases and Radiation Budget (ICARB) – 2006-2009 

(Moorthy et al., 2008) have been conducted that covered different parts of India and 

surrounding oceans. Studies from these campaigns has provided significant knowledge on the 
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detail structure and characteristics of ABL/ASL in different land-based regions of India as well 

as in oceans surrounding the India i.e., Arabian Sea, Bay of Bengal, and Indian Ocean. Among 

different coastal tropical Indian regions, the Goa region, lying in the west of India, has very 

few studies focused on providing an understanding on ASL using field-based measurements. 

In 2003-2004, a national filed experiment called the ARabian Sea Monsoon EXperiment 

(ARMEX-I and ARMEX-II) was conducted in the west coast of India at NCPOR, Goa, India 

using 9 m high micro-meteorological tower-based datasets (Murthy and Sivaramakrishnan, 

2005; Rao, 2005; Babu et al., 2008; Murthy et al., 2009; Yashvant and Uma Charan, 2021). 

The measurement of meteorological variables was made to understand the characteristics of 

coastal ABL, the interaction of mesoscale with micro-meteorological scales turbulent 

processes, and development of thermal internal boundary layer. Results from this study 

highlighted that some of the aspects of surface layer turbulence showed different features 

unlike predicted by Monin-Obkhov Similarity Theory during light winds conditions and has 

emphasized the need to study these results with another new set of field observations. Also, 

indicated the need to provide observation-based quantifications on diurnal and seasonal 

turbulent dynamics for improving the parametrizations schemes which uses similarity theory 

to predicts surface layer fluxes during low wind conditions in global climate models. Further, 

quantifications on the diurnal variations of surface layer fluxes of sensible heat, turbulent 

kinetic energy, and momentum fluxes under varying stages of surface layer stability conditions 

during different seasons from Goa region was limited.   

Considering these aspects, the goal of this thesis is to address the above scientific issues and to 

bring down the knowledge gap in these areas particularly in the tropical coastal atmosphere 

and the atmosphere over the Indian Ocean sector of Southern Ocean and Antarctica. To achieve 

this, a combination of ground based, remote, and modelled observations collected over land 

i.e., over a tropical coastal region of Goa, India (15.46°N, 73.83°E) and over oceanic domain 
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i.e., in the region of ISSO up to Antarctica between 24°S to 68°S along 57°E to 79°E have been 

collected and analyzed. Over these study regions, characteristics of ASL and ABL, and the role 

of ABL in the distribution of aerosols, and the effect of their coupled interaction on radiative 

forcing and atmospheric heating due to aerosols have been investigated. The objectives 

specifically addressed in this thesis are, 

1. To analyze turbulence and flux (heat and momentum) exchange processes to study surface 

energy balance.  

2. To investigate vertical thermodynamic profile of atmospheric boundary layer over an 

oceanic domain. 

3. To study spatiotemporal heterogeneity and long-range transport of aerosols in association 

with boundary layer dynamics and their radiative impact. 

1.7. Thesis outline 

Chapter 1 details the characteristic of ABL, its evolution, and associated dynamics over 

regions of varying geography and topography. Also, the properties of ASL have been briefly 

discussed along with the theoretical background used for studying turbulence within ASL. An 

introduction to aerosols and its properties together with its role in altering weather and climate 

have been provided. A brief literature review, research gaps, and the significance of the present 

work have been discussed. 

Chapter 2 This chapter describes two different study regions i.e., one over continent (a tropical 

coastal region of Goa, India) and other over an open oceanic domain (Indian Ocean sector of 

Southern Ocean and Antarctica). This chapter also describes the technical specification of 

instruments used, details of field experiments, atmospheric models, and novel database 

generated and examined in the present study. 
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Chapter 3 presents micrometeorological characteristics of atmospheric surface layer (ASL) 

over a tropical coastal region of Goa, India. The diurnal variability of surface layer fluxes of 

heat (i.e., sensible heat flux), energy (i.e., turbulent kinetic energy), momentum (i.e., 

momentum flux), and associated stability conditions (i.e., stability parameter) of ASL on a 

seasonal scale have been described. Also, unique results based on the analysis of surface layer 

turbulence by using the formulations of Monin-Obukhov Similarity Theory (MOST) has been 

presented. New records of the empirical variance relationships established for surface layer 

parameters under varying stability conditions unique to the study site have been provided.  

Chapter 4 investigates the boundary layer of poorly sampled remote marine atmosphere i.e., 

MABL of the Indian Ocean sector of the Southern Ocean (ISSO) from 24°S to the Prydz Bay 

region of coastal Antarctica, nearly 68°S along 57°E to 79°E based on in-situ measurements 

collected during three field campaigns carried out in 2017, 2018, and 2020 (i.e., SOE-IX, SOE-

X, and SOE-XI). The investigation involved understanding the thermodynamic stability state 

of MABL in response to synoptic meteorology. Also, the cloud macrophysical properties (i.e., 

heights of cloud top and cloud base, total cloud geometric thickness, and probability of cloud 

occurrence), and the properties of boundary layer inversions (i.e., the height of significant 

inversions, the strength of these inversions, and probability of occurrence of significant 

inversions), as well as dominant low level thermodynamic (physical) processes investigated 

using conserved variable analysis (CVA) have been discussed. 

Chapter 5 examines the spatial and vertical distribution of aerosols in association with 

atmospheric boundary layer dynamics over ISSO, using set of in-situ as well as remotely 

derived observations on aerosols and meteorological parameters collected during Xth Southern 

Ocean Expedition (SOE -X) conducted from December 2017 to February 2018. Moreover, the 

effect of their coupled interaction on total clear sky direct shortwave radiative forcing and rate 

of atmospheric heating have also been discussed in this chapter.  
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Chapter 6 summarizes the major outcomes from the study and discusses the scope for future 

work on aerosols - boundary layer studies.
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Chapter 2 

Study Regions, Instruments, and Experimental Data 

 

2.1. Introduction 

An overview of globally conducted field experiments on investigating the characteristics of 

ABL, and its role in regulating the dynamics of aerosols and radiative forcing described in the 

previous chapter, has clearly emphasized the need for conducting more such studies over other 

underexplored regions of the globe (Garratt et al., 1996; IPCC, 2013; Li et al., 2021). From 

these experiments, it has been known that distinct variability exists in characteristics of ABL 

over land to that over the ocean (Stull, 1988; Garratt, 1993). It has also emerged that the 

interaction of ABL meteorology with natural as well as anthropogenic aerosols occurring 

across the globe as among the major factors responsible for the formation of different weather 

patterns, alteration in earth’s radiation budget, and global climate change (Bender, 2020; Li et 

al., 2017). Therefore, to address such climate concerns, continuous monitoring the dynamics 

of climatically important ABL and its interaction with aerosol species over different geographic 

regions becomes crucial (Li et al., 2017). To achieve this, continuous real-time measurements 

are required by deploying sophisticated instruments over land-based sites as well as over 

oceans. Over land, year around time-series measurements is more feasible than over the ocean 

where campaign mode data retrievals are the only means of obtaining measurements via mobile 

platforms (ships and aircraft). In addition, remote sensing measurements are accessed to 

alleviate the lack of in-situ data.  In-situ measurements are costlier, limited to lower heights, 

and require proper maintenance, but are the only source for providing highly accurate 

measurements. While remote sensing measurements are readily available and could provide 

measurements at higher altitudes but are less accurate due to poor signal-to-noise ratio. Thus, 
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this chapter describes a series of instruments that were utilized for collecting in-situ as well as 

remote measurements at two geographically unique regions to study the features of 

atmospheric boundary layer and aerosols. The first study region was over coastal land, where 

microscale turbulence characteristics of ASL specific to this region have been analyzed using 

data from a 32 m tall meteorological tower stationed on the campus of Goa University, Goa, 

India. The measurements from these instruments were continuously collected for a period of 1 

year (March 2015 to February 2016). Using these observations, novel set of quantifications on 

surface layer turbulent fluxes of heat, energy, and momentum along with the empirical 

coefficients were estimated based on the local scaling and similarity relationships under the 

framework of MOST over the coastal Goa site. Another study region was over a climatically 

important and unexplored oceanic domain of the Indian Ocean sector of the Southern Ocean 

(ISSO) reaching up to Antarctica (24°S to 68°S). Over this oceanic region, a set of instruments 

were operated during the austral summer of 2017, 2018, and 2020 (i.e., the period of three 

campaigns to ISSO) to collect measurements on aerosols and meteorology. These 

measurements over ISSO provided detailed insight into the prevailing climatology of ISSO and 

dynamic processes governing the thermodynamic structure of ISSO boundary layer, clouds, 

and inversions. In addition, coupled interaction of aerosols and meteorology occurring over 

ISSO has been studied using a combination of in-situ and remote measurements. A detailed 

description of the key instruments used to collect in-situ and remote measurements over these 

regions followed by details on unique database generated to address the objectives of this thesis 

are described in this chapter. Table 2.1 presents a brief overview of measurements analyzed in 

this thesis work.   
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2.2. Study over a coastal station in India 

2.2.1. Study site 

The region selected over land for studying the micro-meteorological characteristics of ASL is 

a tropical coastal region, Goa (15.46°N, 73.83°E, and 50 m above mean sea level), India (Figure 

2.1a). This region is bordered along the western side by the Arabian Sea (≈1.3 km away) and 

is at a distance of 6 km from the capital city Panaji. The site falls under the tropical monsoon 

climate zone. Based on the ambient meteorological conditions prevailing in this region, the 

study has been carried out by classifying the entire year into four seasons viz., pre-monsoon 

season (March to May), summer-monsoon season (June to September), post-monsoon season 

(October and November), and winter season (December to February) respectively. The 

southwest monsoon onset around early June and the downpour contribute to maximum rainfall 

in this region. The reversal of wind takes place during October-November and north-east winds 

flow from December. Over this region, a 32 m meteorological tower is installed within the 

campus of Goa University. Inside the campus, the location for establishing this tower has been 

chosen in a way that there is no hindrance to a free flow of wind. The nearest building (32.5 m 

length and 44 m breadth and 8 m height) is located at a distance of 17 m in the south-east 

direction from the tower, while the bushes, about 3 m high, at the north, are at a distance of 7.2 

m (Figure 2.1b). Another building (8 m high) located in the southwest direction is at a distance 

of about 10 m from the tower. There is an open field on the opposite side of the buildings. This 

tower is equipped with different sensors that provide continuous time series monitoring and 

collection of meteorological variables.  
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Table 2.1 Summary of key measurements used in this thesis work. 

Techniques Instruments Measured Variables 

In-situ  

Measurements 

Sensors instrumented 

on 32 m tall  

Meteorological 

Tower 

High frequency  

sonic sensors  

Orthogonal components of wind 

(u, v, and w) and virtual 

temperature (Tv) at 10 m and 20 

m heights at a frequency of 10 

Hz 

Low frequency sensors 

Air temperature (AT), relative 

humidity (RH), winds speed 

(WS), wind direction (WD), 

atmospheric pressure (P) at 4 m, 

18 m, and 30 m heights at an 

hourly interval 

Pisharoty 

Radiosondes  

Vertical profiles of meteorological variables (1 Hz) from 

surface up to nearly 32,000 m altitude 

Aethalometer Mass concentration of Black Carbon (BC) aerosols near 

the surface 

MICROTOPS-II 

Sunphotometer 

Columnar Aerosol Optical Depth (AOD) of composite 

aerosols. 

Re-analysis 

Datasets 

ECMWF-ERA5  

re-analysis 

2 m air temperature (Tair), sea surface temperature (SST), 

wind components (10 m u- and v- component)  

Satellite 

Measurements  

CALIPSO retrievals Vertical features of aerosol sub-types and clouds from 

surface up to 5,000 m altitude 

Model 

Simulations 

OPAC Model Aerosol Optical Depth (AOD), Single Scattering Albedo 

(SSA), and Asymmetric Parameter (ASY) 

SBDART Model Clear sky Direct Aerosol Radiative Forcing (DARF) and 

atmospheric Heating Rate (HR) 

HYSPLIT Model Air mass history 
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Figure 2.1 (a) Topographic map of India locating study area (Goa) and (b) Aerial image (taken 

from Google Maps) of the area surrounding the tower (indicated with a cross). The circle 

represents a radius of 100 m around the tower. 

2.2.2. Instrumentation 

The installed 32 m meteorological tower was equipped with fast response sensors as well as 

slow response sensors which were operated at different frequencies (Figure 2.2a, b). Such 

meteorological towers are widely used for highly accurate measurements of small-scale 

atmospheric fluctuations occurring within the ASL. Slow response sensors measured 

atmospheric parameters that vary in scales of a few hours, while fast response sensors measured 

micro-scale fluctuations that involve turbulent fluxes of heat and momentum as well as the 

nature of region-specific turbulence based upon its surface roughness characteristics 

(Markowski et al., 2019). These sensors were mounted on this tower at different pre-defined 

heights above the earth’s surface. The slow response sensors provided continuous  
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Figure 2.2 (a) Photograph of on-site installed 32 m tall meteorological tower and (b) Schematic 

represents different sensors mounted at respective heights on the tower. 

measurements of air temperature (T), relative humidity (RH), wind speed (WS), and wind 

direction (WD) at three heights above the surface (i.e., 4 m, 18 m, 30 m) at every 1 hour interval. 

Also, measurements of atmospheric pressure and rainfall were obtained every 1 hour using 

pressure probes and a rain gauge installed at 4 m above the surface. In addition, fast response 

sensors (i.e., 3D sonic anemometers) operating at a frequency of 10 Hz measured orthogonal  

component of wind (u, v, and w) and sonic derived air temperature (T) at two heights (i.e., 10 
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Table 2.2 Technical details of the sensors equipped on the instrumented meteorological tower. 

Sensors  Sensor Specifications 
Measured 

Parameters 

Sampling 

Frequency 

Fast Response Sensors  Heights: 10 m and 20 m    10 Hz 

3 Axis-Sonic 

Anemometer 

Gill  

  

Wind speed 

Range 0 to 65 m s-1 Orthogonal 

components 

of wind 

(𝑢, 𝑣, and 𝑤) 

   

Accuracy < 1.5 % RMS @ 12 m s-1 

Temperature  

Range - 40 ℃ to + 70 ℃ 
Sonic 

temperature 

(T) Accuracy 

- 20 ℃ to + 30℃ within  

±0.5℃ of ambient 

temperature 

Slow Response Sensor Heights: 4 m, 18 m, and 30 m 1 hour  

Automatic 

Weather 

Station 

(AWS) 

032002-L-

PT RM 

Young Wind 

sentry set   

WS range 0 to > 50 m s-1 

Wind speed 

(WS) and 

wind 

direction 

(WD) 

  

WS 

accuracy 
±0.5 m s-1 

WD range 0°- 360° 

WD 

accuracy 
±5° 

CS215-L-PT  

 

Range - 40 ℃ to + 70 ℃ 
Air 

temperature 

(AT) Accuracy 

±0.3℃ (at 25 ℃) 

±0.4℃ (5℃ to 40℃) 

±0.9℃ (- 40℃ to + 70℃) 

CS215-L-PT  

 

Range 
0 to 100 % RH  

(- 20 ℃ to + 60 ℃ ) 
Relative 

humidity 

(RH) Accuracy 

±2% (10 ℃ to 90 % range) 

at 25℃ 

±4% (0 ℃ to 100 % range) 

at 25℃ 

Barometric 

Pressure 

Sensor-

CS100 

Range 600 to 1100 hPa 
Atmospheric 

pressure (P) 

Tipping 

bucket  

rain gauge-

TE525MM 

Rainfall/tip 0.1 mm (0.004 in.)  

Rainfall 
Accuracy 

1.0 % up to 2 in./h  

(50 mm/h)   
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m and 20 m) above the surface. To minimize the misalignment of sensors, the sonic 

anemometers were positioned in the prominent direction of the wind. All sensors were factory 

calibrated. Details of the sensors used in this study are given in Table 2.2 

2.2.2.1. Fast response sensor 

For the turbulence-related study, measurements using a sonic anemometer are widely used due 

to their efficiency in providing highly accurate microscale temporal resolution. Sonic 

anemometers are preferred for long-term usage in outdoor weather system and buoys for 

studying turbulence as compared to traditionally used vane anemometer and cup anemometers, 

whose reliability and accuracy is significantly affected by dust or salty air. A close preview of 

the ultrasonic anemometer is shown in Figure 2.3a. In a sonic anemometer, the measurement 

of air temperature is strongly dependent upon the measure of the speed of sound.  The equation 

assessed for measuring air temperature using a sonic anemometer is,  

𝑐2 = 403. 𝑇(1 + 0.32 𝑒 𝑝⁄ )   2.1 

 

Figure 2.3 (a) A close view of ultrasonic anemometer (USA-1) and (b) signal paths. 

Here, T is the air temperature in K, and c is the sound velocity in m s-1, e and p are the water 

vapor pressure and ambient pressure respectively (Kaimal and Gaynor, 1991). In addition to 

air temperature, an ultrasonic anemometer provides highly accurate measurements of 3 

dimensional winds. These wind components are measured using six transducers (i.e., 6 piezo 

sensors having a casing of aluminum anodized) and sensors head (made up of stainless steel 

V4A, power sensor made of brass with head heating of 110W) as depicted in Figure 2.3b. It 
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utilizes ultrasonic pulses to measure wind speed and direction alternatively three orthogonal 

components of wind: u, v, and w along zonal (x), meridional (y), and vertical (z) wind direction 

respectively. These sonic pulses are transmitted through transducers along three non-coplanar 

paths of sonic pulse P1, P2, and P3 which are again received by the transducers. The nominal 

time of travel for a sonic pulse along the path is nearly 0.5 m sec, while the alignment of pulse 

paths is 120 °  steps in azimuth and 45 °  tilt in title angle. Each pulse is transmitted by 

maintaining a fixed time interval between the chains of pulses. Hence, the measurement of the 

three-dimensional wind speed and direction are obtained by placing three transducer pairs on 

three distinct axes.      

The working principle of a sonic anemometer is the measurement of travel time taken 

by one sonic pulse to traverse between a pair of transducers. This travel time varies depending 

upon the distance between transducers, and the speed of air and sound along the transducer 

axis. This variation when written in the form of an equation appears as follows,     

Tt = L/(c  + v)  2.2 

Here, Tt is the travel time of the sonic pulse, L is the distance between the transducers, and c 

and v are the speed of air and sound along the axis of the transducer.  

The speed of air between the transducers is obtained in a way that each transducer acts as a 

transmitter and receiver to manage the transfer of sonic pulse in both directions between each 

transducer. Thus, using the time a pulse takes to travel in both the directions speed of air is 

calculated using the formula,  

v = 0.5L (1/t1 – 1/t2) 2.3 

The speed of sound in the air varies with the variation in air temperature, pressure, and 

atmospheric components suspended in the air. The air temperature is calculated using the travel 

time of sonic pulse using the following equation, 
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c = 0.5L (1/t1 + 1/t2) 2.4 

Here, t1 and t2 are transit times for ultrasonic sound signal to travel over the path length L in 

each direction between the transducers while c represents the sonic speed in still air. Further, 

the three-dimensional wind vector is estimated by combining the velocities of sounds 

propagating from different directions. Later, the velocity of sound is estimated for the 

atmospheric conditions having a negligible motion of air which represents the virtual 

temperature of the air. However, the velocity of sound is dependent on the air temperature as 

well as on the relative humidity of the atmosphere. The measured temperature is derived by 

sonic anemometer using the following equations, 

𝑐0 =
𝐿

2
൬

1

(𝑡1 − 𝑡𝑇1 − 𝑡𝑅2)
+

1

(𝑡2 − 𝑡𝑇2 − 𝑡𝑅1)
൰ 

2.5 

𝑇𝑠 = (𝑐0 20.05⁄ )2  2.6 

Here, 𝑐0 is the acoustic velocity, 𝑇𝑠 is the sonic sensor-derived temperature, and L is the path 

length between the two transducers, and tT1, tT2, tR1, and tR2 are transit times taken for ultrasonic 

sound signal to travel towards and return between transducer T1 and T2 respectively. The sonic 

temperature, 𝑇𝑠  (in Kelvin), may differ from the ambient temperature by an amount nearly 

equal to the water vapor content in the air measured. This difference is closely around ±1°C at 

20°C and decreases as the temperature decreases (Campbell Scientific, Inc., 1998). 

2.2.2.2. Slow response sensors 

Cup anemometer: Cup Anemometers were used for measuring mean wind speed. This 

anemometer starts at the initial speed of 0.5 m s-1 having a constant distance between 1.5 and 

5 m. The cup anemometer commonly tends to over speed hence it has a partial non-linear 

response characteristic (Camp et al., 1970). The advantage of using a cup anemometer is that 

no alignment is required in the direction of the wind. Its basic working principle depends upon 
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the differential drag of load on the cup which makes the rotating speed of the 3-cup rotor 

directly proportional to the speed of wind in the rotor plane (Figure 2.4a).  

Wind vane: A wind vane was used to obtain the orientation of the wind (i.e., wind direction). 

It works upon the precise balance of the wind vane with respect to the corresponding counter 

load. On achieving the balance, the wind vane rotates freely in the wind and soon after comes 

to equilibrium, by positioning in the direction of the mean wind. The shaft is rotated by the 

wind vane having a coupled resistance of 360 turn pot. The direction of wind frequently takes 

a complete turn from a reference direction between 0° to 360° which is then indicated in the 

pot output. This resistance pot output from the sensor is then converted into an analog output 

 

Figure 2.4 A close view of (a) cup anemometer and wind vane, (b) combined temperature and 

humidity sensor, (c) pressure sensor, and (d) the interior of tipping bucket rain gauge.  

voltage by the inbuilt electronics in the translator of the wind vane. The configuration of the 

wind vane incorporated with the translator is configured in a way that the final output provides 

a voltage between 0 to 3.6 volts depending upon the varying direction of wind between 0° to 

360° (Figure 2.4a). 

Temperature sensor: The slow response temperature sensor is the resistance thermometer that 

provides direct and appropriate temperature measurements. These thermometers comprise of a 

platinum wire which is coated with ceramic. The time constant of these thermometers is quite 

large (orders of some tens of seconds) and configured to have a standard resistance. The 
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standard resistance is dependent upon the surrounding temperature. Thus, the resistance 

fluctuation is transformed into appropriate voltage by connecting the elements of the 

temperature sensor to the bridge network. The recorded voltage is amplified into DC output 

voltage. This variation of DC voltage is directly proportional to the temperature variation. Later 

this DC voltage is converted into standard temperature using a suitable electronic circuit. The 

temperature sensor is configured in a way that the voltage between 0 to 5 volt is given in terms 

of the temperature range between 0℃ to 50℃ (Figure 2.4b) 

Humidity sensor: Humicap, a hygroscopic sensor, was used to measure humidity. This sensor 

comprised of a thin element that responds within nearly one-second. In this sensor, the 

capacitance of the element varies with the relative humidity, thereby making it as a capacitance 

type of sensor. The variation of the capacitance depends upon the variation in relative humidity 

which is transformed to appropriate frequency. This conversion is achieved when the humicap 

sensor is connected to a multi vibrator in the form of a capacitance element. The frequency of 

the multivibrator is inversely proportional to the relative humidity. Thus, the sensor output is 

configured in a way that corresponds to 0 to1 volt, and relative humidity is recorded between 

0 to 100% (Figure 2.4b). 

Pressure sensor: The pressure sensor uses diaphragm technology in which the pressure 

difference is measured between the two sides of the diaphragm. The pressure sensor consists 

of a micro-machined silicon diaphragm equipped with piezoresistive strain gauges which are 

diffused to a silicon or glass plate. These resistors are connected in the form of a Wheatstone 

bridge whose output is proportional to pressure at another end. In the atmosphere, as the 

reference medium is vacuum, recorded pressure is termed atmospheric pressure (Figure 2.4c) 

Rain gauge: A tipping bucket rain gauge device is used to measure the amount of rain received 

on the ground. As the rain falls on the surface, it enters the funnel of the tipping bucket rain 

gauge. As soon as the marked amount of water gets collected into the funnel, the magnet within 
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it will release its hold slowing the bucket to tip. As water tips down, the other bucket is 

positioned for the next reading. Every time a bucket tips and switches position an electronic 

signal is sent by a tiny switch. The number of times this signal is sent, the knowledge of the 

defined catchment area of each bucket, provides a reliable calculation for total rainfall (Figure 

2.4d) 

2.2.3. Database over land 

The database generated over the land domain is a combination of slow and fast response 

measurements retrieved for the period from March 2015 to February 2016. These 

measurements were obtained using respective sensors mounted at different heights above the 

ground surface. These generated raw measurements were at first screened and all rainy days 

were discarded. This elimination was done by identifying the number of rainy days from rain 

gauge data. After adopting this criterion, the remaining number of available days of data were 

considered for further analysis presented in chapter 3 of this thesis. The detailed statistics on 

data availability at distinct heights from these sensors, observed rainy days, and the actual 

number of days of data considered in the present work are provided in Table 2.3.   
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Table 2.3 Criteria adopted for considering data from low and high-frequency sensors equipped at different heights in the present study. 

Season Month Number of days 

of available low-

frequency data 

Number of 

days of available 

high-frequency data 

Number 

of rainy 

days  

Number of days 

considered for surface-

based meteorological 

study  

Number of days 

considered for micro-

scale turbulence study  
At 4 m, 18 m, and 

30 m height 

At 10 m and 20 m 

height 

Pre- 

monsoon 

March (2015) 31 18 1 30 17 

April (2015) 30 24 0 30 24 

May (2015) 17 14 1 16 13 

Data considered for 

Pre-Monsoon Season 
78 56 2 76 54 

Summer-

monsoon 

June (2015) 30 11 16 14 9 

July (2015) 31 23 15 16 18 

August (2015) 29 17 16 11 11 

September (2015) 19 11 7 15 10 

Data considered for 

Summer-Monsoon Season 
109 62 54 56 48 

Post-

monsoon 

October (2015) 31 22 1 30 21 

November (2015) 17 14 1 17 17 

Data considered for 

Post-Monsoon Season 
48 36 2 47 38 

Winter 

December (2015) NA NA 0 NA NA 

January (2016) NA NA 0 NA NA 

February (2016) 18 10 0 18 10 

Data considered for 

Winter Season 
18 10 0 18 10 



Chapter 2. Study Regions, Instruments, and Experimental Data 

 

50 

2.3. Study over oceanic region 

2.3.1. Study region and details of campaigns 

The other region considered for the study is a climatically important and unexplored remote 

oceanic domain of the Indian Ocean sector of the Southern Ocean (ISSO) extending up to 

Antarctica, encompassing latitudes between 24°S to 68°S and longitudes between 57°E to 

79°E. Over this region, in-situ measurements on meteorology and aerosols were performed 

during three consecutive Southern Ocean (SO) field campaigns conducted during the austral 

summers of 2017, 2018, and 2020 (Figure 2.5a). These campaigns were numbered as IXth 

(SOE-IX), Xth (SOE-X), and XIth (SOE-XI) Indian expedition to Southern. All three campaigns 

had been conducted on a ship-based platform onboard an oceanographic research vessel S. A. 

Agulhas. These campaigns were flagged off from Port Louis, Mauritius (20°S), and covered a 

large spatial domain reaching up to the edge of Antarctica’s Prydz Bay region (68°S). The 

details of these campaigns are listed in Table 2.4. All three campaigns have successfully 

sampled three major oceanic frontal regions of ISSO (i.e., Sub-Tropical Front (STF), Antarctic 

Circumpolar Current (ACC), and Antarctic Zone (AZ)) (Figure 2.5). STF marks the region 

separating tropical waters from sub-Antarctic waters (Deacon, 1937; Lutjeharms and 

Valentine, 1984; Sokolov and Rintoul, 2002; Hamilton, 2006). The region north and south of 

STF was identified as NSTF and Southern Subtropical Front (SSTF, after Belkin and Gordon 

(1996)). Further south of SSTF, the frontal systems of the strong Antarctic Circumpolar 

Current (ACC) were identified as Sub-Antarctic Front (SAF), Polar Front (PF), and Southern 

ACC Front (SACCF), and the southern boundary of ACC (SB). The ACC exhibited enhanced 

mesoscale circulations induced by intensive eddy activities caused by high-speed jets 

(Lutjeharms and Valentine, 1988; Stammer, 1998; Phillips and Rintoul, 2000; Morrow et al., 

2004; Sallée et al., 2008). Beyond SB, the southernmost region was in the coastal waters of the 

Antarctic Zone, termed as Coastal Antarctic (CA). In this manner, a total of 10 frontal regions  
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Table 2.4 Details of Measurements Collected During Three Southern Ocean Field Campaigns. 

Campaign Period of Campaign 
Latitude 

Range 

Longitude 

Range 

Number 

of 

Soundings 

Onboard  

Aerosol 

Measurements 

Time / 

Height 

Resolution 

SOE-IX 
6th January 2017 – 

28th February 2017 

30°S to 

68°S 

57.4°E to 

75°E 
18 

BC observations 

using Aethalometer 

AE-42 
1 sec / 0.1 m 

AOD measurements 

using MICROTOPS – 

II Sunphotometer 

SOE-X 
8th December 2017 – 

4th February 2018 

28°S to 

66.6°S 

57.4°E to 

76.5°E 
30 

BC observations using 

Aethalometer AE-42 

1 sec / 0.1 m AOD measurements 

using MICROTOPS – 

II Sunphotometer 

SOE-XI 
10th January 2020 – 

8th March 2020 

24°S to 

67.5°S 

57.4°E to 

79°E 
27 

BC observations using 

Aethalometer AE-42 

1 sec / 0.1 m AOD measurements 

using MICROTOPS – 

II Sunphotometer 

*Note: BC represents Black Carbon aerosols and AOD represents Columnar Aerosol Optical Depth. 

 

Table 2.5 Regional classification of study area and distribution of 75 atmospheric soundings. 

Sr. 

No. 

Regions Frontal regions in 

ISSO 

The 

classification 

adopted for the 

present study 

Indicator 

Variable 

Total 

RL 

count Sea Surface 

Temperature 

(°C) 

1 Sub-Tropical 

Indian Ocean 

(STIO) 

Northern Subtropical Front 

(NSTF1) 

24°S–32°S 26 - 22°C 8 

2 Northern Subtropical Front 

(NSTF2) 

32°S–40°S 21 - 22°C 8 

3 Agulhas Return Front (ARF) 

+ Southern Subtropical 

Frontal (SSTF) 

40°S–41°30′S 19 - 17°C,  

17 - 11°C 

3 

4 Indian sector 

of Southern 

Ocean (ISSO) 

Northern Sub-Antarctic 

Frontal (SAF1) 

41°30′S–44°S 11 - 9°C 

 

6 

5 Southern Sub-Antarctic 

Frontal (SAF2) 

46°30′S–48°S 7 - 6°C 1 

6 Northern Polar Frontal (PF1) 50°S–52°30′S 5 - 4°C 5 
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7 Southern Polar Frontal (PF2) 54°30′S–

59°30′S 

3 - 2°C 8 

8 High-Latitude 

Southern 

Ocean (High-

Latitude SO) 

Southern Antarctic 

Circumpolar Current Front 

(SACCF) 

60°S–61°S Increased 

Temperature, 

T max > 1.8°C 

6 

9 Southern Boundary of ACC 

(SB) 

64°S–65°S Isotherm of 

1.5°C 

10 

10 Coastal Antarctic (CA) 65°S–68.5°S -0.5 - 1.5°C 20 

 

were examined based on the location of measurements and regional characteristics, which 

broadly fall into three major oceanic frontal regions, (a) Sub-Tropical Indian Ocean (STIO) 

includes three regions, NSTF1, NSTF2, and SSTF; (b) ISSO includes four regions, northern 

SAF (SAF1), southern SAF (SAF2), northern PF (PF1) and southern PF (PF2); and (c) High-

Latitude Southern Ocean includes three regions, SACCF, SB, and CA. Details of each frontal 

region classified here are also provided in Table 2.5. Approximate demarcation of each ISSO 

frontal region has been adopted from Anilkumar et al. (2015).    
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Figure 2.5 (a) Cruise track along which atmospheric measurements were made during three 

campaigns (SOE-IX (red color track), SOE-X (green color track), and SOE-XI (yellow color 

track)) over the Indian sector of Southern Ocean (ISSO). Arrows indicate onward and return 

track journeys. Approximate location of various fronts are marked by white dotted lines from 

Belkin and Gordon (1996) and Anilkumar et al. (2015): [NSTF and SSTF, Northern and 

Southern Sub-Tropical Fronts; SAF, Sub-Antarctic Front; PF, Polar Front; and AZ, Antarctic 

Zone]. (b) The distribution of 75 atmospheric soundings launched during SOE-IX (red circles), 

SOE-X (green triangles), and SOE-XI (yellow squares). Location for time series measurements 

made during SOE-IX (red star) and SOE-X (green pentagon) are shown. 

2.3.2. Instruments for in-situ measurements 

2.3.2.1. Automatic Weather Station (AWS) 

The surface meteorological dataset comprises of air temperature (Tair), relative humidity (RH), 

mean sea level pressure (MSLP), wind speed (WS), and wind direction (WD) at respective 

locations and times. During the first two campaigns (2017 and 2018), these variables were 

collected using a standard per-calibrated Automatic Weather Station AWS (WeatherPak®-

2000 v3; Coastal Environment Systems Inc., 2006) equipped with GPS specifically designed 

for ocean-based applications to provide true WS and WD (Figure 2.6). During these campaigns, 

datasets were collected at a frequency of every 1 minute, as well as the manual record of these 

variables were maintained at every 1-hour interval. The AWS was installed on the front side 

of the ship at a height of 10 m above MSL, and its alignment was corrected as the campaigns 

progressed. During the third campaign (2020), AWS failed to provide continuous data, 

therefore, data was manually logged every 6 hours. Also, SST was measured using a standard 

Bucket Thermometer (Theodor Friedrichs & Co.) at every 6-hour interval during all the 

campaigns. Details on this instrument are provided in Table 2.6. 
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Figure 2.6 On-board installed Automatic Weather Station (WeatherPak®-2000 v3). 

2.3.2.2. Atmospheric sounding 

For upper-air meteorological measurements, several high-resolution atmospheric profiles were 

obtained using Pisharoty radiosonde system version ‘B3’ developed by Vikram Sarabhai Space 

Centre of ISRO. The details on radiosonde performance, technical information, and validation 

can be assessed in Divya et al. (2014) (Figure 2.7a). It provided vertical profiles of T, MSLP, 

RH, WS, and WD at respective latitudes, longitude, altitude, and time up to an altitude of nearly 

32,000 m.  

 

Figure 2.7 (a) Schematic of the Pisharoty sonde system. Courtesy: (Divya et al., 2014), (b) 

Pisharoty sonde payload, (c) LNB antennas, (d) ground control station, and (e) release of 

hydrogen-filled weather balloon on board ORV S. A. Agulhas.  



Chapter 2. Study Regions, Instruments, and Experimental Data 

 

55 

All launches were made from approximately 12 m above MSL and from the stern side of the 

ship to minimize the influence of the ship structure or atmospheric conditions. An onboard 

setup of the radiosonde launch is shown in Figure 2.7 (b-e). During all three campaigns, a total 

of 75 radiosondes were launched in this region (Table 2.7). To check the reliability of the 

Pisharoty radiosonde, a comparison of these radiosondes was made with Vaisala, Meisei, and 

Graw make radiosondes by Divya et al. (2014). The comparison showed a correlation of 0.99 

for T and MSLP, 0.97 for RH, and 0.998 and 0.976 for east-west and north-south components 

of WS respectively. 

Table 2.6 Specification of instruments used over oceanic domain. 

Instruments Parameters Height Details Sensor Specifications 
aPisharoty 

Radiosondes 

(PS01 version 

B3)  

 

(Manufacturer: 

Indian Space 

Research 

Organization 

(ISRO)’s -Vikram 

Sarabhai Space 

Centre (VSSC), 

India) 

Air 

temperature 

(T) 

From 10 m to 

32,000 m 

Range -90° to 60℃ 

Resolution 0.1℃ 

Accuracy ±1℃ 

Response time < 1s 

Sampling rate 1 Hz 

Correlation with 

other radiosondes b 

R 0.999 

Atmospheric 

pressure (P) 

From 10 m to 

32,000 m 

Accuracy ±1.4 hPa (>100 hPa),  

±0.5 hPa (≤ 100 hPa) 

Sampling rate 1 Hz 

Correlation with 

other radiosondes b 

R 0.999 

Relative 

humidity 

(RH)  

From 10 m to 

32,000 m 

Range 0% to 100% 

Resolution 0.1 % 

Accuracy ±5 % 

Response time <5 s 

Sampling rate 1 Hz 

Correlation with 

other radiosondes b 

R 0.966 

Wind speed 

(WS) 

From 10 m to 

32,000 m 

Range 0-500 m s-1 

Resolution 0.01 m s-1 

Accuracy 0.1 m s-1 

Sampling rate 1 Hz 

Correlation with 

other radiosondes b 

R  0.998 

(EW) 
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0.976 

(NS) 
c Bucket 

Thermometer 

Sea surface 

temperature 

(SST) 

A sampling near the sea 

surface 

Range - 10 to + 40 ℃ 

Scaling 0.5 ℃ 

Accuracy ± 0.5 ℃ 
a Details on Pisharoty Radiosonde System is detailed in an article by Divya et al. (2014)  
b Other radiosondes refers to Vaisala, Meisei, and Graw radiosondes 
c Theodor Friedrichs & Co., Outboard thermometer (Navy Bucket) 

Coastal Environment Systems, Inc., 2006; WEATHERPAK®-2000 user manual for specifications of 

surface measurement  

 

2.3.2.3. Aethalometer  

Aethalometer (Make: M/s Magee Scientific, model AE-42), a self-contained, automatic 

instrument operating at seven wavelength channels (370, 470, 520, 590, 660, 880, and 950 nm) 

was used for real-time measurements of mass concentrations of BC aerosols (Hansen et al., 

1984). This instrument was installed on the bow side of the ship to obtain headwinds and 

prevent contamination from the ship’s exhaust (Figure 2.8a). During installation, the focus was 

on maintaining an unobstructed airflow towards the instrument to minimize the effects of the 

vessel on measurements. Using factory set calibration coefficients, BC mass concentrations 

were estimated in ng m-3 from the absorbance at 880 nm using filtration on quartz fiber and 

optical transmission techniques. The ambient particles were aspirated through the inlet through 

a heated sample line which was fixed at a height of 12 m at the bow of the ship. This heated 

sample line maintained the relative humidity of the airflow to be approximately 60% within 

the air stream entering into the sampling channel of the instrument (Figure 2.8b). The 

instrument was operated continuously along the cruise track at every 5 minutes interval with a 

flow rate of 5 litres per minute (litres per minute) (Figure 2.8c). 
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Figure 2.8 (a) schematic of on-board installation of Aethalometer (b) heated sample line 

connected to Aethalometer, (c) Aethalometer (AE-42) on-board ORV S. A. Agulhas.  

2.3.2.4. MICROTOPS-II Sunphotometer 

The MICROTOPS-II Sunphotometer as shown in Figure 2.9a, is a hand-held, compact, and 

portable device manufactured by Solar Light Company Inc., USA especially designed for AOD 

measurements on fixed as well as mobile ship-based platforms (Figure 2.9b). This instrument 

operates at five wavelengths, i.e., 380, 440, 500, 675, and 870 nm and provides measurements 

of total columnar aerosol optical depths at each wavelength (Morys et al., 2001). The field of 

view of the Sunphotometer is 2.51° at full-width half maximum, and the pointing accuracy is 

more than 0.1 ° . By following the principle of Beer-Lambert law, this instrument, after 

measuring the direct solar flux computes AOD using internal factory-calibrated coefficients 

and local coordinates. The overall instrumental uncertainties introduced in the AOD 

measurements were 0.005. More technical details can be found in its user manual 

(MICROTOPS-II Sunphotometer, Version 2.43).   
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Figure 2.9 (a) Photograph of MICROTOPS-II Sunphotometer (b) Photograph while 

collecting Sunphotometer measured AOD readings onboard ORV S. A. Agulhas. 

2.3.3. Satellite retrieved measurements 

2.3.3.1. ECMWF–ERA5 reanalysis data 

ERA5, a fifth-generation atmospheric reanalysis data product developed by European Centre 

for Medium-Range Weather Forecasts (ECMWF) covers global regions on a latitudinal-

longitudinal grid resolution of 0.25° × 0.25° since 1950 till the present day (Hersbach et al., 

2019; Hersbach et al., 2020). From this product, datasets have been extracted to evaluate 

background synoptic surface forcing (SST-Tair) conditions and wind circulation patterns. An 

hourly dataset of wind fields (10 m u- and 10 m v- component), 2 m air temperature, and surface 

SST were retrieved in this study. These datasets were used to examine synoptic surface forcing 

around each sounding location examined in this thesis. Details on this product can be found at 

https://cds.climate.copernicus.eu/. 

2.3.3.2. CALIPSO data 

Cloud-aerosol Lidar and infrared pathfinder satellite observation (CALIPSO), a two-

wavelength polarization-sensitive near nadir-viewing lidar are used globally to provide high-

resolution vertical profiles of aerosols and clouds (Proestakis et al., 2018). Its retrieval 

algorithm is detailed in Winker et al. (2009). It orbits at a height of 705 km with an inclination 

https://cds.climate.copernicus.eu/
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of 98.05º. The cloud and aerosol layers are detected by comparing the signal return measured 

at 532 nm with the signal expected from molecular components of the atmosphere. After 

calibration and range correction, cloud and aerosol layers are identified. The work presented 

in this thesis analyses CALIOP level 2 Version 4.10x data products to investigate the vertical 

features of aerosol sub-types and cloud phase (ice/water) over the study region. Details on 

CALIPSO derived data products can be found on https://www-calipso.larc.nasa.gov/.   

2.3.4. Atmospheric models  

2.3.4.1. HYSPLIT model  

Air mass back trajectories computed using National Oceanic and Atmospheric Administration 

- Air Resources Laboratory (NOAA-ARL) Hybrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT, version 4) model were accessed in this thesis work. This model is 

provided with NCEP Global Data Assimilation System (GDAS) meteorological datasets 

obtained from data archives of NOAA-ARL (http://arlftp.arlhq.noaa.gov/pub/archives/gdas1). 

This model involves a hybrid calculation method that uses the Lagrangian approach to calculate 

the advection and diffusion of aerosols when transported from their initial source locations. 

This model has been used to determine air mass history to examine prominent sources of 

prevailing aerosol species based on the back-trajectory analysis. 

2.3.4.2. OPAC model 

The aerosol and cloud model, OPAC (Optical Properties of Aerosols and Clouds), a software 

package comprising of microphysical properties of aerosols and clouds developed by Hess et 

al. (2014) has been used for estimating the optical properties of aerosols i.e., aerosol optical 

depth (AOD), single scattering albedo (SSA), and asymmetry parameter (ASY) of a mixture of 

defined aerosol species prevailing over the study region. Estimates of which were obtained by 

running the OPAC model with the user-defined inputs such as type of aerosol species such as 

total water-soluble components, sea salt (accumulation mode), sea salt (coarse mode), sulphate, 

https://www-calipso.larc.nasa.gov/
http://arlftp.arlhq.noaa.gov/pub/archives/gdas1
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BC soot, sulfates, nitrates, and dust as well as vertical mixing height, wavelengths, and range 

of relative humidity from 0% to 100% (Hess et al., 1998). More details on the methods for 

simulating the optical properties of aerosols using OPAC can be found in Singh et al. (2016). 

The output of aerosol optical properties (i.e., AOD, SSA, and ASY) from OPAC were fed as an 

input to the SBDART model for radiative forcing estimations.   

2.3.4.3. SBDART model 

Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model was used to 

estimate the direct aerosol radiative forcing (DARF). To accurately estimate DARF, OPAC 

simulated optical properties of composite aerosols (i.e., AOD, SSA, and ASY) was fed as an 

input in SBDART model to compute clear-sky direct shortwave DARF. In addition to the 

aforementioned input, other inputs given to SBDART model was surface reflectance which 

was derived from MODIS product. A vertical profile of neutral atmosphere of 10, 000 m has 

been considered. Along with these paraments, for water vapor content in the atmosphere, the 

regional average RH values have been used over the large latitudinal span covered in this study. 

Total columnar concentration of ozone expressed in Dobson Unit (DU), measured from 

Microtops-II Sunphotometer at 380 𝜇m channel was used to obtain the optical depths due to 

ozone absorptions. The SBDART model, developed by Ricchiazzi et al. (1998), is a parallel 

plane discrete ordinate model which calculates radiative fluxes with and without aerosols. The 

estimates of DARF at top of the atmosphere (TOA), surface (SFC), and within the atmosphere 

(ATM) can be obtained within a the short-wavelength range of 0.2–4.0 μm as well as within 

long-wavelength range of 4.0–40 μm. A proportional amount of atmospheric DARF is known 

to heat the atmospheric column resulting in atmospheric radiative heating (HR) (Srivastava et 

al., 2011).  
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2.3.5. Database over ocean  

Database over the ocean was the combination of surface as well as vertical meteorological 

parameters and aerosol-based measurements. Real-time measurements of surface 

meteorological parameters were continuously obtained using onboard installed AWS 

throughout the cruise period between 24°S to 68°S during the forward track, return track, and 

time series location of all three campaigns. The quality of the AWS collected measurements 

was compared to those with variables measured using ORV’s sensors used for navigational 

purposes. The collected AWS dataset was in close approximation with ORV’s dataset. 

Additionally, from the measured WD and WS, true magnitude and direction were computed 

using ORV’s heading, course, and speed. Similarly, 75 high-resolution atmospheric profiling 

were done using Pisharoty radiosonde ascents which provided upper air meteorological 

measurements over the unexplored study region (Table 2.6). All radiosondes were preferably 

launched at 00:00, 16:00, 12:00, and 18:00 UTC. However, few launches were made at discrete 

intervals to record any severe weather event or frontal activity. All the launches were made 

only when the wind speed at the location did not exceed 30 knots. The launch locations were 

selected to target crucial atmospheric and oceanic fronts. During the third campaign (in 2020), 

discrete launches were made over the latitudinal transit track at a longitudinal interval of every 

3°. The distribution of 75 radiosondes released during three campaigns is tabulated in Table 

2.7. During SOE-IX (in 2017), a total of 18 radiosondes were launched along the complete 

cruise track, among which 2 were made during the ongoing track followed by a time-series 

observation where 4 launches were made at 00:00, 06:00, 12:00, and 18:00 UTC at 68°03′S, 

74°04′E. The remaining 12 launches were made during the return track from 68°𝑆 to 30°𝑆. 

During the SOE-X campaign (in December 2017- February 2018), 46 radiosondes had been 

launched, among which 19 radiosondes were released during the forward track, while 18 other 

sondes were released during the return track, and the remaining 8 radiosondes were released at 
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the time series location at at 68°03′S, 74°04′E. During the SOE-XI campaign (in 2020), 

radiosondes were released along the longitudinal transit track as well as the latitudinal transit 

track. A total of 28 radiosondes were released, wherein 13 radiosondes were released along the 

longitudinal transit track and 15 radiosondes were released along the latitudinal transit track 

(Table 2.7). In addition to surface and upper air meteorological measurements, the real-time 

surface concentration of BC aerosols was measured continuously during the entire cruise period 

sampling the complete cruise track from 24°S to 68°S, except at time series locations where 

measurements were stopped to avoid contamination from the ship’s exhaust.   
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          Table 2.7 Details of radiosonde measurements analyzed. 

Sr. 

No. 
Campaigns 

Radiosonde 

Launch No. 
Cruise 

Track 
Date 

Julian Day / 

1 Jan 

Time 
Latitude Longitude Frontal Regions 

(UTC) 

1 IXth 

Southern 

Ocean 

Expedition 

(SOE-IX) 

RL1 OT1 9-Jan-17 9 22:29 30oS 57.51oE NSTF1 

2 RL2 OT2 12-Jan-17 12 06:09 40oS 58.48oE SSTF 

3 RL3 TS1 27-Jan-17 27 00:53 68.05oS 74.07oE CA 

4 RL4 TS2 27-Jan-17 27 05:54 68oS 73.99oE CA 

5 RL5 TS3 27-Jan-17 27 11:50 68.01oS 73.93oE CA 

6 RL6 TS4 27-Jan-17 27 17:51 68oS 73.98oE CA 

7 RL7 RT1 11-Feb-2017 42 05:53 64.05oS 57.51oE SB 

8 RL8 RT2 14-Feb-2017 45 03:58 59.98oS 57.52oE SACCF 

9 RL9 RT3 16-Feb-2017 47 03:35 55.97oS 57.33oE PF2 

10 RL10 RT4 18-Feb-2017 49 05:45 50.46oS 57.51oE PF1 

11 RL11 RT5 20-Feb-2017 51 09:09 45.71oS 57.45oE SAF1 

12 RL12 RT6 21-Feb-2017 52 05:47 43.08oS 57.51oE SAF1 

13 RL13 RT7 22-Feb-2017 53 11:53 40.14oS 57.52oE SSTF 

14 RL14 RT8 23-Feb-2017 54 03:50 38.03oS 57.84oE NSTF2 

15 RL15 RT9 23-Feb-2017 54 12:23 35.98oS 57.49oE NSTF2 
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16 RL16 RT10 23-Feb-2017 54 23:11 34.01oS 57.51oE NSTF2 

17 RL17 RT11 24-Feb-2017 55 10:23 32.03oS 57.5oE NSTF1 

18 RL18 RT12 24-Feb-2017 55 22:00 30.02oS 57.51oE NSTF1 

19 Xth Southern 

Ocean 

Expedition 

(SOE-X) 

RL19 OT 12-Dec-2017 346 04:00 30oS 58oE NSTF1 

20 RL20 OT 13-Dec-2017 347 09:00 35oS 58.2oE NSTF2 

21 RL21 OT 14-Dec-2017 348 01:00 38oS 58.4oE NSTF2 

22 RL22 OT 18-Dec-2017 352 03:00 42oS 59.9oE SAF1 

23 RL23 OT 19-Dec-2017 353 06:00 45oS 62.1oE SAF1 

24 RL24 OT 21-Dec-2017 355 03:00 50.1oS 64.7oE PF1 

25 RL25 OT 22-Dec-2017 356 22:00 52oS 64.2oE PF1 

26 RL26 OT 23-Dec-2017 357 06:00 54oS 68.3oE PF2 

27 RL27 OT 24-Dec-2017 358 08:00 56oS 69.4oE PF2 

28 RL28 OT 25-Dec-2017 359 06:10 58oS 70.1oE PF2 

29 RL29 OT 26-Dec-2017 360 11:11 60oS 71.7oE SACCF 

30 RL30 OT 27-Dec-2017 361 03:00 62oS 70.7oE SACCF 

31 RL31 OT 28-Dec-2017 362 06:00 64oS 70.6oE SB 

32 RL32 OT 29-Dec-2017 363 05:00 66.1oS 74.8oE CA 

33 RL33 TS 3-Jan-2018 3 06:00 66.6oS 76.4oE CA 

34 RL34 TS 3-Jan-2018 3 10:00 66.6oS 76.4oE CA 
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35 RL35 TS 3-Jan-2018 3 18:00 66.6oS 76.4oE CA 

36 RL36 TS 3-Jan-2018 3 22:00 66.6oS 76.5oE CA 

37 RL37 TS 4-Jan-2018 4 02:00 66.6oS 76.4oE CA 

38 RL38 TS 4-Jan-2018 4 06:00 66.6oS 76.4oE CA 

39 RL39 TS 4-Jan-2018 4 14:18 66.6oS 76.4oE CA 

40 RL40 TS 5-Jan-2018 5 02:00 66.6oS 76.3oE CA 

41 RL41 RT 16-Jan-2018 16 06:00 64oS 57.5oE SB 

42 RL42 RT 17-Jan-2018 17 06:00 62oS 57.5oE SACCF 

43 RL43 RT 19-Jan-2018 19 12:00 60oS 57.1oE SACCF 

44 RL44 RT 21-Jan-2018 21 02:00 57.5oS 57.5oE PF2 

45 RL45 RT 22-Jan-2018 22 09:00 55oS 57.6oE PF2 

46 RL46 RT 30-Jan-2018 30 11:30 38oS 57.5oE NSTF2 

47 RL47 RT 31-Jan-2018 31 11:00 34oS 57.5oE NSTF2 

48 RL48 RT 2-Feb-2018 33 06:00 28oS 57.5oE NSTF1 

49 XIth 

Southern 

Ocean 

Expedition 

(SOE-XI) 

RL49 LT1 7-Feb-2020 38 12:00 67.52oS 78.75oE CA 

50 RL50 LT2 8-Feb-2020 39 12:00 67.35oS 76.05oE CA 

51 RL51 LT3 10-Feb-2020 41 12:00 65oS 73.93oE SB 

52 RL52 LT4 11-Feb-2020 42 12:00 66.99oS 74.02oE CA 

53 RL53 LT5 12-Feb-2020 43 06:00 66.8oS 71.03oE CA 
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54 RL54 LT6 13-Feb-2020 44 12:00 64.99oS 70.93oE SB 

55 RL55 LT7 14-Feb-2020 45 12:00 65oS 67.98oE SB 

56 RL56 LT8 15-Feb-2020 46 11:00 66.86oS 67.77oE CA 

57 RL57 LT9 16-Feb-2020 47 06:00 66.98oS 64.86oE CA 

58 RL58 LT10 17-Feb-2020 48 12:00 64.98oS 64.95oE SB 

59 RL59 LT11 18-Feb-2020 49 12:00 65oS 62oE SB 

60 RL60 LT12 19-Feb-2020 50 12:00 66.88oS 61.95oE CA 

61 RL61 RT1 20-Feb-2020 51 12:00 65.5oS 57.96oE SB 

62 RL62 RT2 22-Feb-2020 53 12:00 63.46oS 58.07oE SB 

63 RL63 RT3 24-Feb-2020 55 12:00 60oS 57.5oE SACCF 

64 RL64 RT4 25-Feb-2020 56 12:00 57.37oS 57.5oE PF 

65 RL65 RT5 26-Feb-2020 57 18:00 54.62oS 57.51oE PF2 

66 RL66 RT6 27-Feb-2020 58 12:00 51.76oS 57.52oE PF1 

67 RL67 RT7 28-Feb-2020 59 12:00 50.43oS 57.51oE PF1 

68 RL68 RT8 29-Feb-2020 60 12:00 47.85oS 57.7oE SAF2 

69 RL69 RT9 1-Mar-2020 61 18:00 45.2oS 57.85oE SAF1 

70 RL70 RT10 2-Mar-2020 62 12:00 43.02oS 57.02oE SAF1 

71 RL71 RT11 3-Mar-2020 63 12:00 40.19oS 57.51oE SSTF 

72 RL72 RT12 4-Mar-2020 64 12:00 36.15oS 57.43oE NSTF2 
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73 RL73 RT13 5-Mar-2020 65 12:00 31.02oS 57.38oE NSTF1 

74 RL74 RT14 6-Mar-2020 66 12:00 27oS 57oE NSTF1 

75 RL75 RT15 7-Mar-2020 67 12:00 24oS 57oE NSTF1 

Note. RL refers to radiosonde launch; OT refers to onward track and RT refers to return track 
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Chapter 3 

Micrometeorological Characteristics of Atmospheric Surface 

Layer over a Tropical Coastal Region of Goa, India 

 

3.1. Introduction  

The surface layer is defined as the lowest part (about 10%) of the atmospheric boundary layer 

(Högström, 1996). This layer exhibits turbulent characteristics due to radiative heating, cooling 

and mesoscale motions which are augmented due to surface heterogeneities of the earth’s 

surface. This eventually controls heat, moisture, and momentum transport within the surface 

layer (Stull, 1988; Sorbjan, 1989b; Garratt, 1992; Kaimal and Finnigan, 1994) . The transport 

of heat and moisture fluxes varies over a broad range of spatial domains, especially for forest 

ecosystems, terrains with complex topography, inland, semi-arid, coastal, urban, and rural 

areas. This makes it difficult to draw a comparative analysis of statistics of estimated values 

with that of other locations and from the numerical models.  

The turbulence fluxes in the surface layer are well described by the Monin-Obukhov 

similarity theory (MOST) (Monin and Obukhov, 1954), which provides suitable and acceptable 

empirical relations associated with variances of wind and temperature along with stability and 

scaling parameters. Fundamentally, MOST can suggest plausible universal functions between 

fluxes and mean quantities and the exact forms of these relations are to be verified from 

accurate observations under different stability conditions (Monin and Yaglom, 1971; Kaimal 

and Finnigan, 1994; Pahlow et al., 2001). Though MOST is not ‘universal’ when it comes to 

heterogeneity of the surface conditions (Wilson, 2008), it is used in airflow and air dispersion 

studies even in urban locations. In modelling the transport of air pollutants, knowledge of the 

airflow and its turbulent characteristic close to the ground are extremely crucial. Thus, an 

improved understanding of this is based on the surface roughness parameter. This parameter is 
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unique for different regions and must be estimated using a series of data generated from 

experimental observations. Such statistical studies have been carried out in many other urban 

regions (Grimmond and Oke, 1999; Roth, 2000; Wood et al., 2010; Trini Castelli and Falabino, 

2013; Trini Castelli et al., 2014). Literature on these studies particularly in coastal regions is 

comparatively less (Lange et al., 2004; Singha and Sadr, 2012; Grachev et al., 2018a). 

Experimental campaigns and field measurements to quantify the turbulence statistics of the 

surface layer over tropical regions are rare. Over the Indian sub-continent a few studies have 

been carried out at different geographical locations like inland regions (Goel and Srivastava, 

1990; Sivaramakrishnan et al., 1992; Kailas and Goel, 1996; Rao et al., 1996), semi-arid 

regions (Krishnan and Kunhikrishnan, 2002; Reddy and Rao, 2016; Siva Kumar et al., 2021), 

complex terrains (Solanki et al., 2016b; Barman et al., 2019; Solanki et al., 2019b) and coastal 

regions (Prakash et al., 1992; Kunhikrishnan et al., 1993; Ramachandran et al., 1994a; Ramana 

et al., 2004b) .   

An improved understanding of the surface layer processes requires knowledge of the 

turbulence characteristics during different seasons. In view of this, several studies have been 

conducted in past focused on improving the present understanding of the surface layer 

processes and the nature of the turbulence characteristics during different seasons. For instance, 

studies by Ramachandran et al. (1994a); Namboodiri et al. (2014); Prasad et al. (2019) have 

demonstrated the seasonal variability of surface layer parameters. Such studies attain important 

implications for modelling the turbulent exchange coefficients in regional-scale numerical 

models and pollutant dispersion studies. Understanding the surface characteristics and 

associated energy exchange process is essential for the knowledge of local climate, and 

modelling of the turbulent exchange in regional scale numerical models. In view of this, the 

study presented in this chapter partially addresses this prerequisite based on observations 

generated from a 32 m tall meteorological tower installed at a fixed location within the Goa 
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University campus. The details on the experimental site and the instrumental setup used for 

conducting this study are discussed in section 2.2.1. and section 2.2.2. of chapter 2 of this 

thesis. By accessing the data generated using the on-site instrumental setup, the study described 

in this chapter aimed to address the following questions, 

1. How does the fluxes of heat and momentum, and associated stability conditions vary on 

the diurnal and seasonal scales over the study region? 

2. How well does MOST perform under different stability conditions over the present 

experimental site that represents a tropical coastal region? 

3. To establish an empirical relationship of variances of wind components and temperature 

with varying stability conditions. 

Several studies have been carried out over different climatic regions across the globe and 

limited locations over the Indian regions. Experimental studies by Prasad et al. (2019) over east 

coast of India and Ramachandran et al. (1994) over the west coast of India showed a seasonal 

variability in the empirical relations and they attributed to the surface roughness associated 

with the varying wind direction over the seasons. However, Ramana et al. (2004) showed that 

turbulent statistics are nearly independent of seasons in a region in Lucknow, India. It is evident 

from these studies that turbulence statistics depend on the terrain and meteorology. In Chapter 

2, it is described that the coastal experimental site i.e., a station in Goa region is influenced by 

the varying wind patterns and wind intensities over various seasons. Under these conditions, 

the variation of surface turbulence statistics was not explored. The understanding and 

quantification of turbulence intensities - specifically normalized velocity variances and 

correlation coefficients are important because these measurements over this study location is 

first of its kind and aims to provide an understanding on turbulent nature of surface layer during 

different tropical seasons. The uniqueness of the present study lies in establishing suitable 

empirical equations over this least explored coastal region which are crucial for modelling 
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studies. The empirical fitting relations obtained from the present study can be used to validate 

the representation of surface layer turbulence in regional weather models developed for terrains 

of similar characteristics. Realizing these aspects, Geosphere, Biosphere Programme of Indian 

Space Research Organization (ISRO-GBP) under the aegis of Network of Boundary Layer 

Experiments (NOBLE) project has established a boundary layer experimental setup at Goa 

University campus for conducting the present work. 

3.2. Data and method  

The data generated for fair weather days collected during the period from March 2015 - 

February 2016 were considered for the study. Rainy and cloudy days were discarded to obtain 

close estimates of surface layer fluxes under clear sky conditions with minimum effect of 

clouds (if any) while collecting observations over this study region. The complete data statistics 

used for undertaking this study are listed in Table 2.3. in chapter 2 of this thesis. The primary 

dataset constitutes time-series measurements of low frequency (hourly) data i.e., air 

temperature (AT), relative humidity (RH), wind speed (WS), and wind direction (WD) from 

slow response sensors installed on the meteorological tower at 4 m, 18 m, and 30 m heights 

respectively. Additionally, low frequency data from pressure probe and rain gauge equipped at 

4 m height have been used. A set of 3D sonic anemometers installed at 10 m and 20 m heights 

provided high frequency (10 Hz) data of sonic temperature (T) and components of wind (u, v, 

and w). Low frequency data were utilized to understand the diurnal and seasonal pattern of 

surface layer meteorological conditions and wind pattern. High frequency data measuring the 

fluctuations of wind components in the horizontal and vertical direction and sonic temperature 

were utilized to study diurnal and seasonal variations in the surface layer fluxes of heat and 

momentum, and associated stability conditions. Thus, high frequency data were used to 

compute friction velocity (𝑢∗), sensible heat flux (𝐻), momentum flux (𝜏), turbulent kinetic 

energy (𝑒) and stability (𝑧/𝐿), where 𝑧 is the height of observation and 𝐿 is the Obukhov 
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length). These dynamical parameters have been estimated using the eddy correlation technique 

(Kaimal and Finnigan, 1994; Aubinet et al., 2012). 

The friction velocity (𝑢∗) was estimated from,  

 𝑢∗ = √(𝑢′𝑤′̅̅ ̅̅ ̅̅ )2 + (𝑣′𝑤′̅̅ ̅̅ ̅̅ )2
4

 3.1 

where the bar and the prime average over time and fluctuations from the mean value 

respectively (Stull, 1988), (𝑢′𝑤′) and (𝑣′𝑤′) are the kinematic momentum fluxes in the along 

and cross-wind directions. The temperature scaling parameter (𝑇∗) and the Obukhov length (L) 

were computed from,                                                                                                              

 𝑇∗ =  𝑤′𝑇′̅̅ ̅̅ ̅̅ /𝑢∗ 3.2 

 𝐿 = −
𝑢∗

3�̅�

(𝑘. 𝑔 𝑤′𝑇′̅̅ ̅̅ ̅̅ )
 3.3 

where 𝑘 is von Karman constant (=0.4), g is the acceleration due to gravity, 𝑢∗ is frictional 

velocity and 𝑤′𝑇′̅̅ ̅̅ ̅̅  is the heat flux. The quantities e, 𝜏, and H are computed using the following 

equations, 

 𝑒 =
1

2
[𝑢′ 2̅̅ ̅̅ ̅

+ 𝑣′ 2̅̅ ̅̅ ̅
+ 𝑤′2 ̅̅ ̅̅ ̅] 3.4 

 𝜏 = 𝜌√(𝑢′𝑤′)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (𝑣′𝑤′)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅  3.5 

 𝐻 = 𝜌. 𝐶𝑝(𝑤′𝑇′)̅̅ ̅̅ ̅̅ ̅̅  3.6 

where ρ is the density of air and 𝐶𝑝 is the specific heat of air at constant pressure.  

The normalized standard deviation of wind components (𝜎𝑢/𝑢∗ , 𝜎𝑣/𝑢∗ , and  𝜎𝑤/𝑢∗ ) and 

temperature (𝜎𝑇/𝑇∗) are computed for every 30 minute time interval using high frequency data. 

Variation of these estimations with the stability parameter is obtained by averaging 

corresponding values at uniform intervals of 𝑧/𝐿.  

The correlation coefficients of momentum and heat flux had been computed using the 

equations given below, 
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 |𝑟𝑢𝑤| =
𝑢′𝑤′̅̅ ̅̅ ̅̅

𝜎𝑢𝜎𝑤
 3.7 

 
|𝑟𝑤𝑇| =

𝑤′𝑇′̅̅ ̅̅ ̅̅

𝜎𝑤𝜎𝑇
 

3.8 

where, 𝑟𝑢𝑤 and 𝑟𝑤𝑇 are correlation coefficients for momentum and heat flux respectively. 

The surface roughness length (zo) was calculated for the data at 10 m height using the following 

equation (Panofsky and Dutton, 1984; Sorbjan, 1989b). 

𝑙𝑛𝑧0 = 𝑙𝑛𝑧 − 𝑘 
𝑈

𝑢∗
−  𝜓𝑚 (𝑧 𝐿⁄ )                                                                                          3.9 

where, 𝜓𝑚  (
𝑧

𝐿
) = 2 𝑙𝑛 (

1+𝑥

2
) + 𝑙𝑛 (

1+𝑥2

2
) − 2𝑡𝑎𝑛−1(𝑥) +  𝜋/2  

where, 𝑥 =  (1 − 𝛾1
𝑧

𝐿
) 

1
4⁄      for 𝑧 𝐿⁄ < 0       with 𝛾1 = 16 

                             𝜓𝑚  (
𝑧

𝐿
) =  −5

𝑧

𝐿
  for 𝑧 𝐿⁄ > 0 

 

where 𝜓𝑚  (
𝑧

𝐿
)  is the momentum stability correction factor (Paulson, 1970; Panofsky and 

Dutton, 1984; Sorbjan, 1989b). 

3.2.1. Quality check 

The sonic anemometer data was collected at every 0.1s and a total of 11232 half-an-hour data 

samples were obtained for this study. To eliminate the unrealistic values arising out of 

instrument error such as jitter, data points outside the absolute limits set for 𝑢, 𝑣, 𝑤 and 𝑇 were 

removed. This was performed for both horizontal (u, v) (-50 m s-1 to +50 m s-1) and vertical 

(w) components of wind speed (-10 m s-1 to +10 m s-1). A moving window method given by 

Vickers and Mahrt (1997) was applied to identify the spikes while a linear detrending method 

was applied to remove any long-term trend present in unprocessed 𝑢, 𝑣, 𝑤, and T.  While doing 

this, care has been taken not to consider data points outside 3.5 times the standard deviation 

limits. Further, to minimize the effect of any misalignment of sensors, quality checks such as 

double rotation and tilt corrections had been performed on data (Wilczak et al., 2001). This 
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facilitates the alignment of the axes of the coordinate system to mean stream-wise wind 

direction. In addition, a stationary test was performed as a part of a quality check (Foken and 

Wichura, 1996).   

3.2.1.1. Stationary test 

The non-stationarity of the data arises due to the diurnal variation in heating and cooling of 

Earth’s surface and mesoscale variation of winds (Večenaj and De Wekker, 2015). The 

application of MOST assumes that the time series data must be stationary (i.e., statistics of the 

turbulence do not vary with time), but the non-stationarity nature of the data becomes a key 

issue in the estimation of turbulence (Mahrt, 1998b). Thus, it is pertinent to correct the data by 

eliminating the non-stationary components of data from the stationary datasets before 

considering the applicability of MOST (Mahrt, 1998b). To achieve this, the methodology 

proposed by Foken and Wichura (1996), which is reported to effectively identify a large 

number of stationary data among other reported stationary tests, has been adopted to generate 

a stationary dataset (Foken and Wichura, 1996; Večenaj and De Wekker, 2015; Babić et al., 

2016). Adopting this method, stationary components have been extracted by taking mean 

values of the covariance for every 30 minute interval (18000 data in 30 minutes, sampling at 

the frequency of 10 Hz) and are compared with the values calculated at every 5 minute sub-

interval (3000 data in every 5 minutes). If the difference between these values is less than 30% 

then the time series data was considered to be stationary. After incorporating this test, a quality 

check proposed by Agarwal et al. (1995) was adopted so that all wind speed values less than 

0.5 m s-1 were discarded. Owing to this, a total of 7609 and 7745 half an hour of data generated 

from 10 m and 20 m heights respectively were used for further analysis. 

3.2.1.2. Gap filling method 

By adopting the above-mentioned quality checks, some data points that did not meet the quality 

criteria were eliminated. This resulted in a gap/missing data point for certain periods, which 
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was filled in this study by adopting the look-up table (LUT) method (Falge et al., 2001) . LUTs 

were generated such that missing flux values were identified based on similar meteorological 

conditions associated with the missing flux data (Falge et al., 2001; Reichstein et al., 2005). 

LUTs were binned by temperature class defined by 2°C intervals ranging from 10°C to 50°C. 

In each class interval, mean and standard deviation of temperature and corresponding fluxes 

were calculated. If the gap still exists in the defined class interval in LUT then it was filled by 

linear interpolation. Thus, LUTs were created to reproduce the mean values of fluxes based on 

seasonal meteorological conditions. On average, about 32% and 31% of missing data could be 

identified for the heights of 10 m and 20 m respectively. This ultimately resulted in 3623 and 

3487 missing data points to be looked up and filled at 10 m and 20 m respectively. 

3.2.1.3. Self-correlation analysis 

Without evaluating the role of self-correlation of data, the validity of MOST becomes 

incomplete (Mahrt, 1998b). The self-correlation arises due to the appearance of a common 

friction velocity 𝑢∗  in  𝜎𝑤/𝑢∗ , 𝜎𝑇/𝑇∗ , and 𝑧 𝐿⁄ . To evaluate self-correlation in the present 

dataset, a random sampling approach described in Klipp and Mahrt (2004) was adopted. From 

the observed datasets of  𝑢∗ , (w′𝑇′)̅̅ ̅̅ ̅̅ ̅̅ ̅, 𝜎𝑤 , and 𝜎𝑇 , a new 1000 random datasets have been 

generated at each measurement height. Subsequently, the linear correlation coefficient was 

estimated between 𝑧 𝐿⁄  and  𝜎𝑤/𝑢∗  and thereafter between 𝑧 𝐿⁄  and 𝜎𝑇/𝑇∗ . The coefficients 

thus obtained were averaged and then 〈𝑅𝑅𝑎𝑛𝑑𝑜𝑚
2 〉 was calculated, this indicated the measure of 

self-correlation due to a common variable. Similarly, 𝑅𝑑𝑎𝑡𝑎
2  for the original datasets were 

estimated and the difference  𝑅𝑑𝑖𝑓𝑓
2 = 𝑅𝑑𝑎𝑡𝑎

2 − 〈𝑅𝑅𝑎𝑛𝑑𝑜𝑚
2 〉  was computed. The 𝑅𝑑𝑖𝑓𝑓

2  is 

indicative of true physical variance associated with processes governing turbulence (Klipp and 

Mahrt, 2004). Negative values of 𝑅𝑑𝑖𝑓𝑓
2  indicate that self-correlation has a significant influence 

on the total variance, while as it tends to unity, the effect of self-correlation becomes less 
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prominent (Babić et al., 2016). Results of the assessment of self-correlation are presented in 

Table 3.1. attributed to the limitation of this method in the stable atmospheric boundary layers.  

Table 3.1 Self-correlation analysis of the variations in 𝜎𝑤/𝑢∗  and of 𝜎𝑇/𝑇∗with stability. 

𝑅𝑑𝑎𝑡𝑎
2  is defined as square of the correlation coefficient for the original dataset, 𝑅𝑅𝑎𝑛𝑑𝑜𝑚

2  is 

the coefficient of determination from self-correlation, and 𝑅𝑑𝑖𝑓𝑓
2 = 𝑅𝑑𝑎𝑡𝑎

2 − 〈𝑅𝑅𝑎𝑛𝑑𝑜𝑚
2 〉 is the 

fraction of true physical variance associated with processes governing the turbulence. 

Measurement 

heights 

Stability Variables No. of  

data points 

𝑅𝑑𝑎𝑡𝑎
2  〈𝑅𝑅𝑎𝑛𝑑𝑜𝑚

2 〉 𝑅𝑑𝑖𝑓𝑓
2

= 𝑅𝑑𝑎𝑡𝑎
2

− 〈𝑅𝑅𝑎𝑛𝑑𝑜𝑚
2 〉 

 

 

10 m 

Unstable 
𝑤 2044 0.63 0.36 0.27 

𝑇 2044 0.37 0.01 0.36 

Stable 
𝑤 743 0.17 0.18 -0.01 

𝑇 743 0.01 0.05 -0.04 

 

 

20 m 

Unstable 
𝑤 2010 0.76 0.40 0.34 

𝑇 2010 0.37 0.02 0.35 

Stable 
𝑤 950 0.34 0.25 0.09 

𝑇 950 0.01 0.02 -0.01 

During unstable conditions, the self-correlation for the dataset w is found to be higher 

compared to that of T. In present data, the value of 𝑅𝑑𝑖𝑓𝑓
2  is found to be higher (>0.25) at both 

heights indicating self-correlation under unstable conditions. However, for stable conditions, 

the values of self-correlation coefficients for w and T are found to be very small and negative. 

Babić et al. (2016) has also reported smaller and negative values of self-correlation coefficients 

during stable conditions, and it was attributed to the limitation of this method in the stable 

atmospheric boundary layers. 
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Figure 3. 1 A schematic site map of Goa region, showing the study location with respect to the 

coastline, and the land/sea breeze direction with respect to it.  

3.3. Results and Discussion  

This section describes the diurnal and seasonal variability of surface layer meteorological 

parameters, fluxes of heat, momentum and associated stability conditions over a tropical 

coastal site, Goa. As the observational site is located near the Arabian Sea, it experiences 

land/sea breeze circulation, arising due to the differential heating of land and adjoining sea. 

The breeze originating from the sea brings the cool air over the heated coastal region and 

subsequent formation of the thermal internal boundary layer (TIBL) during the daytime 

(Kunhikrishnan et al., 1993; Davis et al., 2020; Davis et al., 2022). Thus, the diurnal evolution 

of thermal structure and surface characteristics of the coastal atmospheric boundary layer 

(CABL) is modulated by the sea/land breeze. Studies also showed that the height of CABL is 

lowered with the advection of sea breeze (Miller and Keim, 2003; Miller et al., 2003). 

Furthermore, flux-variance relationships in the atmospheric surface layer are defined by 

MOST, which assumes homogeneity of the surface, including surface fluxes as well as surface 

roughness (Stull, 1988)  Hence, in subsequent sections below, by adopting MOST, flux-

variance relationships obtained over the study site have been discussed. 
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3.3.1. Diurnal mean and seasonal variation of surface layer parameters  

Figure 3.1 depicts the seasonal mean diurnal variation of slow response sensor-measured air 

temperature (AT), relative humidity (RH), wind speed (WS), and wind direction (WD) at 18 m 

height during winter, pre-monsoon, summer-monsoon, and post-monsoon seasons respectively 

over the experimental site. The air temperature starts increasing from around 07:00 IST (IST = 

UTC + 05:30 hrs) and showed a systematic diurnal variation. The average value of maximum 

air temperature (ATmax) observed during winter, pre-monsoon, summer-monsoon, and post-

monsoon seasons are  29.9 ± 1.8 ℃, 29.5 ± 1.5  ℃ , 28.8 ± 0.4 ℃  and 30.9 ± 1.6 ℃  with a 

difference in the time of occurrence [around 13:00 IST, 12:00 IST, 14:00 IST and 13:00 IST] 

respectively. Similarly, the average value of 𝑅𝐻mean, during each season was 62%, 75%, 88% 

and 75% respectively during daytime while 81%, 84%, 92% and 90% during nighttime 

respectively. Variation of winds revealed the prevalence of high-speed winds dominantly from 

a west-northwest direction (270°-315°) during the summer monsoon season followed by pre-

monsoon and low wind prevails in the winter season. Statistics of the wind are not only 

important in determining the travel period of pollutants from the source region but also control 

the surface concentration. Over this region, poor dispersal of pollutants is expected in the  
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Figure 3.2 Diurnal mean seasonal fluctuations of (a) air temperature (𝐴𝑇), (b) relative humidity 

(𝑅𝐻), (c) wind speed (𝑊𝑆), and (d) wind direction (𝑊𝐷) observed at 18 m heights during 

winter (black), pre-monsoon (red), summer-monsoon (blue), and post-monsoon (green) 

seasons. 

winter season. The occurrence of the land/sea breeze system was observed with wind speeds 

typically <6-7 m s-1 during daytime (sea breeze) and less than 3 m s-1, during nighttime (land 

breeze) (Figure 3.1). Data reveals that the dominant land breeze comes from east direction 

whereas, the sea breeze originates from west/northwest direction over the experimental site. 

The winds are from the west/northwest direction during the monsoon season (Figure 3.1).   

3.3.2. Wind characteristics at the study site  

The wind-rose diagram in Figure 3.2a, b depicts the variability of hourly averaged wind speeds 

obtained from the slow response sensor at 18 m and a sonic anemometer at 10 m height for the 

study period. The dominant wind directions at the site were mainly from the northwest to the 

west (wind direction is mostly within 292° and 330°) and from northeast to east directions 

(wind direction is mostly within a cone of 67° and 97°). In general, wind speeds greater than 3 
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m s-1 were frequently observed from the northwest and west, while wind speeds with 

magnitudes less than 3 m s-1 were observed less frequently from the east and northeast 

directions. Seasonal wind variability observed over the study site is represented in Figure 3.2 

(c-f). The dominant direction of winds during winter asnd pre-monsoon were north westerlies 

while during post-monsoon season north easterlies and during summer-monsoon south 

westerlies winds were prominently observed. 

 



Chapter 3. Micrometeorological Characteristics of Atmospheric Surface Layer over a 

Tropical Coastal Region of Goa, India 

81 

Figure 3.3 (a-b) represents wind rose diagram observed for varying wind speed thresholds over 

the experimental site with on an average over all seasons at (a) 18 m height using slow response 

sensors and (b) 10 m height using a sonic anemometer for the period from March 2015 to 

February 2016. (c-f) represents wind rose diagram depicting wind variation observed over the 

site during different seasons i.e., (c) winter d) pre-monsoon, (e) summer-monsoon and (f) post-

monsoon at the 18 m height during the study period. The coastline geometry is shown in black 

dotted line. 

3.3.3. Estimation of surface roughness length  

A better understanding of the surface layer lies on the surface homogeneity. However, any 

heterogeneities prevailing at the surface affect the length scales. As already mentioned, the 

surface heterogeneity over the coastal environment leads to the formation of complex vertical 

structures such as TIBL and roughness sub-layers where turbulence parameters become the 

function of winds. Conventionally, the surface roughness length (z0) is estimated using the 

observations of wind speed at two or more height levels in neutral stability conditions. The z0 

at a site does not change with wind speed, stability, or stress. It can be changed only if the 

roughness elements over the surface change such as caused by an increase in the vegetation, 

construction of buildings etc. (Stull, 1988). Also, z0 is strongly dependent on wind direction, 

as this variation is the result of different surface features and obstacles that affect wind flow in 

different directions. In this study, z0 has been calculated using the methodology described by 

Panofsky and Dutton (1984) (equation 3.9). The results of which are mentioned in Table 3.2 

for six wind sectors and all wind directions around the experimental site. The data obtained at 

this location were categorized into each of these sectors based on wind directions encountered 

at 10 m height: 330–30◦ (524 data), 30–90◦ (1049 data), 90-150◦ (587 data), 150–210◦ (229 

data), 210–270◦ (1267 data) and 270–330◦ (2916 data) respectively. From the values estimated 

over different wind sectors, it is evident that the maximum values of roughness length were 
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found in sectors; 150-210° and 330-30° and minimum values were in sectors 30-90° and 270-

330° respectively during all seasons. These high and low values portrayed varying geometry 

surrounding the experimental site (refer Figure 2.1 of chapter 2). Over the study site, from all 

considered wind direction sectors, the value of z0 ranged from 0.08 m to 0.97 m. The high 

roughness length associated with the 330-30° sector is attributed to the daytime winds 

originating from the sea, while the easterly winds are dominant during the nighttime (Figure 

3.1d). For easterly wind directions, the lowest roughness lengths were estimated. The data also 

confirms that the roughness length is independent of the wind speed. Larger values of z0 in the 

wind direction of 150-210° is due to the presence of buildings (Figure 2.1b, 2.2a). Considering 

all sectors, mean values of z0 varied between 0.19 m and 0.37 m. On the seasonal scale, the 

value of z0 was found to be highest (reaching nearly 0.37 m) in pre-monsoon season. The larger 

values are mainly attributed to the dominant wind originating from the sectors 150° - 210° 

(presence of building) and 330° - 30° (presence of 3m high trees) (Figure 2.1). The lowest 

values of z0 were observed during post-monsoon season (reaching nearly 0.19 m), where the 

dominant wind from east direction (Figure 3.3f), where there is no obstruction (open space) 

(Figure 2.1). 

Table 3.2 Roughness length values are estimated at a height of 10 m for different wind sectors 

and in all directions. 

Seasons 
All 

Directions 

330°-

30° 

30°- 

90° 

90°-

150° 

150°-

210° 

210°-

270° 

270°-

330° 

Winter 0.32 m 0.74 m 0.15 m 0.10 m 0.48 m 0.28 m 0.16 m 

Pre-monsoon 0.37 m 0.97m 0.13 m 0.26 m 0.48 m 0.21 m 0.17 m 

Summer-

monsoon 
0.24 m 0.94 m 0.15 m 0.21 m 0.49 m 0.31 m 0.17 m 

Post-monsoon 0.19 m 0.41 m 0.08 m 0.26 m 0.51 m 0.27 m 0.13 m 
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All seasons 0.25 m 0.85 m 0.11 m 0.25 m 0.50 m 0.28 m 0.26 m 

 

3.3.4. Seasonal mean variation of turbulent energy and heat flux parameters 

Turbulence in the atmosphere is the coupled effect of buoyancy-induced thermals and 

mechanical eddies. In this study, an approximation for thermal turbulence is studied using 

sensible heat fluxes (𝐻) while mechanical turbulence is studied using momentum fluxes (𝜏). 

The effect of both buoyancies, as well as mechanical shear, are illustrated using turbulent 

kinetic energy (ℯ). As discussed, (in section 3.2.1.2 of this chapter), estimation of fluxes was 

obtained after adopting a look-up method for filling missing data gaps (Falge et al., 2001). 

Figure 3.3a, b shows seasonal mean diurnal variations observed at 10 m and 20 m height. 

Variation of sensible heat flux showed negative values during nighttime (H directed towards 

the surface) and increases to positive values around 07:00 IST (H directed away from the 

surface). Later, it showed a systematic increase and reaches a peak value between 13:00 to 

14:00 IST followed by a further decrease to attain negative values after 17:30 IST. It is 

observed that sensible heat flux at 10 m attains maximum seasonal mean value during pre-

monsoon ( 76 W m−2 ) followed by winter (6 1 W m−2 ), post-monsoon (5 1 W m−2 ) and 

minimum during the summer monsoon season (11 W m−2) respectively. Seasonal mean values 

of sensible heat flux at 10 m lie within 15% of the data obtained at 20 m. Lower values of heat 

flux during summer-monsoon showed the prevalence of weak heat flux exchanges due to cloud 

coverage during this season. Seasonal mean values of turbulent kinetic energy (ℯ)  were 

dominantly high during the summer monsoon season due to prevailing strong winds (Figure 

3.1; 3.3a, b). Systematic diurnal variation inℯ showing noontime enhancement was observed 

during all seasons at both heights. The highest seasonal mean values of ℯ were observed during 

the summer monsoon season (≈ 0.76 ± 0.33  m2 s−2  at 10 m height). Variation of momentum 

flux (𝜏) exhibits a typical diurnal cycle in phase with turbulent kinetic energy (ℯ) during all the 
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seasons. The highest seasonal mean stress (𝜏)  at 10 m was observed during summer-

monsoon (≈ 0.17 ± 0.09 N m−2) followed by moderate during pre-monsoon (≈ 0.11 ±0.04 

N m−2) and lowest during post-monsoon (≈ 0.07 ±0.03 N m−2) respectively. On the diurnal 

scale, the highest momentum flux transfer occurred during noon hours while the lowest was 

during the night. The observed fluctuations in these atmospheric fluxes (heat and momentum) 

are associated with variability in temperature and wind speed which are responsible for altering 

the stability of the atmosphere within the surface layer. Thus, this study further examined z/L 

to understand the changes in the atmospheric state due to mesoscale processes which induce or 

diffuse the vertical motion of eddies. The observed diurnal variation of z/L at 10 m height 

showed that during the evening and nocturnal hours highly stable conditions prevailed while 

during daytime highly unstable conditions were dominant. Nighttime stable stratification was 

due to the suppressed vertical mixing by buoyancy. Similar diurnal variation of stability 

parameter (z/L) was also observed at 20 m with slight variations in its magnitude (Figure 3.3b).  
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Figure 3.4 Diurnal mean seasonal fluctuations of sensible heat flux (𝐻), turbulent kinetic 

energy (e), momentum flux (𝜏), and stability parameter (𝑧/𝐿) observed at (a) 10 m and (b) 20 

m hegith during different seasons i.e., winter (black), pre-monsoon (red), summer-monsoon 

(blue) and post-monsoon (green) seasons. Error bars indicate standard deviations. 
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3.3.5. Turbulent statistics 

 This section evaluates the universal functions of MOST over inhomogeneous terrain of coastal 

site Goa by comparing our data with those observed over other flat, homogeneous, and 

heterogeneous locations. According to the MOST, the normalized standard deviation of 

velocity components (i.e., 𝜎𝑖=𝑢,𝑣,𝑤) are functions of 𝑧 𝐿⁄  within the surface layer.  Equation 

3.10 proposed by Panofsky and Dutton (1984) was used to investigate the validity of MOST 

over the experimental site. 

 𝜎𝑖=𝑢,𝑣,𝑤 𝑢∗⁄ = 𝐶1(1 + 𝐶2 𝑧 𝐿⁄ )𝐶3      3.10 

In general, the coefficients 𝐶1,𝐶2 and 𝐶3 experimentally determined. The universal function 

(Equation 3.10) is valid for vertical fluctuations over homogenous terrains under unstable and 

stable conditions (Moraes et al., 2005). However, in recent years, data obtained from 

heterogeneous terrains showed good general agreement with equation 3.10 for horizontal 

variances under unstable and stable conditions (Smedman, 1988; Mahrt, 1998b; Roth, 2000; 

Al-Jiboori et al., 2001; Yusup et al., 2008; Weber and Kordowski, 2010; Wood et al., 2010; 

Fortuniak et al., 2013; Trini Castelli et al., 2014). In this study, the coefficients 𝐶1 and 𝐶2 are 

determined by using least-squares regression. The empirical fit using equation 3.10 is applied 

to the data assuming 𝐶3=1/3 for both unstable and stable conditions. The stability conditions 

were defined as neutral: -0.1< 𝑧 𝐿⁄ < 0.1  for which 𝑧 𝐿⁄ →0; unstable: 𝑧 𝐿⁄ <-0.1; 

stable: 𝑧 𝐿⁄ >0.1. 

3.3.5.1. The normalized standard deviation of horizontal (𝝈𝒖/𝒖∗  and 𝝈𝒗/𝒖∗) and 

vertical (𝝈𝒘/𝒖∗) components of wind with stability parameter (𝒛/𝑳)  

Figure 3.4 shows the variation of normalized standard deviations of along wind (𝜎𝑢 𝑢∗⁄ ), cross 

wind (𝜎𝑣 𝑢∗⁄ ), and vertical wind components as a function of 𝑧 𝐿⁄  at 10 m and 20 m heights 

for 𝑧 𝐿⁄ <0 and 𝑧 𝐿⁄ >0 conditions respectively. Data points in Figure 3.4 represent bin averaged 
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𝜎𝑖=𝑢,𝑣,𝑤 𝑢∗⁄  collected with z/L, where the vertical error bar of each data point represents the 

standard deviation of data points within a particular bin. In Figure 3.4 the curves (solid black 

line) are estimated using the best fits of the 𝜎𝑖=𝑢,𝑣,𝑤 𝑢∗⁄ over the Goa site using equation 3.10 

and are plotted with the observed data.  For comparison, the curves generated using the function 

given by Xu et al. (1997); Trini Castelli et al. (2014) representing sub-urban reference sites, 

and Fortuniak et al. (2013) representing urban reference are presented in Figure 3.4 and Table 

3.3. Table 3.3 also report the standard deviations of coefficients of C1 and C2 observed in this 

study to present the related uncertainties. 

The curves of 𝜎𝑖=𝑢,𝑣 𝑢∗ ⁄ produced with reference locations, lie within the variability 

range of the observed data for the Goa site. The data of 𝜎𝑖=𝑢,𝑣 𝑢∗⁄  are close to the observations 

of Xu et al. (1997); Trini Castelli et al. (2014) compared to the observations of Fortuniak et al. 

(2013). The curves corresponding to Fortuniak et al. (2013).are found to be consistently lower 

compared to our data for -0.2 <z/L<0, but the data from Xu et al. (1997); Trini Castelli et al. 

(2014) agree well.  Results during unstable conditions show that 𝜎𝑖=𝑢,𝑣 𝑢∗ ⁄ fits reasonably well 

with the MOST free-convection prediction of the ‘1/3’ slope for z/L<-0.2, the same as observed 

with the urban/suburban reference locations. Data of 𝜎𝑖=𝑢 𝑢∗ ⁄ compares well with the function 

given by Roth (1993) over a suburban region (not shown). As can be noticed from Table 3.3, 

the constant C2 of u in unstable conditions are less than those obtained over reference locations. 

The values of C2 of 𝜎𝑖=𝑢,𝑣 𝑢∗ ⁄ over Goa location is lower than over semi-arid regions like 

Anand (Dharmaraj et al., 2009) and Anantapur (Sivakumar Reddy et al., 2021). Indicating 

that the surface characteristics over the Goa is less unstable compared to the semi-arid 

regions. A possible explanation is the following: the data observed over Goa site during the 

unstable conditions (daytime) are of sea breeze, originating from west/northwest direction with 

wind speed greater than 3 m s-1 (Figure 3.2).  The daytime coastal atmospheric boundary layer 
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is lowered with the onset of sea breeze and subsequent formation of TIBL (Kunhikrishnan et 

al., 1993). The reduction in the contribution of convective activity and mesoscale wind during 

daytime lowers the boundary layer height. This may be the reason for the lower value of the 

constant C2 of 𝜎𝑢 in equation 3.10. Interestingly, the observed values C2 are lower than the 

reported values over Kalpakkam, east-coast (Prasad et al., 2018). This shows that its growth 

rate with the instability is slower over Goa location compared to that of Kalpakkam, which 

depends on heat flux and friction velocity. In this study, the effect is observed for both the data 

points.    

The stable data of 𝜎𝑖=𝑢,𝑣 𝑢∗ ⁄ as a function of 𝑧 𝐿⁄  depicted in Figure 3.4 shows that Goa 

site observations of 𝜎𝑖=𝑢,𝑣 𝑢∗⁄ lies between suburban and urban locations, indicating the 

turbulence during stable conditions over the Goa site has similar features as that of the reference 

locations. As supported by Trini Castelli and Falabino (2013), turbulence has common features 

under low wind conditions irrespective of locations and this is confirmed by Trini Castelli et 

al. (2014).  As already stated, present data during the stable conditions (nighttime) are of land 

breeze, originating from easterly direction, with wind speed less than 2 m s-1 (except in 

monsoon season) (Figure 3.2). The present results show that the turbulence in low wind 

conditions has common features as that of the reference locations during the stable conditions. 

Studies have shown that  𝜎𝑖=𝑢,𝑣 𝑢∗⁄  are better scaled with mixed-layer similarity variables. 

Due to the non-availability of direct information on mixed-layer depth (𝑧𝑖), the variations of 

𝜎𝑖=𝑢,𝑣 𝑢∗ ⁄ on 𝑧𝑖 𝐿⁄  cannot be verified. Regardless of the scaling details, present results show 

dependency of 𝜎𝑖=𝑢,𝑣 𝑢∗⁄  on 𝑧/𝐿 and follow ‘1/3’ power law. Similar behavior was reported 

by several researchers over different regions across the world i.e., Moraes et al. (2005) over 

rough and forest terrain, Quan and Hu (2009); Wood et al. (2010) in London and Siva Kumar 

Reddy et al. (2021) in semi-arid region, Anantapur, India. 
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The curves of 𝜎𝑤 𝑢∗⁄  produced with reference locations, lie within the variability range of the 

observed 𝜎𝑤 𝑢∗ ⁄ data for the Goa site. The curves increase with instability and follow ‘1/3’ 

power law. The agreement of 𝜎𝑤 𝑢∗⁄ with the suburban results of Trini Castelli et al. (2014) is 

good at large instabilities (z/L<-1) but for small negative values of z/L, the present data lie 

below their curve. Whereas present observations agree with the curve of Xu et al. (1997) for 

z/L>-0.2 but lie below their curve for z/L<-0.2. The variability between locations, however, 

was quite considerable. Further, it was found that the mean values of σw u∗ ⁄ from the present 

study were lower than the values reported over semi-arid region (Krishnan and Kunhikrishnan 

2002; Dharmaraj et al., 2009), but higher than values reported over inland (Ramana et al., 2004) 

and coastal regions (Ramachandran et al., 1994; Prasad et al., 2019). These results revealed 

that the vertical transport of turbulence at present study site is higher than that over two coastal 

stations (Thumba and Kalpakkam) which could be due to differences in the distribution of 

turbulence associated with the intensity of vertical wind. 

The observations from Fortuniak et al. (2013) compare well with the present data. The 

𝜎𝑤 𝑢∗⁄ values are constant up to z/L ≈ 0.7 − 0.8, after which an increase was observed. The 

present results agree well with the data of Fortuniak et al. (2013); Trini Castelli et al. (2014). 

Similar behavior has been reported over other urban locations Al-Jiboori et al. (2001); Weber 

and Kordowski (2010) and natural surfaces by Pahlow et al. (2001). The present data follows 

the data of Xu et al. (1997) for z/L<0.1, afterwards, their data revealed an increase. Present 

results are consistent with the observations of Nieuwstadt (1984), who found 𝜎𝑤 𝑢∗⁄  to be 

approximately constant at 1.4. Nieuwstadt’s observations (refer their Figure 2) are concentrated 

on the range 0.1<z/L<2.0. Our data agree well with their data up to z/L≈0.8, after which departs 

slightly from a constant value. According to Pahlow et al. (2001), an increase in  𝜎𝑤 𝑢∗⁄  in 

strongly stable conditions might be an effect of turbulence damping. In such situations, only 

small turbulence eddies exist, which are no longer directly influenced by the surface and 
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𝑢∗becomes small. Results show the dependence on z/L as described by equation 3.10. Table 

3.4 provides a comparison of near-neutral values of 𝜎𝑢 𝑢∗⁄ , 𝜎𝑣 𝑢∗,⁄ and 𝜎𝑤 𝑢∗⁄  obtained from 

the present study with other reported studies. From Table 3.4, one can see that the mean values 

of 𝜎𝑢 𝑢∗⁄ > 𝜎𝑣 𝑢∗⁄ > 𝜎𝑤 𝑢∗⁄  in the neutral regime agree well with other suburban and urban 

locations (Högström et al., 1982; Yersel and Goble, 1986; Roth, 1993; Zhang, H. et al., 2001; 

Chang et al., 2009). The neutral values of 𝜎𝑖=𝑢,𝑣,𝑤 𝑢∗⁄ observed over Goa site are slightly higher 

than the values reported by Panofsky and Dutton (1984). Further, the mean 𝜎𝑤 𝑢∗⁄ value (≈ 

1.21) lies within the values (1.1–1.4) reported by Panofsky and Dutton (1984) over flat and 

complex terrains. 

It is noteworthy to mention the standard deviation of the coefficients C1 and C2 

(Equation 3.10) for different seasons, presented in Table 3.5. It clearly indicates that the 

seasonal differences are well within the limits of uncertainties and hence turbulence statistics 

are nearly independent of seasons. The recommended functions of 𝜎𝑖=𝑢,𝑣,𝑤 𝑢∗⁄  for the Goa site 

with related uncertainty are given in Table 3.3, and Table 3.4 for near-neutral conditions. 

Ramana et al. (2004b) also showed that turbulent statistics are nearly independent of seasons 

in a region in  Lucknow, India. The functional forms developed over Goa region describes the 

turbulent nature of surface layer specific to this site and has significant implications in regional 

air pollution studies. As in air quality calculations, observational estimates of meteorological 

parameters, frictional velocity, Obukhov length, and surface roughness under varying 

conditions of stability are considered as useful parameters. Thus, the empirical coefficients 

which are estimated based on the local scaling and similarity relationships under the framework 

of MOST over coastal Goa site can be applied in regional dispersion models to improve surface 

layer parameterization schemes for this site and regions of similar terrain characteristics. 
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Figure 3.5 Variations of normalized standard deviations of wind velocities 𝜎𝑖=𝑢,𝑣,𝑤 𝑢∗⁄  

studied as a function of z/L for unstable (z/L<0) and stable conditions (z/L>0) over the 

observational site at 10 m height (left panel) and 20 m height (right panel).  Error bars indicate 

standard deviations. The black solid curve represents functional fit using equation 3.10; the 

green, blue, and red curves represent the function curves of Xu et al. (1997); Fortuniak et al. 

(2013); Trini Castelli et al. (2014) respectively.
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Table 3.3 Comparison of coefficients of normalized standard deviations of wind components with stability obtained from the present study at 10 m and 20 m 

heights during the unstable (𝑧/𝐿<0) and stable (𝑧/𝐿>0) conditions with the coefficients reported from studies over other locations. Also, presents the uncertainty 

in the coefficients (Equation 3.10). 

Locations Unstable Stable 

𝜎𝑢 𝑢∗⁄  𝜎𝑣 𝑢∗⁄  𝜎𝑤 𝑢∗⁄  𝜎𝑢 𝑢∗⁄  𝜎𝑣 𝑢∗⁄  𝜎𝑤 𝑢∗⁄  

Nanjing (urban) Xu et al. (1997) 2.46(1

− 1.20𝑧/𝐿)1 3⁄  

2.15(1

− 2.17𝑧/𝐿)1 3⁄  

1.23(1

− 2.30𝑧/𝐿)1 3⁄  

2.46(1

+ 1.50𝑧/𝐿)1 3⁄  

2.15(1

+ 1.91𝑧/𝐿)1 3⁄  

1.23(1

+ 2.80𝑧/𝐿)1 3⁄  

Łód´z—Narutowicza, Urban 

Fortuniak et al. (2013) 
2.18(1

− 1.62𝑧/𝐿)1 3⁄  

1.79(1

− 3.75𝑧/𝐿)1 3⁄  

1.20(1

− 1.50𝑧/𝐿)1 3⁄  

2.17(1

+ 1.78𝑧/𝐿)1 3⁄  

1.70(1

+ 2.76𝑧/𝐿)1 3⁄  

1.28(1

+ 0.52𝑧/𝐿)1 3⁄  

Turin in Northern Italy, Suburban 

Trini Castelli et al. (2014)      09 m 
2.41(1

− 3.06𝑧/𝐿)1 3⁄  

2.09(1

− 5.09𝑧/𝐿)1 3⁄  

1.29(1

− 2.01𝑧/𝐿)1 3⁄  

2.41(1

+ 5.69𝑧/𝐿)1 3⁄  

2.09(1

+ 7.42𝑧/𝐿)1 3⁄  

1.29(1

+ 0.84𝑧/𝐿)1 3⁄  

                                      25 m 2.56(1

− 1.49𝑧/𝐿)1 3⁄  

2.14(1

− 2.60𝑧/𝐿)1 3⁄  

1.32(1

− 1.04𝑧/𝐿)1 3⁄  

2.56(1

+ 3.69𝑧/𝐿)1 3⁄  

2.14(1

+ 5.14𝑧/𝐿)1 3⁄  

1.32(1

+ 0.79𝑧/𝐿)1 3⁄  

Goa, Coastal, India (Present study) 

Total data at 10 m 
2.59(1

− 0.58𝑧/𝐿)1 3⁄  

 

2.59±0.12 

0.58±0.24 

2.11(1

− 2.55𝑧/𝐿)1 3⁄  

 

2.11±0.10 

2.55±0.24 

1.21(1

− 1.34𝑧/𝐿)1 3⁄  

 

1.21±0.03 

1.34±0.01 

2.57(1

+ 2.09𝑧/𝐿)1 3⁄  

 

2.57±0.12 

2.09±0.25 

2.01(1

+ 3.79𝑧/𝐿)1 3⁄  

 

2.01±0.13 

3.79±0.46 

1.21(1

+ 0.36𝑧/𝐿)1 3⁄  

 

1.21±0.01 

0.36±0.01 

Total data at 20 m 2.54(1

− 0.38𝑧/𝐿)1 3⁄  

 

2.54±0.12 

0.38±0.07 

1.97(1

− 1.57𝑧/𝐿)1 3⁄  

 

1.97±0.20 

1.57±0.30 

1.18(1

− 1.33𝑧/𝐿)1 3⁄  

 

1.18±0.04 

1.33±0.11 

2.52(1

+ 1.89𝑧/𝐿)1 3⁄  

 

2.52±0.08 

1.89±0.17 

1.95(1

+ 2.91𝑧/𝐿)1 3⁄  

 

1.95±0.07 

2.91±0.11 

1.18(1

+ 0.69𝑧/𝐿)1 3⁄  

 

1.18±0.02 

0.69±0.07 
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Table 3.4 Comparison of coefficients of normalized standard deviations of wind components 

obtained during near-neutral conditions from the present study at 10 m and 20 m heights with the 

coefficients reported from studies over other locations. 

Author Place (Surface) 𝜎𝑢 𝑢∗⁄  𝜎𝑣 𝑢∗⁄  𝜎𝑤 𝑢∗⁄  

Högström et al. (1982) Uplandia  

(Urban location) 

2.5 2.2 1.5 

Panofsky and Dutton (1984) Kansas, USA  

(Flat and  

uniform terrain) 

2.39±0.03 1.92± 0.05 1.25± 0.03 

Yersel and Goble (1986) Urban location 2.7 2.2 1.2 

Roth (1993) Suburban location 2.3 2.5 1.2 

Krishnan and Kunhikrishnan 

(2002) 

Ahmedabad  

(Semi-arid)  

Southwest monsoon 

(Daytime) 

2.32±0.39 2.29±0.22 1.37 

Ramana et al. (2004b)  Lucknow (Inland) 2.63±0.36 2.19±0.06 1.0±0.04 

Chang et al. (2009) Oklahoma City  

(7.8 – 83.2 m) 

2.4˗1.8 2.2˗1.4 1.5˗1.2 

Fortuniak et al. (2013) Narutowicza  

(Urban location) 

2.28±0.20 1.79±0.23 1.27±0.09 

Goa, Coastal, India 

(Present Study) 

Total data at 10 m 2.59±0.23 2.11±0.20 1.21±0.08 

Total data at 20 m 2.52±0.28 1.97±0.26 1.19±0.10 
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Table 3.5 Coefficients of C1 and C2 for the equation 3.9 with 95% confidence level for the mean for the data obtained 

during different seasons at 10 m and 20 m heights. 

Goa, Coastal,  

India  

(Present study) 

Co-

efici-

ents 

Unstable 

𝐶1(1 − 𝐶2𝑧/𝐿)1 3⁄  

Stable 

𝐶1(1 + 𝐶2𝑧/𝐿)1 3⁄  

𝜎𝑢 𝑢∗⁄  𝜎𝑣 𝑢∗⁄  𝜎𝑤 𝑢∗⁄  𝜎𝑢 𝑢∗⁄  𝜎𝑣 𝑢∗⁄  𝜎𝑤 𝑢∗⁄  

Winter season (10 m) C1 2.50 ±0.11 2.08 ±0.1 1.22 ±0.05 2.45 ±0.15 1.99 ±0.09 1.20 ±0.05 

C2 0.45 ±0.24 3.08 ±0.68 1.30 ±0.39 1.65 ±0.7 3.01 ±0.7 0.61 ±0.15 

Pre-monsoon (10 m) C1 2.55 ±0.09 2.15 ±0.05 1.22 ±0.04 2.51 ±0.09 2.11 ±0.06 1.21 ±0.04 

C2 0.73 ±0.5 3.03 ±0.17 1.38 ±0.18 1.8 ±0.05 2.97 ±0.17 0.45 ±0.05 

Summer-monsoon  

(10 m) 

C1 2.59 ±0.15 2.12 ±0.19 1.24 ±0.07 2.56 ±0.21 2.07 ±0.14 1.23 ±0.05 

C2 0.65 ±0.33 3.01 ±0.63 0.65 ±0.2 2.5 ±0.55 3.37 ±0.64 0.25 ±0.08 

Post-monsoon (10 m) C1 2.61 ±0.09 2.14 ±0.07 1.18 ±0.03 2.58 ±0.12 2.12 ±0.07 1.17 ±0.04 

C2 0.49 ±0.15 2.01 ±0.17 1.06 ±0.12 2.19 ±0.41 3.72 ±0.01 0.59 ±0.03 

Total data (10 m)  C1 2.59 ±0.12 2.11 ±0.10 1.21 ±0.03 2.57 ±0.12 2.01 ±0.13 1.21 ±0.01 

C2 0.58 ±0.24 2.55 ±0.24 1.34 ±0.01 2.09 ±0.25 3.79 ±0.46 0.36 ±0.01 

Winter season (20 m) C1 2.48 ±0.1 1.93 ±0.03 1.19 ±0.03 2.44 ±0.1 1.90 ±0.08 1.17 ±0.05 

C2 0.44 ±0.01 1.51 ±0.21 1.15 ±0.15 1.50 ±0.49 1.99 ±0.36 0.59 ±0.16 

Pre-monsoon (20 m) C1 2.50 ±0.09 1.92 ±0.1 1.20 ±0.03 2.45 ±0.1 1.91 ±0.06 1.19 ±0.03 

C2 0.49 ±0.15 1.63 ±0.35 1.46 ±0.17 1.70 ±0.41 1.96 ±0.26 0.44 ±0.11 

Summer-monsoon  

(20 m) 

C1 2.59 ±0.12 1.99 ±0.1 1.21 ±0.1 2.57 ±0.19 1.92 ±0.1 1.20 ±0.11 

C2 0.60 ±0.25 2.33 ±0.5 0.94 ±0.29 2.37 ±0.32 2.83 ±0.62 0.45 ±0.18 

Post-monsoon (20 m) C1 2.55 ±0.08 2.03 ±0.01 1.17 ±0.03 2.49 ±0.07 1.97 ±0.07 1.16 ±0.03 

C2 0.38 ±0.08 1.69 ±0.12 1.29 ±0.15 2.11 ±0.08 3.50 ±0.12 0.22 ±0.09 

Total data (20 m) C1 2.54 ±0.12 1.97 ±0.20 1.18 ±0.04 2.52 ±0.08 1.95 ±0.07 1.18 ±0.02 

C2 0.38 ±0.07 1.57 ±0.30 1.33 ±0.11 1.89 ±0.17 2.91 ±0.11 0.69 ±0.07 
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3.3.5.2. The normalized standard deviation of temperature (𝝈𝑻/𝑻∗) with stability 

parameter (𝒛/𝑳)  

The functional form of relationship applied to present observations of temperature are given 

below, 

 𝜎𝑇 𝑇∗⁄ = 𝐶1(1 −  𝐶2 𝑧 𝐿⁄ )−1/3  (𝑧 𝐿⁄ < 0)  3.11 

 𝜎𝑇 𝑇∗⁄ = 𝐶1(1 + 𝐶2 𝑧 𝐿⁄ )−1      (𝑧 𝐿⁄ > 0)  3.12 

 𝜎𝑇 𝑇∗⁄ = 𝐶1(− 𝑧 𝐿⁄ )−1/3          (𝑧 𝐿⁄ < 0)  3.13 

where 𝐶1 and 𝐶2 are the coefficients estimated in the present study. Equations 3.11 and 3.12 

are considered following the studies carried out over the Indian region (Sivaramakrishnan et 

al., 1992; Krishnan and Kunhikrishnan, 2002; Ramana et al., 2004b; Dharmaraj et al., 2009), 

while equation 3.13 was considered following Wyngaard et al. (1971). Figure 3.5 depicts bin 

averaged normalized standard deviations of temperature (𝜎𝑇/𝑇∗ ) plotted against stability 

parameter (𝑧/𝐿) for unstable and stable conditions at 10 m and 20 m heights. It is observed that 

temperature variations followed the “-1/3 power law” during thermally unstable conditions as 

proposed by Wyngaard et al. (1971) while during stable conditions, 𝜎𝑇/𝑇∗showed a slight 

decrease with an increase in z/L. 

 

Figure 3.6 Variations of normalized standard deviations of air temperature  𝜎𝑇 𝑇∗⁄  studied as 

a function of z/L for unstable (z/L<0) and stable conditions (z/L>0) over the observational site 

at 10 m height (left panel) and 20 m height (right panel). Error bars indicate standard deviations. 



 Chapter 3. Micrometeorological Characteristics of Atmospheric Surface Layer over 

a Tropical Coastal Region of Goa, India 

 

96 

The black solid curve represents functional fit using equation 3.11 and 3.12; the magenta curve 

represents the function curves using equation provided by Dharmaraj et al. (2009). 

In Figure 3.5 solid black lines represent the empirical fitting curves obtained from the present 

study using the relations given in equations 3.11 and 3.12. This fitted curve agrees well with 

the curves obtained by Dharmaraj et al. (2009) over Indian locations. During unstable 

conditions, the values 𝐶1 and 𝐶2 defined in equations 3.11 and 3.12 are respectively low and 

high over this location when compared with the measurements from other Indian locations like 

Ahmedabad (semi-arid) and Lucknow (inland) (Table 3.6). In stable conditions, values of 

𝜎𝑇/𝑇∗ attains a constant value of about 5.4 which is close to the values reported by Fortuniak 

et al. (2013) over the urban location. However, as 𝑧/𝐿 approaches highly stable conditions, a 

small decrease in 𝜎𝑇/𝑇∗ is observed. The value of the constant C1 in equation 13 as suggested 

by Wyngaard et al. (1971) was 9.5 for unstable conditions. Our results show that the constant 

value is around 1.6 for both 10 m and 20 m heights respectively, which is very close to the 

values reported by Quan and Hu (2009); Fortuniak et al. (2013) (Table 3.6). The variation of 

(𝜎𝑇 𝑇∗⁄ ) follows (𝑧 𝐿⁄ )−1/3 during unstable conditions and approaches constant value in stable 

conditions.  
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Table 3.6 Comparison of coefficients of normalized standard deviations of temperature 

obtained from the present study at 10 m and 20 m heights during the unstable (𝑧/𝐿< 0) and 

stable (𝑧/𝐿> 0) conditions with the coefficients reported in studies over other locations. 

 

Locations 

Unstable (𝑧/𝐿< 0) Stable (𝑧/𝐿>0) 

𝜎𝑇 𝑇∗⁄  𝜎𝑇 𝑇∗⁄  

MONTBLEX-90, inland, southwest 

monsoon, Sivaramakrishnan et al. 

(1992) 

5.12(1 − 8𝑧/𝐿)−1/3 8.0(1 + 0.67𝑧/𝐿)−1 

Rural, Andreas et al. (1998) 3.2(1 − 28.4𝑧/𝐿)−1/3 3.2 

Beijing, Al-Jiboori et al. (2001) 2.23(−𝑧/𝐿)−1/3 3.1 

Ahmedabad, Semi-arid, India, 

Southwest monsoon, 

Krishnan and Kunhikrishnan (2002) 

6.5(1 − 9.5𝑧/𝐿)−1/3 6.5(1 + 0.8𝑧/𝐿)−1 

Lucknow, India, Inland  

Ramana et al. (2004b) 

6.56(1 − 9.5𝑧/𝐿)−1/3 6.45(1 + 0.25𝑧/𝐿)−1 

Beijing, Quan and Hu (2009) 1.5(−𝑧/𝐿)−1/3 3.0(𝑧/𝐿)−1/3 

Łódz-Lipowa, Poland, urban, 

Fortuniak et al. (2013) 

1.60(−𝑧/𝐿)−1/3 4.18 + 0.15𝑧/𝐿−0.69 

Łódz-Narutowicz, Poland, urban, 

Fortuniak et al. (2013) 

1.61(−𝑧/𝐿)−1/3 3.60 + 0.13𝑧/𝐿−0.74 

Goa, Coastal, India (Present study) 

Total data at 10 m 5.42(1 − 33𝑧/𝐿)−1/3 

1.60(−𝑧/𝐿)−1/3 

5.42(1 + 0.50𝑧/𝐿)−1 

Total data at 20 m 5.40(1 − 25𝑧/𝐿)−1/3 

1.65(−𝑧/𝐿)−1/3 

5.40(1 + 0.41𝑧/𝐿)−1 
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3.3.6. Correlation coefficient 

Figure 3.6a, b shows correlation coefficients of momentum (|𝑟𝑢𝑤|) and heat flux (|𝑟𝑤𝑇|) as a 

function of stability (𝑧/𝐿) estimated at 10 m and 20 m heights respectively. The values of |𝑟𝑢𝑤| 

and |𝑟𝑤𝑇| were respectively small and large during strong unstable conditions, whereas during 

neutral conditions the values of |𝑟𝑢𝑤| becomes large (greater than 0.3) (Figure 3.6). Results 

indicate that the value of momentum flux is larger in neutral conditions and decreases with 

instability. This could be attributed to the enhancement of convection due to significantly high 

heat flux during highly unstable conditions. The values of |𝑟𝑢𝑤| and  |𝑟𝑤𝑇 | at both heights 

during unstable conditions were respectively greater or lesser than 0.1 and 0.55. A similar trend 

was reported in other locations such as coastal Singha and Sadr (2012); urban (Al-Jiboori et 

al., 2001; Wood et al., 2010) and rural regions (Kaimal and Finnigan, 1994). The mean values 

of |𝑟𝑢𝑤| obtained for unstable and stable conditions were 0.29 and 0.20 respectively at 10 m, 

which lies within the range between 0.1-0.4 as reported for other urban locations (Roth, 1993). 

The mean values of |𝑟𝑤𝑇| during unstable conditions (𝑧 𝐿⁄ <-0.1) were about 0.48 and 0.46 at 

10 m and 20 m respectively, which were slightly higher than those reported over London (|𝑟𝑤𝑇| 

≈ 0.4) by Wood et al. (2010). Whereas, during stable conditions (𝑧 𝐿⁄  >0.1) the values of |𝑟𝑤𝑇| 

remained almost constant ≈ 0.22 and 0.24 at 10 m and 20 m respectively which were found to 

be similar to the values of 𝑟𝑤𝑇  (≈0.24) reported by Nieuwstadt (1984). During neutral 

conditions,the obtained value of these measurements was 0.29 and 0.33 for |𝑟𝑢𝑤| at 10 m and 

20 m heights respectively. These turbulent correlation coefficients are crucial for dispersion 

models in estimating fluxes where mean temperature and wind data are fed as input Quan and 

Hu (2009). 
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Figure 3.7 Variations of |𝑟𝑢𝑤| and |𝑟𝑤𝑇| studied as a function of 𝑧 𝐿⁄  for unstable (𝑧 𝐿⁄ <0) and 

stable conditions (𝑧 𝐿⁄ >0) at 10 m (left panel) and 20 m height (right panel) respectively. 

3.4. Concluding remarks  

The analysis presented in this chapter aims at understanding the micrometeorological 

turbulence characteristics of atmospheric surface layer (ASL) over a tropical coastal region in 

Goa (15.46 ° N, 73.83 ° E, and 50 m a.s.l.), India. This has been achieved based on the 

computations of time-series collected using high as well as low frequency meteorological 

dataset. The distinct features of ASL observed from this study for Goa region are the following,  

1. Data revealed that the low offshore wind speed (< 3 m s-1) dominates during nighttime,   

while onshore wind speed greater than 3 m s-1 dominates during daytime. This aspect along 

with the urban geometry of the location represents the distinct characteristics of the 

database. 

2. The normalized standard deviations of wind components analyzed within the framework 

of Monin–Obukhov similarity theory (MOST) showed that 𝜎𝑖−𝑢,𝑣,𝑤/𝑢∗, follow the ‘1/3’ 

power law in the free convection limit, and approach constant value for neutral 

stratifications, and follow ‘1/3’ power law during stable conditions. 
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3. The power function provided in equation 3.10 can be used to model for both stable and 

unstable conditions. 

4. The suburban and urban functions proposed by Xu et al. (1997); Fortuniak et al. (2013); 

Trini Castelli et al. (2014) lies within the variability range of the Goa observations. 

5. The mean values of 𝜎𝑢/𝑢∗ >  𝜎𝑣/𝑢∗ >  𝜎𝑤/𝑢∗ in the neutral regime agree well with other 

suburban and urban locations. These results confirm that the surface turbulence 

characteristics observed over this experimental site obey similarity relations. 

6. Analysis revealed that the turbulence statistics are independent of seasons. 

7. The normalized temperature variances  𝜎𝑇/𝑇∗ follow (𝑧 𝐿⁄ )−1/3 during unstable conditions 

and approach a constant value in the stable limit. 

8. The correlation coefficients for momentum and heat flux observed over the study site were 

respectively small and high under strong unstable and stable conditions, while the mean 

values of momentum flux increased steeply as it approached neutral conditions. This 

characteristic pattern was in line with the results reported over urban/cities and rural 

locations. 

9. Upon comparing the coefficients and empirical relationships derived in our study with 

those reported for various non-coastal locations in India and the reference locations 

presented in our work, it becomes evident that the turbulence intensity for horizontal winds 

over the Goa region is notably lower, particularly during unstable atmospheric conditions. 

This is attributed to the reduction in the contribution of convective activity and mesoscale 

wind during daytime and subsequent formation of Thermal Internal boundary layer. 

10. On comparing the observations from coastal stations in India, results showed a similar 

patterns of turbulence intensities. Results showed that the turbulence statistics are 

independent of seasons on contrast to other coastal locations. The observed coefficients 

(C2) during unstable conditions show lower values indicating the slow growth rate of 
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instability over this site. Further, the mean values of  𝜎𝑤/𝑢∗ observed in this study are lower 

than the values reported over semi-arid region (Krishnan and Kunhikrishnan 2002; 

Dharmaraj et al. 2009) but higher than values reported over inland (Ramana et al. 2004) 

and coastal regions (Ramachandran et al. 1994; Prasad et al. 2019). This result revealed 

that the vertical transport of turbulence at present study site is higher than that over two 

coastal stations (Thumba and Kalpakkam) which could be due to differences in the 

distribution of turbulence associated with the intensity of vertical wind. 
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Chapter 4 

Thermodynamic Characteristics of Marine Atmospheric 

Boundary Layer over Indian Ocean sector of Southern Ocean 

(ISSO) 

 

4.1.  Introduction  

Among the global oceans, the role played by Southern Ocean (SO) in regulating earth’s 

climatic perturbations are extremely crucial (Sallée, 2018; Swart et al., 2018). The SO covers 

nearly a twentieth of the earth’s water (Webb, 2021) and uptakes more than 40% of the global 

heat (Sallée et al., 2008), and 30-40% of globally released carbon dioxide (CO2) by fossil fuel 

burning (Long et al., 2021). Such a significant uptake of heat and CO2 is linked to an increase 

in ocean acidification, declining ice-cover, and alterations in wind and precipitation patterns 

across the globe (Sen Gupta et al., 2009; Hopkins et al., 2020). These perturbations relating to 

extremities in weather are the result of dynamic exchange of water vapor, momentum, energy, 

mass and other atmospheric constituents regulated through a complex ocean-atmospheric 

interaction occurring across the globe (Edson et al., 1999). Moreover, these perturbations are 

projected to amplify in future warming scenarios (Lee et al., 2021), thereby, highlighting the 

need to improve the understanding of SO atmosphere in order to better predict its influence on 

the global climate. Thus, this chapter focuses on better understanding the atmosphere 

prevailing in the Indian Ocean sector of Southern Ocean (ISSO). 

Among world oceans, SO serves a distinctively unique ocean composed of numerous 

oceanic fronts formed by a sharp gradient in sea surface temperatures (SST) and salinity. These 

fronts are embedded within the massive circulating Antarctic Circumpolar Current (ACC) that 

connects the Atlantic, Pacific, and Indian oceanic basins as well as strongly links exchanges 
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between tropics and poles (Talley et al., 2011). The oceanic fronts embedded within ACC are 

the Sub-Tropical Front (STF), Sub-Antarctic Front (SAF), Polar Front (PF), Southern Antarctic 

Circumpolar Current Front (SACCF), and Southern boundary of ACC (SB) (Orsi et al., 1995; 

Belkin and Gordon, 1996). On a temporal scale, a shift in the locations of these fronts occurs 

which is reflected in the changes in SST gradients (Thompson and Richards, 2011). Past studies 

have recorded the most substantial SST gradients in the Indian Ocean sector of the Southern 

Ocean (ISSO) compared to other sectors of SO (Small et al., 2014). Depending on the 

magnitude of the SST gradient, enhancement in the activities of oceanic eddies and 

amplification/suppression of air-sea exchanges are observed specifically in the vicinity of 

oceanic fronts and regions of strong mesoscale activities (Rouault and Lutjeharms, 2000; 

Chelton et al., 2001; Small et al., 2008). Equivalent to air-sea exchanges which are regulated 

by SST gradient and air temperature differences (SST-Tair), an input of surface layer heat fluxes 

(positive/negative) are fed into the low-level atmosphere which regulates the structure and 

dynamics of the marine atmospheric boundary layer (MABL) via the flow of low-level warm 

air advection (LLWAA) or low-level cold air advection (LLCAA) (Zheng and Li, 2019b; 

Zheng et al., 2018b). In the case of LLWAA (SST<Tair), the negative surface heat flux weakens 

vertical atmospheric mixing and enhances lower atmospheric stability (Martin et al., 1995; 

Wood and Bretherton, 2004; O et al., 2018; Zheng et al., 2018b). On the contrary, during 

LLCAA (SST>Tair), the positive surface heat flux supports the development of a well-mixed 

MABL capped by clouds, thereby forming a strongly coupled MABL (Zheng et al., 2018b). 

Across the ISSO fronts, the frequent transitional flow of LLWAA and LLCAA prevails mainly 

due to strong baroclinic instabilities laid by varying SST gradients and changing SST-Tair 

(Pierrehumbert and Swanson, 1995; Moore et al., 1999b). As a result of the advection, such 

different types of air masses across multiple oceanic fronts account for the formation of 

numerous atmospheric fronts (warm, cold, and occluded). Typically, warm (cold) fronts are 
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associated with LLCAA (LLWAA) which supports the development of high-pressure 

anticyclonic (low-pressure cyclonic) area and are commonly associated with the formation of 

coupled (decoupled) MABL’s over SO. Moreover, the isolation of warm air mass between two 

adjacent cold air masses commonly accounts formation of occluded front where highly 

stabilized MABL’s are common (Li et al., 2015). Past studies have identified a higher 

frequency of decoupled MABL’s associated with LLWAA particularly in SO (Boers et al., 

1998; Russell et al., 1998; Jensen et al., 2000; Hande et al., 2012; Chubb et al., 2016; Zheng et 

al., 2018b; Zheng and Li, 2019b). These aforementioned unique SO conditions mainly driven 

by dynamic ocean-atmospheric exchanges contribute to a higher frequency of stormy low-

pressure cyclonic systems, and are majorly responsible for making SO one of the stormiest 

cyclonic regions of the globe and is, therefore, referred to as the SO storm track region 

(Bischoff and Thompson, 2014; Chapman et al., 2015; Huang et al., 2015b).  

The source of the present knowledge of SO is based on in-situ data collected from a few 

scientific campaigns conducted in different sectors of SO e.g., the Australian (McFarquhar et 

al., 2021) and African (Messager et al., 2012) sector of SO (Table 1 in Schmale et al., 2019). 

These in-situ datasets were also employed for validating remotely retrieved data and model-

simulated results over SO, where large uncertainties in remote and modeled datasets were 

identified (Sallée. et al., 2013; Bodas-Salcedo et al., 2014; Hyder et al., 2018; Schuddeboom 

et al., 2019). For example, significant misrepresentation of cloud properties, underestimation 

of atmospheric inversions, and biases in radiative estimates (Lang et al., 2018; McFarquhar et 

al., 2021; Vignon et al., 2021) were observed in frequently accessed satellite retrievals e.g., 

ERA-Interim and MERRA (Naud et al., 2014), particularly over extra-tropical fronts and 

stormy regions (Hoskins and Hodges, 2005; Haynes et al., 2011; Catto et al., 2012). Recent 

investigations revealed that one of the major causes of these uncertainties is the significant 

cloud coverage over SO for nearly 80% of the year (Haynes et al., 2011; Huang et al., 2012; 
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Mace and Protat, 2018b; Mace et al., 2020; Mace et al., 2021; McFarquhar et al., 2021). Thus, 

to properly understand SO atmosphere via improved space borne SO monitoring for better 

predicting its role in altering global climate, it’s crucial to have more field measurements and 

improved quantification of low-level atmosphere of SO.   

Particularly, in-situ data that represents the spatial and vertical structure of SO atmosphere 

with an emphasis on the dynamic processes governing the distribution of clouds and inversions 

are required. Recognizing its significance, this chapter aims to examine the dynamic structure 

and characteristics of low-level atmosphere prevailing over the frontal regions of the Indian 

Ocean sector of Southern Ocean (ISSO), a least sampled SO sector. Few studies, conducted 

with similar aims are available from the African sector of SO (Messager et al., 2012) and the 

Australasian sector of SO (McFarquhar et al., 2021). However, no records were available from 

the ISSO. Hence, this chapter presents the novel set of ship-based meteorological observations 

utilized to address three major questions i.e., (i) Does the exchanges occurring at the air-sea 

interface effects the vertical thermodynamic stability state of low-level atmosphere (in this 

study, from surface up to 4,000 m altitude) in the ISSO? (ii) How does the characteristics of 

clouds and inversions vary in response to the varying thermodynamic stability and synoptic 

meteorological conditions? (iii) What were the dominant physical processes driving the 

conditions of low-level atmosphere in the ISSO? 

The chapter is structured as follows. In section 4.2, a detailed account of the field 

campaigns, sampled study region, the dataset generated, and the method of data processing 

used for the study mentioned in this chapter are provided. The unique observations and results 

obtained in the present study are discussed in sub-sections of section 4.3. In sub-section 4.3.1, 

the low-level thermodynamic conditions over the ISSO frontal regions are discussed. The 

macrophysical characteristics of clouds and inversions are discussed in section 4.3.2. Section 

4.3.3 discusses the dominant physical processes occurring in the low-level atmosphere of 
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ISSO. Section 4.3.4 describes three typical case studies (each lying in three major oceanic 

domains) illustrating the effect of synoptic meteorology in altering the state of MABL. Lastly, 

the variability of metrics i.e., estimated inversion strength (EIS) and lower tropospheric 

stability (LTS) across different frontal regions are evaluated in section 4.3.5. Also, by utilizing 

these metrics the applicability of relationship given by Wood and Bretherton (2006) for 

estimating CF have been tested for these regions. A brief discussion based on obtained 

observations and results are elaborated in section 4.4. The major conclusions drawn from the 

present study are discussed in section 4.5. 

4.2. Data and method 

4.2.1. Data 

In this chapter, a set of meteorological datasets collected during three scientific field campaigns 

executed onboard S. A. Agulhas from Port Louis, Mauritius (20°S) to Prydz Bay of Antarctica 

(68°S) have been analyzed and discussed. The cruise track of each campaign is shown in Figure 

2.5 and the details of each are provided in Table 2.4 of chapter 2 of the thesis. This way spatial 

extend of the study region successfully captured major oceanic fronts of the ISSO during all 

the campaigns (Table 2.5). All cruises had been conducted during the southern hemispheric 

austral summers of 2017 (January-March), 2018 (December-February), and 2020 (January-

March). The study discussed here is based on the dataset of near surface as well as vertical 

profiles of meteorological variables collected across the study region. The near-surface 

meteorological dataset comprised of air temperature (Tair), relative humidity (RH), mean sea 

level pressure (MSLP), wind speed (WS), and wind direction (WD) recorded using a standard 

pre-calibrated automatic weather station (AWS, WeatherPak®-2000 v3, Coastal Environment 

Systems Inc., 2006) at every 30 minutes interval. These near-surface observations were 

successfully made during the first two campaigns (i.e., in 2017 and 2018), while during the 

third campaign (in 2020), AWS failed to store data and atmospheric conditions was manually 
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logged at every 6-hour intervals. Surface based dataset also included measurements of SST 

recorded using a bucket thermometer (T. Friedrichs & Co.) at 6 hour intervals during all the 

campaigns. Dataset based on vertical profiles of meteorological parameters were recorded by 

releasing high-resolution atmospheric soundings (Pisharoty radiosonde; ISRO, 2011) at pre-

determined locations. A total of 75 high-resolution sounding datasets collected during three 

campaigns have been analyzed and discussed in this study. The location of radiosonde launches 

is depicted in Figure 2.5b and the detail of each sounding is provided in Table 2.7. 

4.2.2. Method of data analysis   

Measurements from ship-based platforms are commonly subjected to issues because of ship’s 

structure, sensor failures, rain showers or sea sprays. To minimize the effect of such issues on 

the measurements, the AWS was installed on the ship’s deck at a height of ≈10 m above mean 

sea level and as the campaign progressed, its alignment was regularly corrected to ensure 

quality data collection. Also, radiosonde measurements were subjected to initial corrections 

before considering for actual analysis. At first, all anomalous data-values i.e., random value in 

an increasing or decreasing trend of data were eliminated from each profile. Further, profiles 

of all meteorological variables were vertically averaged for every 20 m intervals followed by 

smoothening using a five-point moving average technique (Subrahamanyam and Radhika 

2003b). This method has been widely adopted in the Australasian sectors of SO to examine the 

thermodynamic structure of low-level atmosphere (Hande et al., 2012; Lang et al., 2018; 

Truong et al., 2020a). Later, the data from surface ≈12 m to 4,000 m altitude were only used 

for analysis presented in this chapter.  

After employing these criteria, the thermodynamic stability of low-level atmosphere 

was examined using profiles of conserved variables i.e., virtual potential temperature (𝜃𝑣) and 

water vapor mixing ratio (r). Profiles of these variables are commonly accessed for evaluating 
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lower atmospheric stability (Messager et al., 2012; Lang et al., 2018). The estimation of these 

variables were obtained following Stull (1988), 

𝜃𝑣 = 𝜃(1 + 0.61𝑟) 4.1 

𝑟 = [0.623𝑒 𝑃 − 0.377𝑒⁄ ] 
4.2 

where, 𝜃 is the potential temperature, P is the atmospheric pressure, and e represents vapor 

pressure.  

 In addition, the frequency of occurrences of cloud and inversions along with their 

macrophysical properties such as the height of cloud base, cloud top, total cloud geometric 

thickness, the height of inversions, and its strength were estimated following the method 

described by Truong et al. (2020a). The cloud layers were identified as single, multilayer, or 

complete clouds by computing the difference between Tair and dew point temperature (Td). In 

this study, a larger dewpoint depression threshold of Tair-Td (< 2.0°C) has been chosen than the 

threshold of 1.5°C used in Truong et al. (2020), to reflect clouds from MODIS and CALIPSO 

observations qualitatively. The cloud layers were detected if this threshold was met for an 

altitude thickness of at least 60 m or more. These criteria were applied in altitudes between 500 

and 4,000 m, and the presence of clouds was ascertained. Following the method of Mace et al. 

(2009), a "multi-layered cloud" was recorded, if at least two or more cloud layers were 

identified in a radiosonde profile. Also, the macrophysical cloud characteristics included the 

total geometric cloud thickness which was estimated as a sum of dew point depression among 

cloud layers in each profile Truong et al. (2020a). The cloud-base and cloud-top heights were 

identified as the altitudes of cloud base of lowest cloud layer and top of the highest cloud layer. 

 Further, the inversions in each radiosonde profile were considered as significant, if  

𝑑𝜃𝑣 𝑑𝑧⁄  was greater than or equal to a limiting threshold of 0.14 K m-1 and every next 

significant inversion was at least 300 m away from the previous inversion (Zeng et al., 2004; 



Chapter 4. Thermodynamic Characteristics of Marine Atmospheric Boundary Layer over 

the Indian Ocean sector of the Southern Ocean (ISSO) 

109 

Hande et al., 2012; Lang et al., 2018; Truong et al., 2020a). Between 500 – 4,000 m, a number 

of significant inversions were recorded as no inversion, single, or multiple inversions 

depending on their occurrence. A "multi-level inversion" was recorded in a sounding if at least 

two or more inversions were identified between 500 and 4,000 m altitudes.  

In addition to cloud layers and inversions, lower tropospheric stability (LTS after Klein and 

Hartmann (1993)) and estimated inversion strength (EIS after Wood and Bretherton (2006)) 

were also analyzed. According to Wood and Bretherton (2006), these metrics indicates the 

measure of inversion strength within MABL and a higher estimates of these metrics are 

indicators of strong low-lying inversions. Stronger inversions are more likely to trap moisture 

within MABL and result in higher coverage of low-level clouds. The estimation of EIS and 

LTS in other sectors of SO as well as parts of world oceans have been correlated well with the 

in-situ records of low-level cloud cover (Muhlbauer et al., 2014; Naud et al., 2016; Lang et al., 

2018; Truong et al., 2020a).  

𝐿𝑇𝑆 = 𝜃700 − 𝜃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 4.3 

The estimation of EIS has been computed using the equation reported by given as,  

𝐸𝐼𝑆 = 𝐿𝑇𝑆 − 𝛤𝑚
850(𝑧700 − 𝐿𝐶𝐿) 4.4 

where, 𝛤𝑚
850 is the moist adiabatic potential temperature gradient at 850 hPa, calculated using 

the average of Tair at the surface and at 700 hPa,  

𝛤𝑚
850 = 𝛤𝑚([𝑇0 + 𝑇700]/2),850ℎ𝑃𝑎 4.5 

𝛤𝑚  was calculated following Wood and Bretherton (2006), after applying the simplified 

approximation suggested by Bolton (1980),  

𝛤𝑚(𝑇, 𝑝) =
𝑔

𝑐𝑝
[1 −

1 + 𝐿𝑣𝑟𝑠(𝑇, 𝑝)/𝑅𝑎𝑇

1 + 𝐿𝑣
2 𝑟𝑠(𝑇, 𝑝)/𝑐𝑝𝑅𝑣𝑇2

] 
4.6 
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where g is the acceleration due to gravity, 𝑐𝑝is the specific heat of air at constant pressure, 𝐿𝑣 

is the latent heat of vaporization, 𝑟𝑠(𝑇, 𝑝) is the saturation mixing ratio at respective altitudes 

having temperature (T) and pressure (P), 𝑅𝑎 and 𝑅𝑣 are the gas constants for dry air and water 

vapor respectively. LCL is the lifting condensation level and 𝑧700 is the altitude of 700 hPa. 

Standard procedure for calculating LCL height have been obtained from Bolton (1980).  

Lastly, the diagnosis of the boundary layer processes within the lower 4,000 m 

atmospheric column was performed using conserved variable analysis (CVA). CVA is based 

on Saturation Point (SP) concept introduced by Betts (1982). According to this concept, when 

an air parcel is lifted dry adiabatically with the same mixing ratio, it attains saturation at a 

certain level known as level of saturation point. SP of air parcel remains unchanged change 

during dry/moist adiabatic ascent/descent, but it can be modified due to the influence of 

processes such as convection, radiative cooling/warming and precipitation/evaporation. An 

ideal schematic of conserved variable diagram which shows the modifications of mixing line 

under the influence of these physical processes is provided in Betts (1982). In this diagram, 

conserved variables i.e., equivalent potential temperature (𝜃𝑒) is plotted on X axis and specific 

humidity (q) is plotted on Y axis and the Y axis is reversed so that it superficially resembles 

vertical air column from surface to higher altitude. The vertical variability of these conserved 

variables were examined following Betts and Albrecht (1987) and estimated as follows,  

𝜃𝑒 = 𝜃𝑒2.67.𝑞 𝑇𝐿𝐶𝐿⁄  4.7 

𝑞 = (0.622 × 𝑒)/(𝑝 − (0.378 × 𝑒)) 4.8 

where, 𝑇𝐿𝐶𝐿 is the temperature at LCL.  

In addition to the in-situ meteorological dataset, reanalysis data retrieved from ERA5 was 

accessed to visualize the features of synoptic dT (SST-Tair) and wind circulation patterns 

prevailing near the surface and in the vicinity of radiosonde launch locations. Details on this 
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data product is provided in section 2.3.3.1. From this data product, wind fields (10 m u- and 10 

m v- component), 2 m air temperature (Tair), and surface SST data were retrieved with date, 

time, and location coinciding with 75 radiosondes launched during the three campaigns.    

4.3. Observations and Results 

Being first records on the characterization of ISSO MABL and considering the large extent of 

the study region, the results of each oceanic frontal regions are grouped into regions lying in 

three major oceanic domains. These three oceanic domains are, (a) Sub-Tropical Indian Ocean 

(STIO) covering NSTF1, NSTF2, and SSTF, (b) ISSO covering SAF1, SAF2, PF1, and PF2, 

and (c) High Latitudes of SO (HLSO) covering SACCF, SB, and CA.  

4.3.1. Thermodynamic conditions of low-level atmosphere 

The continuous measurements of surface-based meteorological parameters, i.e., SST, Tair, 

RH, WS, and WD collected across the entire cruise track traversed during two consecutive field 

campaigns (in 2017 and 2018) showed significant variability in near-surface meteorological 

conditions across the ISSO fronts irrespective of the campaigning period (Figure 4.1). In 

addition to near-surface meteorology, prominent spatial variability was observed in the air-sea 

coupling (SST-Tair) and it was observed to strongly regulate the thermodynamic 

stability/instability state of MABL. Thus, this subsection sequentially describes the 

thermodynamic state of the low-level atmosphere over ten frontal regions grouped in three 

major oceanic domains by analyzing vertical profiles of conserved variables, i.e., θv and r 

generated from 75 atmospheric soundings (Figure A1-A13) in the appendices.  
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Figure 4.1 Time series surface measurements of: (a, c) MSLP, the mean sea level pressure in 

hPa (green lines); Tair and SST, the air temperature and sea surface temperature in ℃ (red and 

magenta lines respectively); (b, d) WS, wind speed in m s-1 (black lines); WD, wind direction 

in degrees (grey lines) and RH, relative humidity in % (blue lines) were measured while 

crossing ISSO oceanic fronts during SOE-IX (left panel [a, b]) and SOE-X (right panel [c, d]) 

campaigns respectively. In panel (a, c), the left vertical scale is for MSLP, and right vertical 

scale is for temperatures (Tair and SST). In panel (b, d), the left vertical scale is for WS, and 

right vertical scale is for WD and RH. The maximum limit of RH (100%) is marked in panel 

(b, d) with blue dotted line. For all panels, the horizontal axis is the Julian day number 

according to the campaign periods of SOE-IX (left panels) and SOE-X (right panels). The 

vertical dashed black lines mark the approximate locations of encountered oceanic fronts while 

crossing ISSO during campaigns adopting the demarcation provided by Belkin and Gordon 

(1996); Anilkumar et al. (2015). The fronts encountered during the forward track (brown), time 

series region (cyan), and return track (orange) are mentioned on the top of panel (a, c). 
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4.3.1.1. Sub-Tropical Indian Ocean (STIO) 

Out of 19 soundings released over STIO, 12 atmospheric soundings (RL2, RL13, RL14, RL17, 

RL19, RL20, RL46, RL47, RL48, RL72, RL73, and RL74) suggest high-pressure regions 

(Figure A1-A13). The SST was higher than Tair which revealed positive surface heat flux and 

the occurrence of LLCAA. This warm front region favored convective destabilization of the 

low-level atmosphere leading to the formation of a well-evolved mixed layer structure evident 

in r and θv  profiles (Figure A1-A3). The average mixed-layer height during unstable conditions 

reached altitudes of 1,153 m, 1,240 m, and 1,270 m over NSTF1, NSTF2, and SSTF, 

respectively (Figure 4.2a, c, e). The mixed layer was capped by stratocumulus clouds, 

indicating a thermodynamically coupled boundary layer structure. The formation of such 

coupled boundary layer structures in the NSTF region was due to higher MSLP, SST >Tair, and 

the advection of cold air masses supported the formation of warm fronts in this region. 

Moreover, the region also encountered clear sky conditions accompanied by weak winds 

carrying dry air masses (RH<83%) (Table 4.1). These conditions over NSTFs were attributed 

to the prevalence of sub-tropical ridges that generally prevailed at 30 ° S (Timbal and 

Drosdowsky, 2013). The SSTF region revealed strongly coupled and highly destabilized 

MABL due to an intense warm front caused by the action of convectively active oceanic eddies 

formed over meandering Agulhas Retroflection Current (ARC) (Figure 4.2e). 

 In contrast, at the remaining seven soundings (RL1, RL15, RL16, RL18, RL21, RL71, 

and RL75), SST’s were less than Tair, which indicated negative surface heat flux associated 

with the cold front region. It showed the prevalence of LLWAA that inhibited vertical mixing 

in the low-level atmosphere and promoted a decoupled MABL. A more stably stratified low-

level atmosphere was evident as r and θv  gradually increased with altitude (Figure A1-A3). 

The formation of stable and decoupled MABL over NSTF1 (RL1, RL18, and RL75) may be 

associated with the developing monsoon conditions over Mauritius, as well as due to the 
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influence of continentally advected warm and moist air masses by westerlies in the low-level 

atmosphere (higher values of r and RH) (Figure 4.2b). However, stable MABL conditions 

recorded in soundings over NSTF2 (RL15, RL16, and RL21) were associated with the 

nighttime conditions and development of the cold front region (Figure A5). The weakly 

unstable conditions observed in soundings over SSTF (RL13 and RL71) were associated with 

the weakening of oceanic eddies induced by the ARC, which augmented negative surface heat 

flux inputs and promoted stability within the boundary layer (Figure A1, A3).  
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Figure 4.2 Mean vertical thermodynamic profiles of air temperature (T in ℃, blue line), dew point temperature (Td in ℃, yellow line), relative 

humidity (RH in %, green line), virtual potential temperature (𝜃𝑣 in K, red line bottom x-axis), mixing ratio (r in g kg-1, magenta line, and upper 

magenta x-axis), wind speed (WS in m s-1, black line bottom x-axis), and wind direction (WD in degrees, brown line, and upper brown x-axis) up 

to 4,000 m altitude for upper air soundings released in frontal regions of Sub-Tropical Indian Ocean (STIO) (i.e., NSTF1, NSTF2, and SSTF). The 

left panel indicates sounding profiles where SST>Tair in (a) NSTF1, (c) NSTF2, and (e) SSTF while the right panel indicates sounding profiles 

where SST<Tair in (b) NSTF1, (d) NSTF2, and (f) SSTF. The shaded area represents 1 standard deviation (except for wind direction). In these 

frontal regions lying in STIO domains, conditions when SST>Tair, formation of well-evolved mixed layer structures are clearly seen from nearly 

uniform variation of 𝜃𝑣 and r, whereas during conditions of SST<Tair, significantly stable boundary layers were observed. Owing to increased 

boundary layer stabilization, formation of well developed mixed layers are significatly reduced and higher stabilization is clearly depicted with 

gradual increasing (decreasing) tendency of 𝜃𝑣 and r. Highest MABL destabilization was observed in SSTF region, leading to formation of well-

mixed layer extending up to the height of nearly 1,270 m altitude. 
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4.3.1.2. Indian Ocean sector of Southern Ocean (ISSO) 

The unique characteristic of this region is the prominent advection of distinct air masses which 

induces frequently changing atmospheric cold, warm, or occluded fronts. This makes ISSO the 

stormiest region of SO. Of the total 20 launches, at 11 soundings (RL9, RL10, RL22, RL23, 

RL24, RL27, RL28, RL44, RL45, RL68, and RL69) SST was higher than Tair (Figure A1-A3). 

However, a decrease in MSLP was observed which accounted for the weakening of the 

intensity of positive heat flux inputs to the lower atmosphere. Thus, low-level instability was 

noticed from the profiles of r and θv in these soundings which revealed the formation of a well-

developed mixed layer capped by cumulus clouds (Miller and Albrecht, 1995; Bretherton, 

1997; Zheng et al., 2018a). The averaged mixed layer height during unstable conditions were 

~1630 m, ~720 m, ~412 m, and ~920 m at SAF1, SAF2 (low confidence), PF1, and PF2 

respectively. The destabilized MABL over SAF1 (RL22 and RL23) were attributed to 

convectively active oceanic eddies in the nearest vicinity of soundings that led to the 

development of a warm atmospheric frontal region. In RL69, an active warm front region was 

observed with SST as 3.0℃ higher than Tair (Figure A7). Similarly, in RL68, the formation of 

a warm front region (SST-Tair = 2.4℃) resulted in destabilized MABL (Figure A8).  

 The remaining 9 soundings (RL11, RL12, RL25, RL26, RL64, RL65, RL66, RL67, and 

RL70) showed SST<Tair (A1-A3). This indicates the formation of cold/occluded fronts to 

initiate LLWAA, thereby promoting the development of highly stratified decoupled MABL 

(Zheng et al., 2018b). The stabilized low-level atmosphere was also evident from a gradual 

increase in r and θv up to 4,000 m (Figure 4.3b, e, g). A combined effect of stable conditions, 

high-speed winds (>32 m s-1 within 4,000 m), and the formation of multiple cold/occluded 

fronts supported the formation of frequent low-pressure stormy cyclonic systems in these mid-

latitude regions of ISSO (manual weather records). Similar atmospheric conditions were 

recorded in the soundings (RL11, RL12, and RL70) made in SAF1 where the cold front formed 
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due to the advection of warm and moist air masses via strong northwesterly is evident (Figure 

A7). However, highly stable conditions over PF (RL25, RL26, RL64, RL65, RL66, and RL67) 

were attributed to low MSLP (~995 hPa), Tair>SST, polar jet streams inducing strong westerly 

winds exceeding 32 m s-1 within ~4,000 m altitudes, and presence of strong baroclinicity 

(Figure A9, A10). All soundings over PF2 showed an abrupt increase in wind speeds at 

altitudes between 700 m and 1,500 m, which indicates the presence of distinct air mass that 

may act as a barrier between the well-developed low-level downdraft precipitation core and 

the upper-level storms. As a result of these conditions, numerous localized low-pressure stormy 

cyclones were experienced. Also, significant saturation in the form of snowfall and foggy 

conditions was observed within the low-level atmosphere of PF1 and PF2 (Trenberth, 2011).  
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Figure 4.3 Mean vertical thermodynamic profiles of air temperature (T in ℃, blue line), dew point temperature (Td in ℃, yellow line), relative 

humidity (RH in %, green line), virtual potential temperature (𝜃𝑣 in K, red line bottom x-axis), mixing ratio (r in g kg-1, magenta line, and upper 

magenta x-axis), wind speed (WS in m s-1, black line bottom x-axis), and wind direction (WD in degrees, brown line, and upper brown x-axis) up 

to 4,000 m altitude for upper air soundings released in frontal regions of the Indian Ocean sector of Southern Ocean (ISSO). The left panel 

represents sounding profiles where SST>Tair in (a) SAF1, (c) SAF2, (d) PF1, (f) PF2, and the right panel represents sounding profiles where 

SST<Tair in (b) SAF1, (e) PF1, (g) PF2. The shaded area represents 1 standard deviation (except for wind direction). In these frontal regions of 

ISSO, significant stabilization of MABL could be observed, and in consequence, formation of well-developed mixed layers structures was observed 

to be significantly suppressed. A combined effect of highly stable boundary layer conditions, coupled with high-speed winds (>32 m s-1 within 

4,000 m) advecting multiple types of air masses (cold/warm), aided by the formation of multiple cold/occluded fronts significantly enhances the 

frequent occurrences of low-pressure stormy cyclonic systems in these mid-latitude regions of ISSO. Polar jet streams inducing strong westerly 

winds exceeding 32 m s-1 within ~4,000 m altitudes could be observed in this figure. 
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4.3.1.3. High-Latitude Southern Ocean (HLSO) 

In this region, a significant decrease in wind intensities and reduced atmospheric stabilities 

were recorded. Out of 36 soundings, 19 showed weak low-level atmospheric instability, while 

the remaining indicated stable low-level atmosphere (Figure 4.4a, c, e). The profiles of r and 

θv showed weak and shallow mixed layers with weak low-level instability induced by positive 

surface heat flux (RL5, RL6, RL31, RL32, RL33, RL34, RL35, RL36, RL40, RL42, RL51, 

RL52, RL55, RL56, RL57, RL58, RL59, RL60, RL61, and RL62) (Figure A1-A3). The weak 

positive heat flux was observed (i.e., SST>Tair), however, the difference (SST-Tair) was 

observed to be lowest than that observed over STIO and ISSO regions. The condition with 

SST>Tair was predominantly noticed in SB and CA regions which were due to the potential 

warming of Antarctic waters caused by the enhanced oceanic eddy activities associated with 

the closed mesoscale polar gyres. Particularly, the convective activities of Weddell Sea gyre 

(west of SB) and Prydz Bay gyre (east of SB and in the CA region) (Orsi et al., 1995; Orsi et 

al., 1999; Meijers et al., 2010; Couldrey et al., 2013) were characterized by the presence of a 

closed cyclonic gyre centered at Amery depression, off Amery Ice Shelf (Smith et al., 1984) 

(Figure A12, A13). The warming of Antarctic waters coupled with the outflow of cold polar 

air masses by easterly winds over SB (Figure 4.4b, 4.4c) and strong katabatic winds originating 

from Antarctica over CA (low RH and r; Figure 4.4d; Figure A13) (Parish and Cassano, 2003b, 

2003a) has initiated LLCAA-induced destabilization and coupled boundary layer structure 

(Zheng et al., 2018b). The average height of the mixed layer formed due to destabilization 

varied from ~512 m and ~562 m in the SB and CA regions, respectively (Figure 4.4b, d). A 

slight increase in MSLP was noticed in SB and CA regions, contributing to MABL 

destabilization (Table 4.1). The atmospheric dynamics over the CA region differs from the SB 

region with less intensity of polar mesoscale cyclones owing to the geographic constraint 

imposed by the coast. The destabilized MABL over SB and CA were associated with the closer 
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proximity of the gyre and the time of soundings (i.e., daytime, afternoon, and evening times 

profiles). In cases of sounding further away from the active gyre and nighttime or early morning 

launches, Tair>SST accounted for the formation of the cold front region that promoted stability 

within MABL caused by LLWAA. The highly stable boundary layer was evident from 

gradually increasing r and θv profiles (RL3, RL4, RL7, RL37, RL 38, RL39, RL41, RL49, 

RL50, RL53, and RL54) (Figure A1-A3). Also, the SACCF region represented a significantly 

stabilized state of vertical atmosphere evident in the gradually increasing trend of r and θv in 

all soundings (RL8, RL29, RL30, RL42, RL43, and RL63). The Tair higher than SST indicated 

initiation of LLWAA that inhibited vertical mixing within MABL. This promoted the 

formation of a decoupled boundary layer structure over SACCF. This post-cold frontal region 

of ISSO is positioned in the southernmost extent of meandering ACC, where weak westerly 

winds (13.1 m s-1), lowest MSLP (983.2 hPa), highest RH (95.77 %), and Tair>SST were 

ubiquitous, and led to the frequent development of low-pressure polar cyclonic systems 

(Carleton and Song, 1997; Irving et al., 2010). 
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Figure 4.4 Mean vertical thermodynamic profiles of air temperature (T in ℃, blue line), dew point temperature (Td in ℃, yellow line), relative 

humidity (RH in %, green line), virtual potential temperature (𝜃𝑣 in K, red line bottom x-axis), mixing ratio (r in g kg-1, magenta line, and upper 

magenta x-axis), wind speed (WS in m s-1, black line bottom x-axis), and wind direction (WD in degrees, brown line, and upper brown x-axis) up 

to 4,000 m altitude for upper air soundings released in frontal regions of High-latitude Southern Ocean (HLSO). The left panel represents sounding 

profiles where SST>Tair in (b) SB and (d) CA while the right panel represents sounding profiles where SST<Tair in (a) SACCF, (c) SB, and (e) CA. 

The shaded area represents 1 standard deviation (except for wind direction). In these frontal regions of HLSO, significant decrease in the heat and 

water vapor content within MABL could be seen with large decrease in the values of T and RH from close to surface to 5000 m altitude. Significant 

boundary layer stratification could be observed in SB region mainly due to different air masses advected by wind flow from differing directions 

near 60°S. In coastal Antarctic region of Prydz Bay, during conditions of SST>Tair formation of shallow mixed layer structures could be observed 

with nearly uniform variation of 𝜃𝑣 and r up to few meters above the sea surface.     
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Table 4.1 Characteristics of classified regions in terms of Campaigns, Thermodynamics, Clouds, Inversions, 

and their Macrophysical properties. 

Oceanic Domains 
Subtropical Indian Ocean 

(STIO) 

Indian Ocean sector of Southern 

Ocean (ISSO) 

High-Latitude Southern 

Ocean (HLSO) 

Frontal Regions NSTF1 NSTF2 SSTF SAF1 SAF2 PF1 PF2 SACCF SB CA 

I. Campaign           

SOE-IX 3 3 2 2 - 1 1 1 1 4 

SOE-X 2 4 - 2 - 2 5 4 2 9 

SOE-XI 3 1 1 2 1 2 2 1 7 7 

Total Count 8 8 3 6 1 5 8 6 10 20 

II. Thermodynamics 

SST mean (℃):  Oceanic domains 20.10 ± 3.04 7.70 ± 4.27 1.01 ± 0.38 

SST mean (℃): Frontal regions 24.19 19.21 16.92 13.15 10.38 4.85 2.43 1.45 1.06 0.52 

SST gradient (℃/degree latitude): 

Oceanic domains 
1.43 ± 0.98 0.74 ± 0.17 1.05 ± 0.18 

SST gradient (℃ /degree latitude): 

Frontal regions 
0.94 0.56 2.80 0.92 0.73 0.84 0.48 0.93 1.30 0.93 

SST boundaries (℃) 
27.5 – 

20.5 

23.6 – 

19.1 

18.5 – 

14.3 

12.8 – 

10.5 

8.3 – 

7.2 

5.8 – 

3.7 

3.6 – 

1.2  
1.9 – 0.5 

2.2 –  

-0.4 

2.18 – -

1.1  

SST - Tair (℃) -0.55 0.43 0.80 -0.71 2.38 -0.67 0.12 -0.23 1.33 2.43 

MSLP (hPa) 1016.2 1017.8 1019.3 1010.3 1011.1 994.7 995.3 983.2 984.3 990.6 

WS (m s-1) 5.66 9.82 9.07 14.68 7.94 21.05 15.44 13.10 8.91 5.15 

WD (°) 215.9 196.3 232.3 279.5 247.9 278.7 255.9 265.7 86.74 185.3 

RH (%) 79.64 80.77 81.2 87.23 77.04 86.04 85.57 95.77 91.78 66.96 

EIS (K) 8.46 9.89 8.61 8.29 
2.41 

(LC) 
9.45 7.65 7.51 5.19 9.82 

LTS (K) 16.32 17.86 16.34 15.52 
7.23 

(LC) 
18.63 14.26 13.63 11.47 17.63 

III. Cloud Layer 

No cloud (%) 37.5 50 33.33 0 
100 

(LC) 
60 50 16.66 20 55 

1 layer (%) 37.5 37.5 33.33 100 0 (LC) 0 12.5 33.33 40 40 

2 layer (%) 25 12.5 33.33 0 0 (LC) 20 25 33.33 20 5 

3 or more layer (%) 0 0 0 0 0 (LC) 20 0 16.66 10 0 
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Complete cloud (%) 0 0 0 0 0 (LC) 0 12.5 0 10 0 

IV. Cloud Macro characteristics 

Total cloud thickness (m) 
808± 

575 

1015± 

571 

450± 

90 

593± 

374 

NC 

(LC) 

1360±

320 

1750±

1181 

1556± 

614 

1925±

880 

602± 

321 

Cloud top height (m) 
2612±1

183 

2445± 

998 

1870±

650 

1383±

387 

NC 

(LC) 

2790±

590 

2430±

990 

2548± 

873 

2807±

1067 

2122± 

1193 

Cloud base height (m) 
1196± 

651 

615± 

199 

680± 

180 

840± 

415 

NC 

(LC) 
500±0 

575± 

129 
500±0 

632± 

224 

1326± 

952 

V. Inversion (INV)           

No INV (%) 25 37.5 33.33 0 
100 

(LC) 
20 50 50 90 50 

1 INV (%) 50 25 0 33.33 0 (LC) 40 25 16.66 0 25 

2 INV (%) 12.5 0 0 66.67 0 (LC) 0 12.5 16.66 0 5 

3 or more inversion (%) 12.5 37.5 66.67 0 0 (LC) 40 12.5 16.66 10 20 

VI. INV Macro characteristics 

Main INV height (m) 
1206± 

704 

1600± 

1112 

650± 

90 

2244±

680 

NI 

(LC) 

1840±

1347 

1950±

1241 

1313± 

670 
500±0 

1632± 

1061 

Main INV strength (K m-1) 
0.23± 

0.05 

0.34± 

0.12 

0.35± 

0.15 

0.30± 

0.11 

NI 

(LC) 

0.40± 

0.21 

0.25± 

0.05 

0.24± 

0.09 

0.20±

0.00 

0.23± 

0.1 

Second INV height (m) 
2390± 

790 

2087± 

227 

2210±

1070 

2325±

1628 

NI 

(LC) 

1890±

450 

2410±

1250 

3420± 

80 

1200±

0 

2263± 

1149 

Second INV strength (K m-1) 
0.20± 

0.00 

0.37± 

0.12 

0.55± 

0.05 

0.33± 

0.19 

NI 

(LC) 

0.65± 

0.45 

0.27± 

0.00 

0.23± 

0.00 

0.20±

0.00 

0.25± 

0.08 

Note: A total number of atmospheric soundings available in each region during the respective campaign is summarized under 

subheading I.  EIS and LTS stand for Estimated Inversion Strength and Lower Tropospheric Stability. NC denotes No Cloud, LC 

denotes Low in Confidence, and NI denotes No Inversion. The wind speed (WS), wind direction (WD), and relative humidity (RH) 

in subheading II are mean values observed at 925 hPa 

 

4.3.2. Cloud and inversion characteristics 

This section describes the characteristics of clouds (i.e., frequency of cloud occurrences, the 

height of the cloud base and cloud top along with total cloud thickness) and inversions 

properties (i.e., frequency of occurrences of inversion, height, and strength of primary and 

secondary inversions) observed over frontal regions lying in three major oceanic domains, i.e., 

STIO, ISSO, and HLSO. 
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4.3.2.1. Sub-Tropical Indian Ocean (STIO) 

Out of a total of 19 soundings available in this region, no cloud layers were observed in 8 

soundings. While single-layer and double-layer clouds were witnessed in 7 and 4 soundings 

respectively (Table 4.1). The mean base of the lowest cloud was at 1,196 m elevation over 

NSTF1 which decreased to 615 m and 680 m over NSTF2 and SSTF, respectively. Similarly, 

the mean cloud top height of the highest cloud layer was 2,612 m and 2,445 m over NSTF1 

and NSTF2 which gradually decreased to 1,870 m over SSTF. The mean cloud thickness 

observed over NSTF1 was 880 m, which increased to 1,015 m over NSTF2 and dropped to 450 

m over SSTF. The decrease in the total cloud thickness over SSTF was due to the convective 

activities of ARC. Over SSTF, the coverage of thin low-level stratocumulus clouds was 

attributed to the formation of closed mesocyclonic systems at the top of the convective 

boundary layer (Muhlbauer et al., 2014; Truong et al., 2020a).  

The primary inversions over frontal regions, i.e., NSTF1 and NSTF2, were located at 

higher than 1,200 m altitude having a strength of 0.23 K m-1 over NSTF1 and 0.34 K m-1 over 

NSTF2. These primary inversions over both NSTF regions were likely associated with the 

advection of warmer air mass from the African continent and strong subsidence due to the anti-

cyclonic circulation of diverging winds, respectively. The secondary inversions over NSTF1 

and NSTF2 were noticed at altitudes higher than 2,000 m having the strength of 0.20 K m-1 

and 0.37 K m-1, respectively. Compared to NSTF1 and NSTF2, the strongest primary 

inversions were observed over SSTF at a lower altitude (650 m) with a strength of 0.35 K m-1, 

while the secondary inversions were observed at a height of 2,250 m with a strength of 0.55 K 

m-1. The lowest primary inversions in SSTF are likely to cap the convective boundary layer 

(CBL) formed due to enhanced low-level mixing caused due to eddies ejected from ARC 

(Lutjeharms and Valentine, 1988; Lutjeharms and Van Ballegooyen, 1988; Figure A6; Boebel 

et al., 2003). 
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4.3.2.2. Indian Ocean sector of Southern Ocean (ISSO) 

The presence of high cloud cover and multiple inversions were noticed in ISSO. This was 

attributed to the mixing of distinct air masses regulated by multiple atmospheric fronts, i.e., 

cold/warm/occluded fronts over shorter spatial scales. Of the 20 soundings, 12 recorded the 

presence of clouds over ISSO. The six soundings launched over SAF1 showed the presence of 

low-level clouds. Whereas only one sounding over the SAF2 region shows cloud-free 

conditions. However, based on single sounding, it is difficult to provide a statistically 

significant interpretation for the SAF2 region. A recent study by Behrangi and Song (2020) 

reported more cloud occurrences over the SAF region than in PF. Significant low-level clouds 

with heights as low as 500 m and as high as 4,000 m were observed in the ISSO region. Data 

showed the presence of multi-layered and complete clouds over PF1 and PF2, respectively. 

Over SAF1, the clouds had an average thickness of 593 m, while over PF1 and PF2, it was 

1,360 m and 1,750 m, respectively. Average cloud top heights were observed to be higher in 

PF1 (2,790 m) and PF2 (2,430 m) regions. The low-level stratus clouds over these regions 

experienced air mass temperatures as low as -3.79°C at 500 m. The second cloud layer was 

identified at an average altitude of 3,360 m recording temperatures as low as -18.82°C (Figure 

4.3). This is consistent with previous studies highlighting the presence of multilayered clouds 

in mixed phases (Huang et al., 2012; Mace et al., 2020; Mace et al., 2021). Over the ISSO, the 

low-level stratus clouds commonly precipitate due to strong advection-induced mixing of 

multiple air masses. This triggers snowfall and foggy conditions over PF, while precipitation 

as rain over SAF (Kawai et al., 2015). 

 Inversions over ISSO were primarily due to advective motions induced mixing between 

different air masses by stronger winds (Hande et al., 2012). Two-thirds of the soundings made 

over SAF1 and SAF2 show the presence of double inversions followed by single inversions. 

The average height of the primary and secondary inversions were 2,244 m and 2,325 m, with 
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a strength of 0.30 K m-1 and 0.33 K m-1, respectively. Over PF1 and PF2, three or more 

inversions of significant strengths were detected, which were likely induced by polar jet 

streams forcing strong baroclinic instabilities (Simmonds and Lim, 2009; Figure A9, A10). 

Here, the average height of primary and secondary inversions were 1,840 m and 1,890 m in 

PF1 and 1,950 m and 2,410 m in PF2, respectively. However, relatively stronger inversions 

were observed over PF1, i.e., 0.40 K m-1 (primary) and 0.65 K m-1 (secondary), than compared 

to PF2, i.e., 0.25 K m-1 (primary) and 0.27 K m-1 (secondary).  

4.3.2.3. High-Latitude Southern Ocean (HLSO) 

Approximately half of the soundings over SACCF revealed two or more layered clouds, which 

decreased to two-fifth over SB and one-twentieth over CA. Low-level multilayer thick clouds 

over SACCF were attributed to the frequent formation of low-pressure mesoscale cyclonic 

systems. In contrast, the decreased frequency of multilayered clouds over SB and CA was due 

to increased convective activity of polar gyres (i.e., Weddell Sea gyre and Prydz Bay gyre) 

(Table 4.1). The average cloud thickness over SACCF was 1,556 m, which increased further 

over SB (1,925 m) and decreased to 602 m over CA. Over SACCF and SB, clouds were noticed 

at significantly low altitudes (i.e., at average cloud base height of 500 m and 632 m), having 

air temperatures as low as -2.81°C. At higher altitudes (>2,000 m), the air temperature within 

the cloud layer was as low as -23°C. As indicated with air masses of such low temperature, 

mixed-phased clouds, i.e., low-level supercooled water droplets and mid-level ice crystals 

within 4,000 m have been consistently reported in other areas of HLSO (Huang et al., 2012; 

Mace et al., 2020). The average cloud base height over the CA region was recorded at a 

relatively higher altitude (1,326 m) than that over SACCF and SB. Distinctively, ice virga 

(precipitation not reaching the surface) was noticed over SB and CA, consistent with previous 

studies (Wang et al., 2018; Vignon et al., 2019b; Jullien et al., 2020; Alexander et al., 2021). 
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 Concerning inversions over SACCF, no significant inversions were observed among 

half of the soundings (Table 4.1). The other half constituted single-inversion, double-inversion, 

and three or more than three inversions, in equal counts. The recorded inversions were 

generally associated with strong convergence and prominent low-pressure cyclonic systems in 

the low-level atmosphere. Regardless, the primary and secondary inversions were weak (0.24 

and 0.23 K m-1) and were observed at ~1,313 m and ~3,420 m, respectively. The presence of 

multi-level inversions (three or more) was dominant over SB and CA. However, these 

inversions were weak over SB (0.20 K m-1) due to lower MSLP and slowly evolving low-level 

convection at low altitudes. It can be anticipated that weak unstable conditions might form for 

a small duration and promote cloud formation. These clouds generally appear beneath weaker 

inversions, which could be easily eroded through radiation or even by weak easterlies. 

Compared to SB, inversion strength slightly increased over CA. Over CA, average primary 

inversions of strength 0.23 K m-1 were observed at higher altitudes (1,632 m), and secondary 

inversions of strength 0.25 K m-1, if observed, were at ~2,263 m. The inversions were 

associated with an increase in the temperature of Antarctic surface waters, a slight increase in 

MSLP, and katabatic winds advecting dry and cold air mass across mid-altitudes.  

4.3.3. Physical and dynamic atmospheric processes 

In this section, the dominant physical processes such as convection, advection, precipitation, 

and radiative heating/cooling were investigated between altitudes 500 m and 4,000 m following 

Betts (1982); Betts and Albrecht (1987). The modification in air mass saturation was traced by 

analysing conserved variables (i.e., 𝜃𝑒and q) in the form of 𝜃𝑒 − q diagram representing frontal 

regions lying in three major oceanic domains examined in the present study. 

4.3.3.1. Sub-Tropical Indian Ocean (STIO) 

Over NSTF1 and SSTF, the presence of near-surface convective mixing was evident with a 

clear mixing line structure indicated by a gradual decreasing tendency of 𝜃𝑒  and q with 
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increasing altitude (Figure 4.5b, c). Instability caused due to convective mixing accounted for 

the formation of shallow CBL with the top of the surface-based mixed layer extending up to 

840 m (925 hPa) over NSTF1 and 1,200 m (887 hPa) over SSTF. The presence of shallow CBL 

is anticipated (if CBL tops ≥ 800 hPa) (Betts and Albrecht, 1987). However, the convective 

mixing was not only restricted to surface based CBL but extended in intermediate altitudes 

(simultaneous decrease in 𝜃𝑒 and q) splitted by radiative process (change in 𝜃𝑒 with constant 

q) (Figure 4.5b). This demonstrates that CBL thermally-coupled to surface promotes internal 

convective mixing due to re-stratification (Nicholls, 1984; Betts and Albrecht, 1987) and splits 

up single well-mixed air-column into different convectively mixed layers at higher altitudes 

(simultaneous decrease in 𝜃𝑒  and q; NSTF1 and SSTF; Figure 4.5b). Thus, this indicates 

coupled CBL in NSTF1 and SSTF, which is consistent with studies reporting the common 

presence of coupled boundary layers over high-pressure regions (Nicholls, 1984; Bretherton 

and Wyant, 1997; Stevens, 2000; Jones et al., 2011; Dong et al., 2015; McGibbon and 

Bretherton, 2017; Zheng et al., 2018a). Radiative heating was the regulatory process in 

altitudes between the intermediately decoupled layer (Figure 4.5b, c). Interestingly, at the top 

of CBL over SSTF, weak precipitation signature (near uniform variation of 𝜃𝑒  and q) 

accompanied by radiative heating underneath and above was evident (Figure 4.5b). Thus, 

anticipates presence of a thin stratocumulus clouds layer above the CBL top associated with a 

closed mesoscale convective system, which is concurrent with few reported studies (Muhlbauer 

et al., 2014; Truong et al., 2020a). In NSTF1 and SSTF, irrespective of SST>Tair (SST<Tair), 

signatures of these processes were observed with differences in the increased (decreased) 

intensity of convective mixing leading to a highly (weakly) evolved mixed layer structure. 

Noticeably, the most robust low-level convective mixing occurred over SSTF, driven by ARC's 

convective activities (Figure 4.5b, c). Compared to physical processes over NSTF1 and SSTF, 

over NSTF2, low-level advection of cool air-mass followed by precipitation (from ~220 m to 
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~1,080 m) was anticipated as the dominant process (NSTF2; Figure 4.5b, c). Above the 

precipitation signature, advection due to changing wind directions (south to west) appears to 

drift the atmospheric moisture content (Figure 4.2c, d). 

4.3.3.2. Indian Ocean sector of Southern Ocean (ISSO) 

Over SAF1 and SAF2, signatures of low-level convection were significantly suppressed, while 

strong advective motions of multiple air masses were likely to be a regulatory process. This 

anticipation is supported by the abruptly changing wind direction that portrays this region as a 

dynamic storm track region constructed of multiple air masses (Figure 4.3a, b). For the 

atmospheric conditions, when SST>Tair, the 𝜃𝑒 – q diagram in these regions showed vertical 

lines which may readily indicate advection-induced mixing between different air masses 

mainly enforced by the prevalence of multiple atmospheric fronts. However, when SST<Tair, 

in addition to advection induced-mixing, the likelihood of substantial precipitation was 

indicated in 𝜃𝑒 – q diagram by a larger decrease in q with a nearly uniform variation of 𝜃𝑒 up 

to 4,000 m altitude in SAF1 (Figure 4.5c).  Further ahead, the 𝜃𝑒 – q diagram observed over 

PF1 showed stronger low-level advection caused due to merging of multiple air masses by 

high-speed winds as well as due to the impact of the intense polar jet stream (Figure 4.3d-g). 

This strong advection-induced air mass mixing was favorable during both conditions (i.e., 

SST>Tair and SST<Tair) throughout the vertical 4,000 m altitude over PF1 (Figure 4.5b, c). In 

contrast, in conditions when SST<Tair, the likelihood of precipitation/condensation of falling 

precipitation at higher altitudes (beyond 1,500 m) was another dynamic process in PF1. In PF2, 

the  𝜃𝑒 –q diagram depicted the dominant signature of precipitation/condensation of falling 

precipitation up to nearly 2,000 m altitude irrespective of the conditions (i.e., SST>Tair and 

SST<Tair), which indicates a meteorologically highly stable atmosphere formed due to stronger 

advection of multiple air masses (Figure 4.5b, c).   
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4.3.3.3. High-Latitude Southern Ocean (HLSO) 

Over SACCF, the low-level atmosphere was influenced by advective processes, while weak 

convection prevailed over SB and CA. Over SACCF, although the intensity of advective 

motions decreased, strong low-level convergence and continuous advection of cold polar air 

mass induce a highly stable atmosphere (SST<Tair) and a system of intensified low-pressure 

cyclones. As a result, in the 𝜃𝑒– q diagram of SACCF, low-level advection was likely, above 

which precipitation occurred (uniformity in 𝜃𝑒 and decrease in q) with the occurrence of 

radiative heating above and below this precipitation (SACCF; Figure 4.5c). This falling 

precipitation tends to condense faster, causing foggy and snowy conditions in the near-surface 

atmosphere, while in intermediate and higher altitudes supported the formation of low-level 

thicker clouds. However, at higher altitudes, no clear signature of precipitation was observed 

(Figure 4.5b). This indicated the occurrence of closed mesoscale cyclonic systems due to strong 

low-level convergence. 

Over SB and CA, the 𝜃𝑒 −q diagram observed during conditions of SST>Tair depicted 

shallow convective mixing line structure (decline in 𝜃𝑒 and q) up to ~60 m over SB and ~220 

m over CA due to an increase in the temperature of Antarctic surface waters linked to the 

activity of sub-polar gyres, i.e., Weddell Sea gyre and Prydz Bay gyre (SB and CA; Figure 

4.5b). With increasing altitudes, a decline in convection and occurrence of prominent 

precipitation (uniformity in 𝜃𝑒 and a significant declining q) was observed at intermediate and 

high altitudes in both regions (Figure 4.5b). In these regions, sublimation of precipitation to 

support virga conditions was anticipated as a regulatory process commonly in the intermediate 

altitudes. Occurrence of sublimation-supported virga conditions have been reported in a few 

studies poleward of 64°S (Forbes and Hogan, 2006; Alexander et al., 2021) and over Antarctica 

(Forbes and Hogan, 2006; Jullien et al., 2020). Interestingly, significant precipitation in 

intermediate altitudes and prominent radiative heating at higher altitudes were observed over 
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CA than that over SB (Figure 4.5b). However, in conditions when SST<Tair, the convective 

mixing signature was not pronounced over both SB and CA; weak advection was likely 

followed by stronger precipitation at mid and high altitudes (Figure 4.5c).  
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Figure 4.5 (a) Schematic diagram of conserved variables (𝜃𝑒 − 𝑞 ) depicting the effect of physical processes such as convective mixing, 

precipitation/evaporation, and radiative heating/cooling in modifying the mixing line structure.  (b) The 𝜃𝑒 − 𝑞 diagram obtained over ten frontal 
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regions of ISSO. Obtained structure of air parcel motion in all frontal regions are colored as: surface – 1,000 m (in red), 1,000 – 2,000 m (in 

magenta), 2,000 – 3,000 m (in blue), and 3,000 – 4,000 m (in green). (c) The 𝜃𝑒 − 𝑞 diagram obtained over ten frontal regions of ISSO but for 

clear variability of structure of air parcel motion, scales for x and y axis are varied accordingly for each frontal regions with altitudes marked in 

km. In STIO region, instability induced by convective activities were prominent, and is depicted with fluctuations in both 𝜃𝑒 and 𝑞, however in 

ISSO regions, dominance of precipitation process is evident with large decrease in 𝜃𝑒 with nearly uniform varying trend of q. In HLSO regions, 

precipitation, and sublimation of falling precipitation were the dominant regulatory processes.  
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4.3.4. Case studies in frontal regions of three major oceanic domains 

In addition to low-level thermodynamics, clouds, and inversion characteristics, the effect of 

synoptic scale meteorology in altering the state of MABL has been presented in the form of 

case studies in this section. Three typical case studies were chosen i.e., from SSTF, SAF1, and 

CA regions lying in STIO, ISSO, and HLSO respectively. A sounding selected in SSTF was 

aimed to highlight the effect of Agulhas Retroflection Current (ARC) to regulate the vertical 

state of MABL, while the selection of sounding in SAF1 region was aimed to demonstrate the 

effect of common multiple atmospheric fronts (i.e., cold, and warm front) in SO region to alter 

the state of MABL. Also, a sounding selected in the CA region aims to depict the influence of 

the convective activities over the Prydz Bay gyres as well as the effect of katabatic winds on 

the structure of MABL in the coastal region of Antarctica.   

4.3.4.1. Sub-Tropical Indian Ocean (STIO) 

A sounding launched at 40°S, 58.48°E on 12th January 2017 at 06:00 UTC is presented in 

Figure 4.6a. The synoptic view around this sounding depicted a warm front region indicated 

by SST>Tair and increased activity of oceanic eddies associated with the ARC (Lutjeharms and 

Van Ballegooyen, 1988). The SST at the location of sounding was 3.02°C higher than Tair and 

recorded MSLP at 1027 hPa. The advection of LLCAA was evident from the prominent 

southerly winds bringing cold polar air mass to the region (Figure 4.6a). These conditions led 

to an unstable MABL leading to the formation of a well-evolved thermodynamically coupled 

mixed layer structure (Zheng et al., 2018b, 2018a; Zheng and Li, 2019b). This was also evident 

in the nearly uniform variation in profiles of 𝜃𝑣 and r up to 1,220 m. At the top, vertical mixing 

was suppressed by a strong primary inversion (0.73 K m-1), followed by multiple inversions 

(>3) to an altitude of 4,000 m (Figure 4.6a). In unstable conditions, the formation of a single 

cloud layer was noticed with a cloud base height of ~980 m, cloud top height of ~1,220 m, 

and total cloud thickness of ~240 m. These observations concur with the records about thin 
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low-level stratocumulus cloud coverage at the top of the convective boundary layer (Muhlbauer 

et al., 2014; Truong et al., 2020a).  

4.3.4.2. Indian Ocean sector of Southern Ocean (ISSO) 

A sounding launched at 43.02°S, 57.02°E on 2nd March 2020 at 12:00 UTC is presented in 

Figure 4.6b. The synoptic illustration depicted both the warm front region (SST>Tair) and cold 

front region (SST<Tair) in the nearest proximity of the sounding location, with considered 

sounding lying in the cold front region. Being in a cold front region, inputs of weak negative 

surface heat fluxes were evident with SST<Tair by 1.75°C. Also, prominent synoptic LLWAA 

could be seen from strong north-westerly winds advecting warm moist air masses over this 

region. LLWAA, which is one of the characteristic features commonly reported in the SO 

region, can be observed in this typical sounding (Wall et al., 2017). The LLWAA coupled with 

inputs of weak negative fluxes (SST<Tair) and decreased MSLP (1011 hPa) accounted for 

highly stabilized and thermodynamically decoupled MABL in this sounding. Also, previous 

studies have frequently reported the presence of decoupled boundary layer in this SO region 

(Mace and Protat, 2018b; Zheng and Li, 2019a; Truong et al., 2020a). A highly stabilized 

boundary layer can be observed with a gradually increasing tendency of 𝜃𝑣 and r within 4,000 

m altitude (Figure 4.6b). Due to high low-level stabilization, the formation of a thick cloud 

layer was observed with cloud base height (~760 m), cloud top height (~1,720 m), and total 

cloud thickness (~960 m). The main inversion having significant strength (~0.55 K m-1) was 

recorded at the height of ~1,840 m (Figure 4.6b). Interestingly, profiles of 𝜃𝑣 ,  r, and RH 

depicted the presence of air masses of distinct properties within the 4,000 m air column. This 

is indicated by the presence of highly saturated air mass in the low-level atmosphere (up to 

~1,720 m) below the main inversion and by the prevalence of relatively dry air mass above 

this inversion up to 4,000 m altitude (Figure 4.6b). The presence of such varying property air 

masses together with highly stabilized conditions is attributed to the frequent formation of 
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multiple cold (warm) fronts at shorter spatial scales mainly driven by LLWAA (LLCAA) in 

the SO region (Zheng and Li, 2019b).  

4.3.4.3. High-Latitude Southern Ocean (HLSO) 

A sounding launched at 66.98°S, 64.86°E on 16th February 2020 at 06:00 UTC lying in the CA 

region, was used as a representative sounding in HLSO (Figure 4.6c). The synoptic conditions 

depicted the occurrence of a warm front (SST>Tair) at and around the sounding location (Figure 

4.6c). The formation of a warm front in this region is attributed to the potential warming of 

coastal Antarctic waters due to the convective activity of polar mesocyclones regulated by the 

Prydz Bay gyre near the Antarctic coast (Smith et al., 1984). As a result, at this typical 

sounding, the inputs of positive surface heat fluxes were indicated from SST>Tair by 3.76°C 

and the recorded MSLP as 988 hPa. Also, the presence of prominent LLCAA of cold, dry polar 

air mass through strong katabatic south easterly winds mainly originated from the Antarctic 

continent was observed (Figure 4.6c). The combined effect of increased surface heat fluxes and 

strong LLCCA at and in the vicinity of the sounding location has induced low-level 

atmospheric instability. This instability resulted in the formation of a well-mixed layer 

(indicated by nearly uniform variation of 𝜃𝑣 and r) capped by a weak inversion recorded at 

~820 m of strength ~ 0.24 K m-1, which marks the limit of vertical mixing at this sounding 

(Figure 4.6c). Thus, the LLCAA induced destabilization resulted in the formation of 

thermodynamically coupled MABL, supporting the occurrence of a thin cloud layer with a 

cloud base height of ~920 m and a total cloud thickness of ~440 m formed at the top of the 

mixed layer. Above the cloud layer, a significant stable atmosphere composed of dry and cold 

air mass was observed in the sounding launched in this region (Figure 4.6c). 
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Figure 4.6 Case studies using three typical soundings launched in three distinct frontal regions 

lying in three major oceanic domains i.e., (a) In the Sub-tropical Indian Ocean (STIO) over the 

Southern Sub-Tropical Front (SSTF) (b) In the Indian Ocean sector of Southern Ocean (ISSO) 

over Northern Sub-Antarctic Front (SAF1), and (c) In High Latitude Southern Ocean (HLSO) 

over Coastal Antarctica (CA). The Upper, middle, and lower left panel represents synoptic 

near-surface air-sea temperature difference (SST-Tair in ℃ ) and wind circulation pattern 

observed in the vicinity of soundings launched in SSTF, SAF1, and CA respectively. This 

synoptic view was generated using data on surface-based SST, Tair at 2 m, and wind fields (10 

m u- and v- component) obtained from ECMWF-ERA5 reanalysis. The sounding locations are 

marked with a black circular dot and color bars are shown. The Upper, middle, and lower right 

panel represents a 4,000 m vertical profile of virtual potential temperature (𝜃𝑣 in red), mixing 
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ratio (r in blue), relative humidity (RH in green), wind speed (WS in black), and wind direction 

(WD in brown) for radiosonde launched at 40.00°S, 58.48°E on 12-01-2017 at 06:00 UTC in 

the SSTF, at 43.02°S, 57.02°E on 02-03-2020 at 12:00 UTC in the SAF1, and at 66.98°S, 

64.86°E on 16-02-2020 at 06:00 UTC in CA region respectively.  

4.3.5. Estimated Inversion Strength (EIS) and Lower Tropospheric Stability (LTS)   

This is the first document reporting the estimates of EIS and LTS over ISSO region, especially 

over higher latitudes. The estimates for LTS were comparable with estimates reported over 

regions of the Australasian sector of the Southern Ocean (ASSO) by Truong et al. (2020a). 

However, slight differences in the estimates were obtained over a few frontal regions of ISSO 

(Table 4.1). This could be attributed to the differences in the ISSO's regional, seasonal, and 

meteorological conditions to that of the ASSO. Further, the variability of fractional cloud cover 

(1-‘no cloud frequency’) with EIS/LTS showed a good fit with respect to the linear relationship 

proposed by Wood and Bretherton (2006), particularly over post-cold frontal regions of ISSO, 

i.e., over SACCF and SB. These observations for the linear relationship of Wood and 

Bretherton (2006) closely estimate CF using estimated EIS/LTS over post-cold frontal regions 

of SO are consistent with the findings of Naud et al. (2016) and Wood and Bretherton (2006). 

However, in the other regions of the study area, this relationship poorly served to provide 

estimates of CF. 

4.4. Discussion  

The observations presented in this chapter provides first time understanding with respect to the 

characteristics of low-level atmosphere over the least examined region of the Indian Ocean 

sector of Southern Ocean (ISSO). In the results section of this chapter, the effects of synoptic 

air-sea coupling i.e., air-sea temperature gradient (dT) in shaping the vertical thermodynamic 

structure of low-level atmosphere (MABL), and the macrophysical characteristics of clouds 

and inversions associated with the dynamic physical processes occurring over frontal regions 
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lying in three major oceanic domains i.e., Sub-Tropical Indian Ocean (STIO), Indian sector of 

Southern Ocean (ISSO), and High Latitudes of Southern Ocean (HLSO) have been elaborated. 

In continuation to the obtained results, a brief discussion on these results and observations are 

presented in this section. 

Across the frontal regions from sub-tropics to high latitudes, four major processes could 

be delineated; these are convection, advection, precipitation, and radiative heating/cooling. 

Among these processes, over STIO regions (NSTF1, NSTF2, and SSTF), major inputs of 

positive surface heat fluxes were observed to initiate convection in the low-level atmosphere. 

As a result, prominent low-level atmospheric mixing formed a well-evolved convective mixed 

layer. This convective mixed layer thermodynamically coupled to the surface was observed to 

decouple (weakened) in mid-altitudes, but due to the re-stratification, continued internal 

convective mixing resulted in the formation of a coupled mixed layer structure. Compared to 

NSTF1 and NSTF2 regions, in SSTF, which represented a high-pressure region experienced 

strong convection-induced low-level convective mixing formed a deeper mixed layer structure 

accompanied by multiple strong inversions and higher proximity of no clouds to very thin 

clouds. These conditions observed over SSTF were because of active oceanic eddies associated 

with ARC (Lutjeharms and Gordon, 1987; Lutjeharms and Van Ballegooyen, 1988). Overall, 

in sub-tropical regions, strong convection and high-pressure formations accounted for the 

formation of thermodynamically coupled MABL capped by thin mid-altitude clouds followed 

by strong low-level inversions. In addition to convection, advection in intermediate altitudes 

was seasonal because of changing wind patterns. Also, prominent advection of cold air masses 

and few instances of weak precipitation caused weak radiative heating in intermediate altitudes. 

 Further southwards, in the regions of ISSO, the prominence of advection-induced 

mixing of multiple air masses and precipitation were regulatory processes. Strong advective 

mixing was induced by a frequently changing system of atmospheric fronts (i.e., 
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cold/warm/occluded). A dynamic system of multiple atmospheric fronts over shorter spatial 

scales was experienced by these regions. These systems aided significant precipitation, mainly 

in conditions when SST<Tair. Moreover, in the PF1 and PF2 regions of ISSO, a unique system 

of intensified winds hinted at the impact of the polar jet stream, while the presence of baroclinic 

instabilities was depicted by a system of multiple cold and warm fronts. The combined effect 

of this causes rigorous advective mixing of air masses of varying properties in ISSO regions. 

Such an advection aided faster condensation of falling precipitation in these regions, which is 

consistent with past reported studies (Jensen et al., 2000; Wang et al., 2015; Lang et al., 2021). 

This condensation is likely to be in the form of fog and snow in PF regions while in the form 

of rain in SAF regions. At mid- and higher altitudes, condensation accounted for the formation 

of thicker multi-layered clouds, which were as low as 500 m and as high as 4,000 m. In the 

ISSO regions, the frequency of low-level inversions was relatively less than multiple inversions 

that occurred at higher altitudes, mainly led by stronger advection of multiple air masses by 

intense winds.  

Further southwards in one of the HLSO region, i.e., over SACCF, prominent low-level 

precipitation was observed to be associated with the formation of intensified low-pressure 

cyclonic systems formed due to the convergence of north-westerly and south-easterly winds. 

This precipitation cum condensation accounted for low-level multi-layered clouds, while 

strong advection at higher altitudes caused multiple high-level inversions even in this HLSO 

region. Notably, the action of high-speed winds that continually advected cold and warm air-

masses through a dynamic system of formation of multiple atmospheric fronts in PF1, PF2, 

and SACCF has accounted for enhancing the severity of stormy low-pressure cyclones in these 

regions. These observations are consistent with reports on the occurrence of mid-latitude 

stormy cyclones over other sectors of SO, i.e., the Australasian sector of the Southern Ocean 

(Carleton and Song, 1997; Field and Wood, 2007; Irving et al., 2010; Truong et al., 2020a). 
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Formation of such systems supported prominent precipitation and condensation of descending 

precipitation at different altitudes. The occurrences of aforementioned processes in these 

regions of ISSO were highlighted by Srivastava et al. (2007) over ISSO, and some studies have 

documented it over the Australasian sector of the Southern Ocean (Wang et al., 2015; Lang et 

al., 2018; Lang et al., 2021). The dominance of these processes over ISSO regions and SACCF 

has accounted for the presence of low-level multilayered cloud structures. The presence of such 

types of clouds in these regions is consistent with the previous records using in-situ 

observations (Jensen et al., 2000; Lang et al., 2018; Mace and Protat, 2018b; Truong et al., 

2020a; Alexander et al., 2021; Lang et al., 2021) and remote sensing observations made in 

other sectors of SO (Mace et al., 2009; Huang et al., 2012; Huang et al., 2015a; McCoy et al., 

2015; Kuma et al., 2020). However, recorded high-level inversions in these regions comply 

well with past reports in the Australasian sector of the Southern Ocean (Jensen et al., 2000; 

Truong et al., 2020a).  

Further towards southernmost regions of HLSO, i.e., over SB and CA, low-level 

dynamics were regulated by weak and shallow convection coupled with the advection of cold 

and dry polar air mass via strong katabatic winds originating from the Antarctic continent in 

the intermediate and high altitudes. Results revealed multiple weak inversions induced by the 

action of katabatic winds, while the strength of these winds regulated the strength of occurring 

inversions. Similar observation on inversions in Antarctica were reported by Connolley (1996). 

Moreover, weak precipitation in intermediate altitudes was anticipated to undergo a 

sublimation process resulting in ice virga conditions. Similar conditions were reported in 

regions of similar characteristics in the Australasian sector of the Southern Ocean (Wang et al., 

2018; Vignon et al., 2019b; Jullien et al., 2020; Alexander et al., 2021). 

Further, results on EIS/LTS provided better estimates of low-level fractional cloud 

cover (CF) over dynamically active post-cold frontal regions of ISSO, i.e., over SACCF and 
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SB, which are in line with the findings of Naud et al. (2016) and Wood and Bretherton (2006), 

wherein they highlighted the applicability of this linear relationship, particularly in mid-

latitudes. Thus, this study based on a large set of in-situ meteorological measurements presents 

useful information on the vertical thermodynamic structure of low-level atmosphere, 

characteristics of cloud (layers) and inversions, and the associated physical processes occurring 

over yet unexplored regions of ISSO.  

4.5. Concluding remarks 

By covering a large spatial domain from 24°S to 68°S during three field campaigns, the study 

presented in this chapter records for novel observations based on the vertical thermodynamic 

structure of low-level atmosphere, exhibiting clouds and inversions of unique properties driven 

by dynamical physical processes occurring over one of the least explored ISSO region.  The 

new findings of this study are noted below,  

1. The thermodynamic stability and the vertical structure of low-level atmosphere were 

strongly dependent on the synoptic conditions and continually varying air-sea coupling i.e., 

air-sea temperature gradient (dT) across system of multiple oceanic fronts of the study region.  

2. Over sub-tropical frontal regions (NSTF1, NSTF2, and SSTF), low-level convection caused 

low-level convective mixing and supported formation of a well-developed mixed layer. This 

surface-based mixed layer that was thermodynamically coupled to the surface appeared to be 

decoupled in mid-altitudes, however, re-stratification process caused internal convective 

mixing at mid-altitudes which regulated convective mixing in the decoupled mixed layer just 

above the surface-based mixed layer. Thus, decoupled mixed layer structure was commonly 

noticed.  

3. Over SSTF, an increase in the convective activities of oceanic eddies associated with 

Agulhas Retroflection Current (ARC) accounted for enhanced convective mixing in low-level 



Chapter 4. Thermodynamic Characteristics of Marine Atmospheric Boundary Layer over 

the Indian Ocean sector of the Southern Ocean (ISSO) 

146 

atmosphere. This resulted in deeper mixed layer structure capped by low-lying multilevel 

strong inversion with prominent cloud free sky or very thin single layer clouds.  

4. The regions in the Indian Ocean sector of Southern Ocean (SAF1, SAF2, PF1, and PF2), 

exhibited significant precipitation and condensation/evaporation of descending precipitation at 

different altitudes. This was attributed to frequent formation of multiple atmospheric fronts 

(i.e., cold, warm, and occluded fronts) due to stronger advection of multiple air masses by high-

speed winds. Such an advection caused faster condensation of falling precipitation. At low 

altitudes, this supported foggy and snowy conditions few meters above the surface while in 

altitudes as low as 500 m and as high as 3,500 m presence of thick multi-layered clouds were 

noticed. These clouds were likely to be in mixed phase (i.e., SLW/IWC) clouds with 

temperatures as low as -18.43℃.  

5. In ISSO, due to the presence of thick multi-layered clouds, radiative heating process was 

noticed in intermediate altitudes likely occurring above the top and below the base of the multi-

layered clouds. However, at higher altitudes, advection was the dominant process accounting 

for multiple high-level inversions in the ISSO.  

6. In ISSO, frequent occurrences of low-pressure stormy cyclonic systems were witnessed.  

7. Over SACCF, significant precipitation was associated with the formation of intensified low-

pressure cyclonic systems caused by convergence of north-westerly and south-easterly winds. 

Precipitation cum condensation of this precipitation accounted for thicker low-level 

multilayered clouds in mixed phase (i.e., SLW/IWC). Complete clouds from 500 m to 4,000 

m altitudes were commonly observed. Followed by precipitation, occurrence of radiative 

heating in intermediate altitudes above and below the multilayered clouds was seen. At high 

altitudes, prominent advection supported multiple high-level inversions.  
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8. Over high-latitude Southern Ocean regions (SB and CA), low-level dynamics were regulated 

by weak and shallow convection coupled with the advection of cold continental dry air-mass 

advected by strong katabatic winds in the intermediate altitudes. In intermediate altitudes, weak 

precipitation goes through an abrupt sublimation process mostly due to the action of katabatic 

winds resulting in ice virga conditions. Thus, the presence of prominent ice clouds over SB 

and CA could be anticipated.  

9. Collectively, four dominant processes i.e., convective mixing, advection, 

precipitation/condensation of falling precipitation, and radiative heating/cooling were the 

common regulatory process driving atmospheric conditions over three major oceanic domains 

described in this study. 
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Chapter 5 

Aerosol-Boundary Layer Dynamics and its Effect on Aerosol 

Radiative Forcing and Atmospheric Heating Rate in the Indian 

Ocean sector of Southern Ocean (ISSO) 

 

5.1. Introduction 

Aerosols are significant contributors to poor air quality (IPCC, 2014) and influence the climate 

and weather patterns by either scattering or absorbing irradiance (McCormick and Ludwig, 

1967; Charlson and Pilat, 1969) and also by acting as nuclei for cloud formation (Sassen, 2002). 

Heterogeneous in their global distribution, aerosols of natural and anthropogenic origins are 

characterized by their shapes, sizes, and chemical compositions. Due to the differences in the 

properties of different aerosol species, a larger impact of their interaction with irradiance has 

important implications on Earth’s radiative balance. For example, (Bellouin et al., 2020) 

reported global mean aerosol radiative forcing estimates in the range between -0.65 and -1.6 

W m-2 at 68% confidence intervals. The global scale assessment of aerosol radiative forcing 

poses severe challenges concerning aerosol-radiation and aerosol-cloud processes (Bender, 

2020) in remote regions, particularly over the Southern Ocean (SO). 

Studies have reported a large spatiotemporal variability in the concentrations and 

optical properties of aerosols over different regions of the World Ocean (Krishnamurti et al., 

1998; Ramanathan et al., 2001; IPCC, 2014; Menon et al., 2015). The key factor driving such 

an aerosol variability is the dynamic state of the marine atmospheric boundary layer (MABL) 

and its characteristics feature, i.e., state of atmospheric stability, physical processes (such as 

convection and advection), characteristics of clouds and inversions (Groß et al., 2015; Turner, 

2020; Prasad et al., 2021). Broadly, MABL acts as a shield to updraft of near-surface in-situ 
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generated/long-range advected aerosols (Stull, 1988; Zhang et al., 2018; Ma et al., 2020; Su et 

al., 2020). The coupled interaction of aerosols and MABL shows significant heterogeneity 

depending on regions, seasons, diurnal/time, and aerosol types and their vertical distribution 

(Guo et al., 2019; Lou et al., 2019). This makes it challenging to quantify the effects of aerosols 

on the evolution and thermodynamic stability of MABL. It results in uncertainties in satellite 

retrievals of aerosol-associated radiative forcing (Ramanathan et al., 2001), specifically over 

the SO where predominant cloud coverage (80%) adds additional difficulties in accurate 

simulations of aerosols as well as boundary layer properties.  

Field measurements in different parts of SO have reported various mechanisms of 

interactions of aerosols with clouds, with varying MABL characteristics (Kremser et al., 2021). 

In the Australian Sector of SO (ASSO), (Alexander and Protat, 2019) showed a decoupled 

layer (separated from the surface mixed layer and free troposphere) within MABL with low 

backscattering wherein the presence of clouds was capped by weak temperature inversions at 

the mid-latitudes. Using various observations from the Australian Sector of SO, McFarquhar 

et al. (2021) reported the zonal variability in aerosol compositions within MABL. The droplet-

nucleation was primarily influenced by the origin (source) of aerosols. These studies and 

several others (Quinn et al., 1998; Alexander and Protat, 2019; Schmale et al., 2019; Landwehr 

et al., 2020; Kremser et al., 2021) have improved the understanding of clouds, aerosols, and 

the thermodynamical structure of MABL and their interactions in the respective sectors of SO. 

However, a knowledge gap exists in the ISSO due to the unavailability of in-situ observations, 

which ultimately leads to bias in climate models and satellite retrievals (Trenberth and Fasullo, 

2010; Bodas-Salcedo et al., 2014).  

To address the gap, several studies based on in-situ measurements (Menon et al., 2015; 

McFarquhar et al., 2021) reported the presence of anthropogenic aerosols in the remote regions 

of SO. The presence of sea-salt and non-sea-salt aerosols acting as CCN was also explained 
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(Quinn et al., 2017; Fossum et al., 2018). Few reports from ISSO were concentric on the spatial 

and temporal variability of aerosols and associated radiative forcing (Menon et al., 2015; 

Hulswar et al., 2020; Srivastava et al., 2021). However, there was no attempt to understand the 

thermodynamic state of MABL and its boundary layer features (such as inversions and clouds) 

attributing to its role in regulating the distribution of aerosols, clear sky direct shortwave 

radiative forcing, and atmospheric heating rate vital for Earth’s radiative balance. Hence, study 

described in this chapter presents the first-time understanding of the boundary layer features in 

conjugation with the dynamics of aerosols over the ISSO fronts lying between 24°S-68°S along 

57°E-79°E. Focusing on this aspect, this chapter is to address the following questions, 

1.  How is the spatial heterogeneity of surface and vertical meteorological conditions across 

the ISSO fronts? 

2. What is the role played by the thermodynamic structure of low-level atmosphere (up to 5,000 

m altitude), characteristic nature of clouds and inversions in regulating the distribution of 

aerosols over the ISSO fronts? 

3. How is the spatial variability of aerosols i.e., black carbon aerosols (BC) and composite 

aerosols (using aerosol optical depth (AOD)), and the resultant aerosol induced clear sky direct 

aerosol radiative forcing (DARF) and rate of atmospheric heating (HR) across the ISSO fronts. 

5.2 Data and method 

5.2.1. Data 

In this chapter, a combination of in-situ, re-analyzed, modelled, and satellite datasets obtained 

between 24°S-68°S along 57°E-79°E covering the frontals regions of ISSO during the onward 

cruise track of the Xth Southern Ocean Expedition (SOE-X), from 8th December 2017 to 05th 

January 2018 have been utilized (Figure 5.1). The details on the classification of different 

frontal regions of the ISSO identified as STF, SAF, PF, SACCF, SB, and CA are provided in 
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Table 2.5 of chapter 2 (Belkin and Gordon, 1996; Anilkumar et al., 2015). The in-situ 

measurements accessed in this chapter includes surface meteorological measurements, surface-

based mass concentration of BC aerosols, and columnar AOD while the vertical 

thermodynamic structure of the atmospheric column was examined using atmospheric 

soundings measurements. The re-analysis data were used to understand synoptic near-surface 

temperature gradient (i.e., air-sea temperature gradient, dT=SST-Tair) and wind circulation 

patterns. The modelled data comprised of columnar AOD using Optical Properties of Aerosols 

and Clouds (OPAC) model, whereas satellite data was used for examining the vertical spread 

of aerosols and cloud phases derived from CALIPSO retrievals.  

 

Figure 5.1 The cruise track (in red) is shown along with atmospheric measurements, performed 

during the forward track of the Xth Indian Expedition to the Indian Ocean sector of Southern 

Ocean (SOE-X) flagged off from Port Louis, Mauritius, 20 ° S to Prydz Bay region of 

Antarctica, 69°S. Locations of seven radiosondes considered in each ISSO region are marked 

(yellow markers). Demarcation of the approximate location of oceanic fronts (white dotted 
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lines) was adopted from Belkin and Gordon (1996) and Anilkumar et al. (2015) (namely, NSTF 

and SSTF - Northern and Southern Sub-Tropical Fronts; SAF - Sub-Antarctic Front; PF - Polar 

Front; and AZ -Antarctic Zone). 

5.2.1.1. Surface meteorology 

The in-situ surface meteorological parameters utilized for this study were observations of air 

temperature (Tair), relative humidity (RH), mean sea level pressure (MSLP), wind speed (WS), 

and wind direction (WD). An automatic weather station (WeatherPak®-2000 v3) equipped with 

GPS provided the true WS and WD at ≈10 m above mean-sea-level height. The measurements 

stored at every 1-minute average throughout the onward track of the cruise were used. In 

addition, a standard bucket thermometer was used at 6 hours intervals to measure sea-surface 

temperature (SST). More details on the instrumentation related to automatic weather station 

and bucket thermometer have been provided in Table 2.6 of chapter 2.   

5.2.1.2. BC aerosols  

The in-situ measurements of BC mass concentrations were carried out using an automated self-

contained Aethalometer (AE-42) manufactured by M/s Magee Scientific (Hansen et al., 1984). 

The instrument was operating at seven different wavelengths i.e., 370, 470, 520, 590, 660, 880, 

and 950 nm (refer section 2.3.2.3 for instrumentation). During all the cruises, the ambient air 

particles were aspirated from an inlet through a heated sample line fixed at the height of nearly 

12 m above ocean level. Data was collected at every 5-minute intervals at a flow rate of 5 liters 

per minute. The BC mass concentrations (in ng m-3) were estimated from the absorbance 

estimates recorded at 880 nm using the factory-set calibration coefficients.  

5.2.1.3. Aerosol Optical Depth (AOD)  

The AOD measurements were performed using a MICROTOPS-II Sunphotometer (Solar Light 

Co., USA) operating at five wavelengths, i.e., 380, 440, 500, 675, and 870 nm following 

(Morys et al., 2001)). Technical details of this instrument are provided in section 2.3.2.4 of 
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chapter 2 of the thesis. The AOD measurements carried out along the forward cruise track of 

SOE-X campaign during clear sky conditions were only used for the study.  

5.2.1.4. Atmospheric soundings 

For the representation of the vertical thermodynamic structure of low-level atmosphere above 

ISSO fronts, a total of 7 sounding profiles generated during the onward cruise period of SOE-

X campaign have been used. The details of soundings considered in this study are provided in 

Table 5.1. These atmospheric soundings were Pisharoty type developed by Vikram Sarabhai 

Space Centre of the Indian Space Research Organization. Details on Pisharoty soundings are 

provided in section 2.3.2.2 of chapter 2 and can also be accessed in Divya et al. (2014).  The 

vertical profiles of air temperature (T), atmospheric pressure (P), RH, WS, and WD collected 

at 1 Hz from the surface (≈12 m above the sea surface) have been utilized for this study. 

5.2.1.5. Synoptic winds and surface temperature gradient (dT)  

ERA5 (Hersbach et al., 2019; Hersbach et al., 2020), a fifth-generation atmospheric reanalysis 

data product developed by ECMWF (European Centre for Medium-Range Weather Forecasts) 

has been used in this study. A comparison made between in-situ measured and ERA5-derived 

measurements of meteorological parameters, i.e., SST, Tair, and WS obtained at 7 sounding 

locations showed a correlation for SST (r = 0.982), Tair (r = 0.980), dT (r = 0.977), and moderate 

correlation for WS (r = 0.657). Hence, in the present study ERA-5 derived estimates were used 

to calculate hourly averaged winds (10 m u- and 10 m v- component), 2 m Tair, and SST at a 

resolution of 0.25° × 0.25°. Subsequently, dT for each frontal region was estimated to depict 

synoptic background in the vicinity of each sounding location. 

5.2.1.6. Vertical distribution of aerosols 

Based on the in-situ atmospheric sounding locations, the CALIOP orbit track closest to the 

coordinates of the radiosonde measurements were acquired. The locations marked as pointers 
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in CALIPSO retrievals lie within 0.5°-1° with respect to the in-situ atmospheric-sounding 

location. The resolution was comparable to the standard resolution used in climate and regional 

models (Christian et al., 2019). From these satellite retrievals, clouds and aerosol properties 

are evaluated and identified after the calibration and range corrections incorporated into the 

signal return measured at 532 nm (Winker et al., 2009). In this study, CALIOP Level 2 Version 

4.10x has been used to portray the distribution of aerosol types and cloud phases over ISSO 

frontal regions. 

5.2.2. Methods of analysis 

5.2.2.1. Air mass history 

For this study, in order to discern the likely source of aerosols, air mass back-trajectories up to 

120 hours have been modelled using HYSPLIT model version 4, available with NOAA-ARL 

(Draxler and Rolph, 2003). The model uses NCEP Global Data Assimilation System (GDAS) 

meteorological data at different altitudes and for this study, back-trajectories of air mass 

arriving at different altitudes at respective sounding locations were computed. For more details 

on HYSPLIT model refer to section 2.3.4.1 of chapter 2. 

5.2.2.2. Estimation of thermodynamic variables 

The radiosonde based thermodynamic parameters used in this study comprised of dew point 

temperature (Td), virtual potential temperature (𝜃𝑣), equivalent potential temperature (𝜃𝑒), and 

water vapor mixing ratio (r). The estimation of these parameters was done after introducing 

appropriate corrections to the mean profiles of T, RH, P, WS, and WD of raw sounding data. 

The corrections employed to the raw sounding profiles and the equations used for the 

estimation of these variables are provided in section 4.2.2 of chapter 4 of this thesis.  

5.2.2.3. Clear sky Direct Shortwave Aerosol Radiative Forcing (DARF) 

The aerosols present in the atmosphere alter the incoming solar radiation by either direct or 

indirect interactions, thus accounting for direct or indirect aerosol-induced radiative forcing. 
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Direct aerosol radiative forcing (DARF) involves the scattering and absorption of solar 

radiation by atmospheric aerosols and is influenced by the type of aerosols and surface 

reflectance. Depending upon these properties, a negative or positive DARF is estimated at the 

surface (Vinoj et al., 2004; Ganguly et al., 2005; Li et al., 2010). However, the indirect DARF 

involves the modification of microphysical properties, amount, and the lifetime of clouds and 

hence, the variability in the incoming solar radiation (Parry et al., 2007, and the references 

therein). In view of this, in the present study, only clear sky DARF has been estimated.  

For the estimation of clear sky DARF, estimates of aerosol optical properties such as 

AOD, single scattering albedo (SSA), and asymmetry parameter (ASY) were required. Direct 

measurements of these parameters (SSA and ASY) were not available.  Hence, estimates of these 

parameters were simulated using the OPAC model. Details on the OPAC model has been 

provided in section 2.3.4.2 of chapter 2. These estimations were obtained by accessing the 

Sunphotometer-measured AODs only during clear sky conditions. The clear sky conditions 

imply that the sun was completely visible, and the atmosphere was cloud-free or the daytime 

intervals that were cloud-free. A minimum of five continuous observations were carried out 

every time the instrument was directed toward the sun. Further, the average AOD was 

calculated for locations at which at least four clear sky readings were available. Thus, in all the 

locations where the Sunphotometer-measured AOD values were available, the OPAC model 

was run to obtain the AOD, SSA, and ASY estimates for deriving clear sky DARF. In this study, 

of the total 7 examined frontal regions, Sunphotometer-measured AODs were available at a 

few locations in five frontal regions (NSTF, PF1, PF2, SB, and CA), while AOD measurements 

could not be collected in regions of SAF and SACCF due to persistent cloud cover. 

For obtaining a clear sky DARF, the inputs given to the OPAC model were five aerosol 

types, i.e., total water-soluble components, sea salt (accumulation mode), sea salt (coarse 

mode), sulphate, and BC, height profile, five standard Sunphotometer wavelengths, and RH 
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following Hess et al. (1998). Among these inputs, at first, the BC number concentrations were 

estimated from the Aethalometer measured BC mass concentrations. This was done in a way 

that in OPAC model, number density of BC aerosols was varied by keeping the number 

densities of water-soluble aerosols and of insoluble unchanged until iterations closely matched 

the measured value of BC mass concentration. Upon estimating the number concentrations of 

BC, iterations were then performed by keeping BC number concentrations fixed while the 

remaining four naturally occurring aerosol types were then iterated. These iterations were 

performed until the OPAC simulated AOD was corroborated closely (±0.05) with the 

Sunphotometer-measured AOD. The comparison between the Sunphotometer-measured AOD 

and OPAC simulated AOD represented a correlation, r = 0.981. Such a hybrid approach to 

estimate SSA and ASY for obtaining clear sky DARF has been reported over the Arabian Sea, 

Bay of Bengal (Vinoj et al., 2004; Ganguly et al., 2005), and over the Saharan dust (Li et al., 

2010). Thus, OPAC simulated SSA, ASY, and AOD under clear sky conditions were given as 

inputs for DARF estimations performed using Santa Barbara DISORT Atmospheric Radiative 

Transfer Model (SBDART, Ricchiazzi et al., 1998). More details on the SBDART model are 

provided in section 2.3.4.3 of chapter 2. In addition to the aforementioned input, another input 

was surface reflectance which was derived from MODIS. The DARF was computed in the 

shortwave range of 0.25 to 4.0 µm. The DARF represents the net change in the incoming and 

outgoing irradiance with and without aerosols in the atmospheric column. To estimate net 

radiative forcing, two scenarios were considered at the top of the atmosphere (TOA) and the 

surface (SFC), (i) without aerosols representing clean air and (ii) with aerosols. The difference 

between the two scenarios gives the total radiative forcing (ARF) due to aerosols (Stamnes et 

al., 2000). Thus, the ARF is calculated using, 

ARF = Flux (net)TOA/SFC with aerosols - Flux (net)TOA/SFC without aerosols 5.1 

Thus, the total atmospheric forcing was, 
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ARFATM  = ARFTOA – ARFSFC 5.2 

5.2.2.4. Atmospheric Heating Rate (HR) 

A measure of the total radiative effect induced due to the absorption by aerosols present in the 

atmosphere is quantified in terms of the rate of atmospheric radiative heating (K day−1), 

𝜕𝑇

𝜕𝑡
=  

𝑔

𝑐𝑝
[
𝐴𝑅𝐹𝐴𝑇𝑀

△ 𝑃
] ×  (ℎ𝑟/𝑑𝑎𝑦)  ×  3600 (𝑠𝑒𝑐/ℎ𝑟)    

5.3 

where, 𝜕𝑇 𝜕𝑡⁄  is the atmospheric heating rate, g is the acceleration due to gravity (9.8 m s-2),  

𝑐𝑝 is the specific heat capacity of air at constant pressure (1006 J kg-1 K-1), and P represents 

atmospheric pressure (hPa). △P is calculated as the difference in pressure between the surface 

and 10,000 m altitude, considering the maximum extent of the tropospheric air column.  

5.3. Results 

This section presents the meteorological conditions near the surface as well as in the vertical 

low-level atmosphere, the vertical thermodynamic structure of MABL, and the observations 

on aerosol obtained in the ISSO regions.  

5.3.1. Synoptic meteorology  

There was a distinct spatial variability in the meteorological conditions observed near the 

surface and at different altitudes in atmosphere over each frontal region (Figure 5.2, 5.3). It 

was primarily due to the sharp gradients in meteorological parameters caused by the oceanic 

frontal systems, thereby developing distinct features in the atmospheric column. The regions 

north of the PF (i.e., NSTF and SAF) showed a convectively driven atmosphere with higher 

𝜃𝑒 (307 K <𝜃𝑒< 323 K) up to 5,000 m altitude. However, a sharp wind reversal in mid-altitude 

(≈1,800 m) accounted for separating low-level convectively mixed moist air mass (5.6 g kg-1 

< r < 8.2 g kg-1; 52% < RH < 78%) from dry air mass (1.8 g kg-1 < r < 3.3 g kg-1; 12% < RH < 

35%) at high altitudes. This reversal was caused by the easterly wind. In the PF regions, distinct 

meteorological conditions comprised of strong high-speed westerly winds (>28 m s-1) that 
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advected highly saturated cold air mass with temperatures < 1oC and RH > 94%, from surface 

to ≈5,000 m (Figure 5.2, 5.3). The advection accounted for the development of a low-pressure 

system with MSLP<973 hPa. In consequence, the occurrence of low-pressure cyclonic systems 

suppressed the strength of convective potential (lower values of 284 K< 𝜃𝑒 < 307 K) in the 

lower atmosphere of PF region (Figure 5.3). The SACCF region is located south of PF and 

forms at the boundaries of the Ferrell and Polar cells at ≈60°S. In SACCF, the weakening of 

strong polar westerly winds was observed due to the convergence of cold-dry air mass by south-

easterly winds and relatively warm moist air mass by north-westerly winds. This convergence 

accounted for a lower MSLP (987 hPa) and intensified low-level cyclone formation. In 

consequence, high moisture content (1.3 g kg-1 < r < 4.3 g kg-1), and highest RH (97%) were 

noticed throughout 5,000 m altitude (Figure 5.3). Further, at the extreme south of all frontal 

regions, the regions SB and CA showed significantly dry-colder air mass (lowest values of 0.4 

g kg-1 < r < 2.3 g kg-1) advected by weak easterly winds (WS < 6 m s-1) from Antarctic continent. 

Low-level atmospheric conditions, however, had highly saturated air mass compared to the air 

column at mid and upper altitudes. The presence of drier air in mid and high altitudes can be 

attributed to prevailing katabatic winds near the coast of the Antarctic continent. Overall, the 

region was characterized by weak unstable conditions, as indicated by the lowest values of 𝜃𝑒 

(282 K < 𝜃𝑒< 294 K) in 5,000 m altitude.  
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Figure 5.2 The measurements conducted along the forward cruise track of the Xth Indian 

Expedition to the Southern Ocean (SOE-X) from 35°S to 66°S along 56°E to 76°E. Along this 

cruise track, a  2D variation of measured meteorological parameters, (a) air temperature (Tair), 

(b) sea surface temperature (SST), (c) relative humidity (RH), (d) mean sea level pressure 

(MSLP), (e) wind speed (WS), and (f) wind direction (WD) are shown. Approximate locations 

of oceanic fronts are acquired from Belkin and Gordon (1996) and Anilkumar et al. (2015) 

(grey dotted lines). 
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Figure 5.3 Contour plots of (a) atmospheric temperature (T), (b) relative humidity (RH), (c) 

equivalent potential temperature (𝜃𝑒), (d) mixing ratio (r), (e) wind speed (WS), and (f) wind 

direction (WD), representing vertical thermodynamic structure of the atmosphere from 0 - 

5,000 m altitude over the latitudinal range from 35°S to 66°S during the forward track of Xth 

Southern Ocean Expedition (SOE-X) are shown. Approximate locations of oceanic fronts are 

acquired from Belkin and Gordon (1996) and Anilkumar et al. (2015) (grey dotted lines). 
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5.3.2. Observations on aerosols and MABL characteristics 

Aerosol-boundary layer observations recorded in each frontal region is described in this 

section. 

5.3.2.1. Over Sub-Tropical Front (NSTF) 

Data from the radiosonde launched at 38.00°S, 58.40°E on 14th December 2017 at 01:00 UTC 

(06:30 LT) were used as a representative sounding in NSTF region (Figure 5.4a, b). This early 

morning (local time) sounding was associated with a weak positive near-surface air-sea 

temperature gradient (dT = 0.1℃; Figure 5.4c). Weak dT had a negligible effect in altering the 

stable state of nighttime MABL, which was evident with a gradual increase (decrease) in 𝜃𝑒(r) 

with increasing altitude (Figure 5.4b). However, despite stable profiles of 𝜃𝑒 and r, three 

significant inversions, and with no cloud layers were noticed (Figure 5.4a, b). These 

observations were attributed to the subsidence associated with high MSLP (1013 hPa) as well 

as the advection of warmer air mass from its northern region with higher dT > 0.4℃. These 

conditions supported significant inversions near the surface (660 m) and at mid-altitudes (2,440 

m), having gradients 0.27 K m-1 and 0.89 K m-1, respectively (Figure 5.4b). Additionally, a 

weaker inversion (0.19 K m-1) was observed at a higher altitude (4,660 m) (Figure 5.4b). Out 

of these three significant inversions, the height of the mixed layer (≈2,440 m) was identified as 

the height where the maximum gradient was observed in 𝜃𝑣  and r profiles (Ramana et al., 

2004b) . Under these thermodynamical conditions, the vertical aerosol features derived from 

CALIPSO revealed the presence of naturally produced marine aerosols,  such as sea salt, 

dimethyl sulfate (DMS), and other organic aerosols (O'Dowd et al., 1997). Noticeably, the 

higher loading of marine aerosols was confined below 1,500 m altitude (Figure 5.4d). 

Additionally, in-situ measurements of BC aerosols at this location recorded were higher BC 

estimates (46 ± 21 ng m-3). Such an accumulation of these aerosols’ species is attributed to the 

unique meteorology specific to this region mainly driven by high-pressure formations. As a 
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result of this, strong subsidence capped by significant atmospheric inversions were observed, 

and this played a crucial role in restricting the further vertical dispersion of these aerosols and 

increasing their concentrations in few meter above the oceanic surface. Moreover, the 

prevalence of anthropogenic aerosols (elevated smoke) at higher altitudes (≈3,700 m) was also 

noticed (Figure 5.4d), which is likely to be remotely originated and advected from the South 

African continent (3,500 m; Figure 5.4d, f).  

 

Figure 5.4 The figure depicts the region lying to the north of the Polar Front (PF), i.e., region 

of the Northern Sub-Tropical Front (NSTF). Panel (a) a Skew-T diagram plotted for the 

sounding launched in this region. For the respective sounding, profile of air temperature (T in 

red) and dew point temperature (Td in green) from surface up to 5,000 m altitude have been 
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shown. Wind barbs are overlaid (in black on the right side of the panel) to depict the magnitude 

and direction of winds. Panel (b) shows a 5,000 m vertical profile of virtual potential 

temperature (𝜃𝑣  in red), mixing ratio (r in blue), and relative humidity (RH in green) for 

radiosonde launched at 38.00°S, 58.40°E on 14-12-2017 at 01:00 UTC in the NSTF region. 

The estimated altitudes of inversions (brown) (inversion strength in K m-1) and cloud layers 

(blue) (cloud thickness in m) are marked. Panel (c) represents synoptic near-surface air-sea 

temperature gradient (dT in ℃) and wind circulation pattern in the vicinity of this sounding 

obtained using ECMWF-ERA5 reanalysis dataset, where SST values at the surface, Tair at 2 m, 

wind fields (10 m u- and v- component) are considered. The launch location is marked with a 

black circular dot. The respective color bar is shown. Panel (d) represents CALIPSO standard 

daytime 0 – 5,000 m vertical products of aerosol sub-types derived for 14-12-2017, 20:36 to 

20:50 UTC during its orbit between 34.05°S, 68.21°E to 40.15°S, 66.40°E. Panel (e) represents 

CALIPSO standard daytime profile of 0 – 5,000 m vertical products of ice/water cloud phase 

derived for 14-12-2017, 20:36 to 20:50 UTC profile while it is orbiting between 34.05°S, 

68.21°E to 40.15°S, 66.40°E. Panel (f) represents NOAA HYSPLIT model calculated air mass 

back trajectories for preceding 120 hours at different heights (selected based on CALIPSO-

derived aerosol loading) for sounding (RL1) launched in NSTF region. 

5.3.2.2. Over Sub-Antarctic Front (SAF1)  

Data from radiosonde launched at 45.00°S, 61.30°E on 19th December 2017 at 06:00 UTC 

(11:30 LT) was used as a representative sounding in SAF1 region (Figure 5.5a, b). There was 

a formation of a warm front evident with the air-sea temperature gradient (dT = 5.5℃ at 

sounding location and >5.5℃  around this location; red shaded region; Figure 5.5c). The 

formation of this warm front was caused due to the active oceanic eddies induced by the strong 

ARC (Lutjeharms and Van Ballegooyen, 1988). An associated effect of this current at the air-

sea interface strongly shaped the vertical thermodynamic structure of MABL in this region 
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(Figure 5.5a, b). The high dT and MSLP (1019 hPa) enhanced atmospheric mixing at lower 

altitudes. The near-uniform variation in 𝜃𝑣 and r profiles indicated of a well-developed mixed 

layer up to 1,860 m capped by a strong inversion of strength 3.17 K m-1 (Figure 5.5b).  

 

Figure 5.5 The figure depicts the region lying to the north of the Polar Front (PF), i.e., region 

of the Northern Sub-Antarctic Front (SAF1). Panel (a) represents the same as Figure 5.4 (a) 

but for sounding launched in SAF1 region. Panel (b) represents same as Figure 5.4 (b) but for 

sounding launched at 45.00°S, 61.30°E on 19-12-2017 at 06:00 UTC in SAF1 region. Panel 

(c) represents same as Figure 5.4 (c) but for sounding launched in SAF1 region. Panel (d) 

represents CALIPSO standard daytime 0 – 5,000 m vertical products of aerosol sub-types 

derived for 19-12-2017, 09:56 to 10:09 UTC during its orbit between 49.84°S, 65.66°E to 

43.85°S, 63.37°E. Panel (e) represents CALIPSO standard daytime profile of 0 – 5,000 m 
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vertical products of ice/water cloud phase derived for 19-12-2017, 09:56 to 10:09 UTC while 

it is orbiting between 49.84°S, 65.66°E to 43.85°S, 63.37°E. Panel (f) represents same as Figure 

5.4 (f) but for sounding (RL2) launched in SAF1 region. 

These unstable conditions supported the formation of four significant inversions and the 

absence of cloud layers (Table 5.1). The aerosols were primarily of marine origin at lower 

altitudes (<2,000 m), while polluted dust was noticed at higher altitudes (>4,500 m) (Figure 

5.5d). From air mass back-trajectories, the marine aerosols at lower altitudes were locally 

generated or long-range advected from open SO region at altitudes 20 m and 500 m, 

respectively (Figure 5.5f). In comparison, the likelihood of polluted dust at high altitudes 

(4,600 m) was attributed to long-range transport from the South American continent (Figure 

5.5f). Interestingly, aerosol loading was weak in the region due to the unstable atmospheric 

conditions that mixed and dispersed aerosols, thereby limiting accumulation of aerosols in 

within the well-mixed boundary layer. In contrast, in-situ measurements on near surface mass 

concentration of BC aerosols showed relatively higher estimates (54 ± 6 ng m-3) in this region 

if compared to near surface BC mass concentration (46 ± 21 ng m-3) observed in NSTF region. 

Such an increase of near surface concentration of BC aerosols in this case is likely attributed 

to relatively reduced dispersion of surface-based BC aerosols due to low-speed winds close to 

the oceanic surface in SAF1 (3.06 m s-1) case compared to higher wind magnitudes (10.19 m 

s-1) in case for NSTF region. Also, can be due to the formation of system of multiple oceanic 

and atmospheric fronts.     

5.3.2.3. Over Polar Front (PF1)  

Data from radiosonde launched at 52.00°S, 64.20°E on 22nd December 2017 at 22:00 UTC 

(03:30 LT) represents the atmospheric conditions over PF1 (Figure 5.6a, b). The synoptic near-

surface air-sea temperature gradient increased from -1.0 to 1.5℃ , while at the sounding 

location, dT equals to 0.9℃ was observed (Figure 5.6c). In this region, the combined effect of 
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weak dT, the lowest recorded MSLP (973 hPa), and the advection of colder air masses by 

westerly winds (> 19.16 m s-1) caused significant stability as well as supported the formation 

of an intense low-pressure cyclonic system. The stable state of the lower atmosphere is evident 

with a gradual increasing (decreasing) tendency of 𝜃𝑣 (r) profiles with increasing altitudes up 

to 5,000 m (Figure 5.6b). In these atmospheric conditions, the presence of low-level multi-

layer clouds (decreased gradient of T and Td, RH > 90%) were observed (Figure 5.6a, b). The 

lowest cloud layer was as low as 340 m (cloud base) with a thickness of 320 m, while the 

second thicker cloud layer was present at 2,200 m with a thickness of 1,160 m and extending 

up to 3,360 m (Figure 5.6a, b). The temperature at the top of the first cloud layer was -0.4oC  

 

Figure 5.6 The figure depicts the region lying in the Polar Front (PF), i.e., region of the 

Northern Polar Front (PF1). Panel (a) represents the same as Figure 5.4 (a) but for sounding 
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launched in PF1 region. Panel (b) represents same as Figure 5.4 (b) but for sounding launched 

at 52.00°S, 64.20°E on 22-12-2017 at 22:00 UTC in the PF1 region. Panel (c) represents same 

as Figure 5.4 (c) but for sounding launched in PF1 region. Panel (d) represents CALIPSO 

standard daytime 0 – 5,000 m vertical products of aerosol sub-types derived for 22-12-2017, 

10:26 to 10:40 UTC during its orbit between 55.79°S, 60.76°E to 49.84°S, 57.95°E. Panel (e) 

represents CALIPSO standard daytime profile of 0 – 5,000 m vertical products of ice/water 

cloud phase derived for 22-12-2017, 10:26 to 10:40 UTC while it is orbiting between 55.79°S, 

60.76°E to 49.84°S, 57.95°E. Panel (f) represents same as Figure 5.4 (f) but for sounding (RL3) 

launched in PF1 region. 

which indicated the presence of highly saturated supercooled water (SLW). However, at the 

base and top of the second cloud layer, the temperature dropped abruptly from -8.2℃ to -9.7℃, 

indicating that condensation may have resulted in the formation of mixed-phased SLW or ice-

phased clouds (Figure 5.6a). SLW/IWC clouds in this region were also noticed in the 

CALIPSO water phase feature (Figure 5.6e). The significant stability in the low-level 

atmosphere accounted for multiple stronger inversions at higher altitudes (Figure 5.6b). In this 

sounding, the top of the second cloud layer was capped by the first inversion of strength 2.24 

K m-1 at 3,300 m, while a weaker second inversion of strength 0.73 K m-1 was observed at 

3,880 m. Overall, the presence of thick clouds prevented identifying the top of the mixed layer 

height. Significant loading of dust and dusty marine aerosols prevailed within intermediate and 

higher altitudes (1,000 m to 5,000 m; Figure 5.6d). At lower altitudes (< 2,000 m), marine 

origin aerosols were observed. The back-trajectories showed the clockwise circulation of air 

mass associated with an intensified cyclonic system (Figure 5.6f).     

5.3.2.4. Over Polar Front (PF2)  

Data from radiosonde launched at 54.00°S, 68.30°E on 23rd December 2017 at 06:00 UTC 

(11:30 LT) was used as a representative sounding for PF2 (Figure 5.7a, b). The atmospheric 
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conditions over PF2 were like PF1 and recorded the lowest MSLP in this study (980 hPa), 

lowest freezing temperatures (-1℃), and the highest percentage of RH (97.71%). Also, strong 

winds (>17.98 m s-1) induced by the polar jet stream were noticed up to 5000 m altitude that 

constantly advected colder and highly saturated air masses from the west direction (245.73o; 

Figure 5.7a, c). The only distinction observed in the PF2 region was the strong barrier generated 

by winds at mid-latitudes (at 500 m to 1,600 m altitude), which separated low-level low-

pressure cyclonic precipitation core from the high-level updraft storms. The cyclonic 

precipitation core was evident by the formation of the cold front region exhibiting negative dT 

ranging from -0.15℃  to 0.15℃ (blue shaded area in Figure 5.7c). The radiosonde  

 

Figure 5.7 The figure depicts the region lying in the Polar Front (PF), i.e., region of the 

Southern Polar Front (PF2). Panel (a) represents the same as Figure 5.4 (a) but for sounding 
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launched in PF2 region. Panel (b) represents same as Figure 5.4 (b) but for sounding launched 

at 54.00°S, 68.30°E on 23-12-2017 at 06:00 UTC in PF2 region. Panel (c) represents the same 

as Figure 5.4 (c) but for sounding launched in PF2 region. Panel (d) represents CALIPSO 

standard daytime 0 – 5,000 m vertical products of aerosol sub-types derived for 23-12-2017, 

09:31 to 09:44 UTC during its orbit between 55.74°S, 74.64°E to 49.79°S, 71.83°E. Panel (e) 

represents CALIPSO standard daytime profile of 0 – 5,000 m vertical products of ice/water 

cloud phase derived for 23-12-2017, 09:31 to 09:44 UTC while it is orbiting between 55.74°S, 

74.64°E to 49.79°S, 71.83°E. Panel (f) represents same as Figure 5.4 (f) but for sounding (RL4) 

launched in PF2 region. 

the lowest dT (-0.2℃), and its coupling with prevailing atmospheric parameters accounted for 

the stable conditions. This was evident with the gradually increasing (decreasing) tendency of 

𝜃𝑣 (r) throughout 5,000 m altitude (Figure 5.7b). In addition, the condensation also accounted 

for the saturated first cloud layer from just a few meters above the surface (40 m), having a 

thickness of 520 m (Figure 5.7a, b). In comparison, the second cloud layer was noticed up to 

2,020 m having a thickness of 540 m. These low-level clouds were likely in the form of SLW 

or IWC, with temperatures ranging between -5℃ and -12℃ (Figure 5.7a, b). The presence of 

SLW/ICE clouds was also observed in the CALIPSO water phase feature (Figure 5.7e). Of the 

total, five significant inversions were observed, i.e., three high altitude inversions at 3,780 m, 

4,260 m, and 4,600 m of strength 0.59 K m-1, 0.32 K m-1, and 0.14 K m-1, respectively. Another 

two low-altitude inversions at 160 m and 800 m of strength 0.35 K m-1 and 0.22 K m-1, 

respectively, were also observed at the base and top of the first cloud layer (Figure 5.7b). In 

PF2, identification of mixed layer height was not possible due to higher cloud coverage at low 

altitudes. Akin to PF1, the vertical aerosol features in PF2 also showed higher loading of dust 

and dusty marine-type aerosols within 5,000 m altitude (Figure 5.7d). In addition, polluted 
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continental/smoke and marine aerosols were observed in lower altitudes (< 1,000 m). A 

cyclonic circulation was evident in the back-trajectory analysis (Figure 5.7f).      

5.3.2.5 Over Southern Antarctic Circumpolar Current Front (SACCF)  

Data from radiosonde launched at 62.00°S, 70.07°E on 27th December 2017 at 03:00 UTC 

(08:30 LT) is used to represents the conditions over SACCF (Figure 5.8a, b). The region lies 

in the trough of ACC and is characterized by the formation of mesoscale polar cyclonic systems 

due to the strong convergence of cold-dry air mass by southeast winds and relatively warm 

moist air mass by northwest winds. It accounts for the convergence that weakens the wind 

(5.01 m s-1). The winds continuously advect colder and drier polar air masses in the region 

(Figure 5.8a). Thereby, it supports the formation of the cold front as observed from dT (blue-

shaded region; Figure 5.8c). The radiosonde was launched in the cold front during the early 

morning time (local), and a weak dT (0.1℃), low MSLP (987 hPa), and high RH (95.06%) were 

recorded (Table 5.1). The gradual increase (decrease) in 𝜃𝑣(r) accounted for higher stability of 

the atmospheric column (Figure 5.8b). It supported an intense cyclonic system that caused 

significant low-level precipitation resulting in low-level multi-layered clouds (Figure 5.8b). 

The base of the first cloud layer was observed to be as low as 40 m with a thickness of 520 m, 

while the second cloud layer was only a few meters above the first cloud layer extending from 

860 m to 920 m with thickness 60 m (Figure 5.8a, b). The low-level cloud formation was due 

to the mesoscale convergence. At mid and higher altitudes above 920 m, the weakening of 

convergence updrafts caused cloud-free conditions. The strong winds at high altitudes also 

resulted in multiple inversions (Figure 5.8b). The first significant inversion was observed at 

1,100 m with a strength of 1.78 K m-1, which capped the top of the second cloud layer (Figure 

5.8b). This inversion marked the top of the mixed layer (1,100 m), above which the presence 

of dry tropospheric air mass (the larger decreasing tendency of r and RH; Figure 5.8b) 

prevailed. There was a decrease in aerosol species (notably dust aerosols) within a 5,000 m 
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atmosphere compared to the aerosol loading observed in PF (Figure 5.8d). However, in lower 

altitudes (< 1500 m), aerosols of marine origin, i.e., sea salt, non-sea salt aerosols, such as 

dimethyl sulfate (DMS), and other organic aerosols, were observed. Additionally, some dust 

aerosols were also noticed at higher altitudes (4,500 m to 5,000 m).  

 

Figure 5.8 The figure depicts the region lying in the south of the Polar Front (PF), i.e., region 

of Southern Antarctic Circumpolar Current Front (SACCF). Panel (a) represents the same as 

Figure 5.4 (a) but for sounding launched in SACCF region. Panel (b) represents same as Figure 

5.4 (b) but for sounding launched at 62.00°S, 70.07°E on 27-12-2017 at 03:00 UTC in SACCF 

region. Panel (c) represents the same as Figure 5.4 (c) but for sounding launched in SACCF 

region. Panel (d) represents CALIPSO standard daytime 0 – 5,000 m vertical products of 

aerosol sub-types derived for 27-12-2017, 10:45 to 10:59 UTC while it is orbiting between 
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67.22°S, 64.78°E to 61.46°S, 60.67°E. Panel (e) represents CALIPSO standard daytime profile 

of 0 – 5,000 m vertical products of ice/water cloud phase derived for 27-12-2017, 10:45 to 

10:59 UTC while it is orbiting between 67.22°S, 64.78°E to 61.46°S, 60.67°E. Panel (f) 

represents same as Figure 5.4 (f) but for sounding (RL5) launched in SACCF region. 

5.3.2.6. Over Southern Boundary of ACC (SB) 

Data from radiosonde launched at 64.40°S, 70.60°E on 28th December 2017 at 06:00 UTC 

(11:30 LT) represents the SB region (Figure 5.9a, b). The atmospheric conditions were 

controlled by the potential warming of Antarctic waters regulated by two sub-polar gyres 

(Weddell gyre to its west and Prydz Bay gyre to its east). This induced higher dT (2.0℃) and 

resulted in a weak warmer frontal region (orange-yellow shaded region in Figure 5.9c). It 

enhanced the surface air-sea temperature gradient accounted for unstable MABL conditions. 

The destabilization of MABL resulted in a higher atmospheric mixing leading to a well-

developed shallow mixed layer capped by a single inversion observed at 1,220 m of strength 

1.57 K m-1 (Figure 5.9b). Above this inversion, drier air mass with lower values of RH and r 

(also a more significant difference in T and Td; Figure 5.9a, b) prevailed. The absence of cloud 

layers was observed over SB (Figure 5.9b). Based on the vertical profile of aerosols, a natural 

atmosphere, primarily composed of marine aerosols prevails; however, a small amount of dusty 

marine aerosol was also noticed at lower altitudes below 1,500 m (Figure 5.9d). The major 

vertical spread of the aerosols was confined below 1,100 m where strong inversion may be a 

restrictive factor (Figure 5.9b, d). In this region, clean maritime air mass prevailed at mid and 

higher altitudes (>1,500 m to 5,000 m; Figure 5.9d, f).  
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Figure 5.9 The figure depicts the region lying in the south of the Polar Front (PF), i.e., region 

of Southern boundary of ACC (SB). Panel (a) represents the same as Figure 5.4 (a) but for 

sounding launched in SB region. Panel (b) represents same as Figure 5.4 (b) but for sounding 

launched at 64.40°S, 70.60°E on 28-12-2017 at 06:00 UTC in SB region. Panel (c) represents 

the same as Figure 5.4 (c) but for sounding launched in SB region. Panel (d) represents 

CALIPSO standard daytime 0 – 5,000 m vertical products of aerosol sub-types derived for 28-

12-2017, 09:49 to 10:03 UTC during its orbit between 67.17°S, 78.63°E to 61.41°S, 73.54°E. 

Panel (e) represents CALIPSO standard daytime profile of 0 – 5,000 m vertical products of 

ice/water cloud phase derived for 28-12-2017, 09:49 to 10:03 UTC while it is orbiting between 

67.17°S, 78.63°E to 61.41°S, 73.54°E. Panel (f) represents same as Figure 5.4 (f) but for 

sounding (RL6) launched in SB region. 
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5.3.2.7. Over Coastal Antarctica (CA)  

Data from radiosonde launched at 66.10°S, 74.80°E on 29th December 2017 at 05:00 UTC 

(10:30 LT) was used to depict conditions over CA (Figure 5.10a, b). The atmospheric dynamics 

This region was influenced by the activity of Prydz Bay gyre (Smith et al., 1984). It induced 

stronger convective eddies near the sea-surface, evident from higher dT forming a warmer front 

(red shaded region; Figure 5.10c). The higher dT at the location of radiosonde sounding (2.1℃) 

triggered unstable conditions resulting in a well-evolved mixed layer (Figure 5.10b, c). The 

mixing was capped by a significant low-level inversion at 1,200 m height of strength, 1.34 K 

m-1. Below this inversion, condensation occurred due to the advection of cold continental air 

mass (RH> 90 % below 1,200 m; Figure 5.10a). This supported the formation of a low-level 

single cloud layer with a base at ≈580 m and a thickness of 540 m (Figure 5.10a, b). Above 

this inversion, cold-dry air mass prevailed (larger difference in T and Td, lowest RH and r; 

Figure 5.10a, b). The vertical aerosol features showed a negligible fraction of dust aerosols in 

lower altitudes (<2,000 m), while clean maritime air masses were more likely (Figure 5.10d). 

Thus, nearly natural atmospheric conditions were observed in this region. 
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Figure 5.10 The figure depicts the region lying in the south of the Polar Front (PF), i.e., region 

of Coastal Antarctica (CA). Panel (a) represents the same as Figure 5.4 (a) but for sounding 

launched in CA region. Panel (b) represents same as Figure 5.4 (b) but for sounding launched 

at 66.10°S, 74.80°E on 29-12-2017 at 05:00 UTC in CA region. Panel (c) represents the same 

as Figure 5.4 (a) but for sounding launched in CA region. Panel (d) represents CALIPSO 

standard daytime 0 – 5,000 m vertical products of aerosol sub-types derived for 29-12-2017, 

10:33 to 10:46 UTC during its orbit between 67.11°S, 67.76°E to 61.35°S, 62.59°E. Panel (e) 

represents CALIPSO standard daytime profile of 0 – 5,000 m vertical products of ice/water 

cloud phase derived for 29-12-2017, 10:33 to 10:46 UTC while it is orbiting between 67.11°S, 

67.76°E to 61.35°S, 62.59°E. Panel (f) represents same as Figure 5.4 (f) but for sounding (RL7) 

launched in CA region. 
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5.3.3. Variability of aerosols, direct shortwave aerosol radiative forcing and rate of 

atmospheric heating due to aerosols 

5.3.3.1. Variation of Black Carbon (BC) mass concentration 

The BC mass concentrations measured along the cruise track are shown in Figure 5.11a. 

Measurements revealed significantly higher values of BC (prominently > 250 ng m-3) in the PF 

regions (PF1 and PF2) lying between 47°S to 60°S. The highest BC concentration was at 

59.00°S, 70.04°E, with a 297 ng m-3. The regions north of the PF between 30°S to 46°S (i.e., 

NSTF and SAF) showed moderate BC values ranging from 21 ng m-3 to 85 ng m-3. Estimates 

of BC mass concentrations in regions of NSTF and SAF1 were 45.56±21.49 and 54±6.48 ng 

m-3 respectively. In the region south of PF, between 60°S and 65°S (i.e., SACCF and SB), BC 

concentrations varied from 24 ng m-3 to 155 ng m-3. Towards the extreme south near the coast 

of Antarctica (CA), a decrease in BC mass concentrations was observed with values as low as 

43 ng m-3. A previous study by Moorthy et al. (2005a) has also reported lower values of BC 

mass concentration (< 50 ng m-3) between 20°S to 56°S, whereas (Menon et al., 2015; Hulswar 

et al., 2020) reported values ranging between 49 and 300 ng m-3. However, a recent study by 

Srivastava et al. (2021) reported relatively higher estimates of BC mass (>200 ng m-3) till 57°S. 

5.3.3.2. Variation of Aerosol Optical Depth (AOD) 

High variability in the Sunphotometer-measured AOD values were observed across the study 

region (Figure 5.11b). From this variability, it is evident that over PF (PF1 and PF2), 

significantly higher values of AOD varied from 0.123 to 0.088 (Figure 5.11b). In PF1, the mean 

estimates of AOD were 0.111±0.016, while in PF2, the values were 0.108±0.001 (Table 5.1). 

The regions north of the PF (NSTF and SAF) showed values of AOD varying between 0.083 

and 0.103, with mean estimates of 0.095±0.006. In contrast, the regions south of PF to the 

coast of Antarctica (SACCF, SB, and CA) showed lower estimates of AOD, reaching as low 

as 0.067. A similar range of AOD values were reported in previous studies in the ISSO (Menon 
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et al., 2015; Hulswar et al., 2020) as well as in the Australian sector of the SO (Alexander and 

Protat, 2019). In this study, a large oceanic region has been covered (30°S to 67°S), and across 

such a large spatial area, a wide range of AOD values prevailed. These values highlighted the 

large spatial contrast over the study area due to varying sources, sinks, and transport pathways. 

5.3.3.3. Comparison Between Aerosol Distribution Observed from Varied Sources 

As discussed in sections above, vertical distribution of aerosol species has been examined using 

CALIPSO datasets for seven different case studies conducted in seven unique frontal regions 

of ISSO. Corresponding to these seven case study locations and timing, mass concentration of 

BC aerosols and columnar AOD was measured. Inferences drawn on aerosol loading observed 

from CALIPSO datasets closely corroborated with in-situ measured BC aerosols 

concentrations and columnar AOD estimates. In polar front region, CALIPSO data revealed 

significant higher loading of aerosols (i.e., dust and dusty marine) in vertical 5000 m 

atmosphere. Such a significant aerosol loading in this region was also observed in in-situ 

measured near surface BC aerosols (275.5± 23.5 ng m-3) and in-situ measured columnar AOD 

(0.1095 ± 0.0085) in this region. Thus, remotely retrieved as well as in-situ aerosol 

measurements obtained from different sources clearly highlighted the presence of anomalously 

higher aerosol concentrations near the surface as well as within MABL in this remote polar 

front region of ISSO. In contrast, further in regions south of polar front, data from CALIPSO 

as well as from in-situ measurements i.e., near surface mass concentration of BC aerosols 

(240.3 ± 18.3 ng m-3) and columnar AOD (0.0705) highlighted a relative decline in aerosol 

loading in this region, if compared to that observed in polar front region. This decrease is 

attributed to prevailing unique meteorological conditions in this region such as., significant 

decline in the baroclinic instabilities due to weaking of horizontal pressure gradient force which 

was strongest in regions of polar front. The strong baroclinic instabilities in polar front region 

has thereby caused higher accumulation by increasing the residence time of aerosols in that 
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region. Moreover, lowest aerosols loading was observed in region north of polar front if 

compared to that observed in polar front region and region south of polar front. Both CALIPSO 

data and in-situ measured BC aerosols (50.0 ± 13.5 ng m-3) and columnar AOD (0.095 ± 

0.006) data revealed significantly lower aerosols in this region. Such a decreased aerosol 

loading in this region is attributed to drastically distinct boundary layer dynamics observed in 

these regions. Mainly higher SST and air temperatures accounts for increased turbulent air-sea 

exchanges within MABL’s which, coupled with common high-pressure formations results in 

destabilizing boundary layer and accounting for strong boundary layer mixing. The results of 

enhanced boundary layer mixing are likely to cause increased dispersion of aerosols and 

consequently decreases the proximity of increased aerosols accumulation or higher residence 

of aerosols within the MABL’s in these regions. 

5.3.3.4. Clear sky Direct Shortwave Aerosol Radiative Forcing (DARF) 

The DARF variation at top of the atmosphere (TOA), surface (SFC), and atmosphere (ATM) 

depicted an irregular varying trend over ISSO fronts (Figure 5.11c). This variation depicted 

different distributions of aerosols attributed to the resultant irregular variability of DARF. The 

interpretation of aerosol-induced DARF was such that consistently high ATM forcing was 

observed over PF regions (PF1 and PF2) varying from 1.33 to 1.98 W m-2, where mean 

estimates at PF1 were 1.75±0.29 W m-2 and in PF2 was 1.71±0.01 W m-2. However, relatively 

lower values of DARF were observed over the frontal regions north and south of PF. The DARF 

over the northern regions of PF (NSTF and SAF) varied from 1.14 to 1.43 W m-2, while regions 

south of PF (SACCF, SB, and CA) showed lowest values of DARF varying between 1.10 and 

1.21 W m-2 (Table 5.1). Over PF regions, the DARF at TOA varied between -5.5 and -8.16 W 

m-2 and at SFC was between -6.89 and -10.14 W m-2, leading to the resultant DARF. The TOA 

forcing in the regions north of PF varied between -4.55 and -4.99 W m-2, and the corresponding 

forcing at SFC between -4.57 and -6.38 W m-2. However, in the regions south of PF, the TOA 
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forcing varied between -6.60 and -7.05 W m-2, and SFC forcing varied between -7.77 and -8.27 

W m-2, respectively.  

5.3.3.5. Variation of atmospheric Heating Rate (HR) 

The HR estimates varied between 0.021 to 0.032 K day-1 over PF1 and PF2. In contrast, lower 

HR estimates were obtained in regions south of PF (SACCF, SB, and CA), with values as low 

as 0.018 and 0.019 K day-1. In the regions north of PF (NSTF and SAF), HR values varied 

between 0.018 and 0.023 K day-1.  

 

Figure 5.11 Aerosol measurements carried along the forward cruise track of the Xth Indian 

Expedition to the Southern Ocean (SOE-X) from 35°S to 66°S along 56°E to 76°E. Along this 

cruise track, a 2D variation of (a) mass concentration of black carbon (BC) aerosols, (b) aerosol 

optical depth (AOD), and (c) total shortwave clear sky direct aerosol radiative forcing (DARF) 

observed at the surface (SFC in red), top of atmosphere (TOA in black), and atmosphere (ATM 

in blue) are depicted. Approximate locations of oceanic fronts are acquired from Belkin and 

Gordon (1996) and Anilkumar et al. (2015) (grey dotted lines). 
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Table 5.1 The characteristics of clouds, inversions, aerosols, direct shortwave radiative forcing, and atmospheric heating rate over ISSO regions from 

measurements collected during forward track of the Xth Southern Ocean Expedition. 

I. Frontal Regions  

of the Indian  

Ocean sector of Southern Ocean 

(ISSO) 

Regions North of Polar Front Polar Front Regions Regions South of Polar Front 

Sub-

Tropical 

Front 

(NSTF) 

Sub-Antarctic 

Front 

(SAF1) 

Northern 

Polar Front 

(PF1) 

Southern 

Polar Front 

(PF2) 

Southern 

Antarctic 

Circumpolar 

Current Front 

(SACCF) 

Southern 

Boundary  

of ACC 

(SB) 

Coastal 

Antarctica 

(CA) 

*Adopted frontal-based 

classification of the study area 

32°S 

to 

40°S 

41°30′S 

to 

44°S 

47°S 

to 

52°30′S 

54°30′S 

to 

59°30′S 

60°S 

to 

62°S 

64°S 

to 

65°S 

65°S 

to 

68.5°S 

II. Details of Atmospheric Sounding at Seven Case Study Locations 

Launch Number RL1 RL2 RL3 RL4 RL5 RL6 RL7 

Launch Date 
14 Dec 

2017 
19 Dec 2017 

22 Dec 

2017 
23 Dec 2017 

27 Dec 

2017 
28  

Dec 2017 
29 Dec 2017 

Launch Time (UTC) 01:00 06:00 22:00 06:00 03:00 06:00 05:00 

Launch Location 
38.00°S, 

58.40°E 
45.00°S, 

61.30°E 
52.00°S, 

64.20°E 
54.00°S, 

68.30°E 
62.00°S, 

70.07°E 
64.40°S, 

70.60°E 
66.10°S, 

74.80°E 

III. Thermodynamic Metrics 

SST (K) 17.1 13.3 3.1 1.2 0.1 0.5 -1.2 

SST - Tair (K) 0.1 5.5 0.9 -0.2 0.34 2.0 2.1 
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MSLP (hPa) 1013 1019 973 980 987 990 987 

**WS (m s-1) 10.19 3.06 19.16 17.98 5.01 5.18 6.14 

**WD (°) 338.74 289.64 270.78 245.73 251.51 91.1 69.88 

**RH (%) 79.01 73.93 95.32 97.71 95.06 82.66 91.58 

IV. Inversion Characteristics (Surface - 5,000 m) 

Inversions (INV) 3 INV 4 INV 2 INV 5 INV 5 INV 1 INV 1 INV 

First INV height (m) 660 220 3,300 160 1,100 1,220 1,200 

First INV strength (K m-1) 0.27 0.50 2.24 0.35 1.78 1.57 1.34 

Second INV height (m) 2,440 840 3,880 800 2,220 - - 

Second INV strength (K m-1) 0.89 0.14 0.73 0.22 0.16 - - 

Third INV height (m) 4,660 1,860 - 3,780 3,640 - - 

Third INV strength (K m-1) 0.19 3.17 - 0.59 0.31 - - 

Fourth INV height (m) - 4,320 - 4,260 4,440 - - 

Fourth INV strength (K m-1) - 0.12 - 0.32 0.2 - - 

Fifth INV height (m) - - - 4,600 4,880 - - 

Fifth INV strength (K m-1) - - - 0.14 1.28 - - 

V. Cloud Characteristics (Surface - 5,000 m) 

Cloud layer (CL) No CL No CL 2 CL 2 CL 2 CL No CL 1 CL 

1st CL: base height (m) - - 340 180 40 - 580 



Chapter 5. Aerosol-Boundary Layer Dynamics and its effect on Aerosol Radiative Forcing and Atmospheric Heating in the Indian Ocean 

sector of Southern Ocean (ISSO) 

 

182 

1st CL: top height (m) - - 660 680 560 - 1,120 

1st CL: Total cloud thickness (m) - - 320 500 520 - 540 

2nd CL: base height (m) - - 2,200 1,480 860 - - 

2nd CL: top height (m) - - 3,360 2,020 920 - - 

2nd CL: Total cloud thickness (m) - - 1,160 540 60 - - 

VI. Aerosol Characteristics 

Dominant aerosol type 

Marine, 

dust, and 

elevated 

smoke 

Marine, dust, and  

polluted dust 

Marine, 

dust, and  

dusty 

marine 

Marine, dust, 

dusty marine,  

and smoke 

Marine  

and  

dust 

Marine  

and  

dusty marine 
Dust 

Measured Aerosol Optical Depth 
0.095± 

0.006 
- 

0.111± 

0.016 
0.108± 

0.001 
- 0.074 0.067 

Black Carbon mass conc. (ng m-3) 46±21 54±6 269±42 282±5 155 71±55 43 

Clear sky Direct Aerosol  

Radiative Forcing (W m-2) 
1.32± 

0.11 
- 

1.75± 

0.30 
1.71± 

0.01 
- 1.22 1.11 

Atmospheric Heating Rate (K day-1) 
0.022± 

0.002 
- 

0.029± 

0.005 
0.028± 

0.001 
- 0.002 0.018 

Note: * Identification of oceanic fronts over ISSO were adopted from Belkin and Gordon, 1996 and Anil Kumar et al., 2015. * * The wind speed (WS), 

wind direction (WD), and relative humidity (RH) in subheading II are mean values at 925 hPa. 
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5.4. Discussion  

5.4.1. Regions of Polar Front (PF1 and PF2) 

The atmosphere over PF revealed a significant loading of dust aerosols. Also, elevated surface 

BC aerosols were noticed in these regions. Because of higher aerosol loading, the estimated 

clear sky shortwave DARF and atmospheric HR were maximum. Thus, it can be inferred that 

the only possible origin of anthropogenic aerosols was long-range transport from the 

neighboring continent. Examination of back-trajectories revealed prominent advection from 

the open SO region, while strong winds in this region might be able to transport dust particles 

advected from longer distances mainly generated from the western African continent and other 

far away continents as well (Figure A14). Thus, due to strong wind, these long-range advected 

dust particles are most likely to be in fine mode range (O'Dowd et al., 1997; Murphy et al., 

1998; Menon et al., 2015). This increases the possibility for higher suspension and increased 

residence time of these aerosols. Moreover, the higher near-surface mass concentration of BC 

aerosols was most likely advected from the Kerguelen Island (49.50°S, 69.50°E), being in the 

closest proximity to PF (Srivastava et al., 2021). However, in addition to long-range transport, 

the pertinent factor for such an enormous dust loading was the thermodynamic properties of 

low-level MABL, which regulate the cycle of these aerosols. 

Firstly, this region experienced strong winds due to the polar jet stream. The polar jet stream 

typically witnessed in the proximity of 60°S induces strong winds having average magnitudes 

greater than 23 m s-1, wherein the intensities were dependent upon factors such as the location 

of high and low-pressure systems, development of warm and cold fronts, and seasonal changes 

(Nakamura et al., 2004). Such an intense wind rapidly mixes air masses of distinct properties. 

Hence, a strong temperature-pressure gradient was built that separated these air masses. This 

separation is commonly referred as the formation of baroclinic instabilities which occurred at 
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shorter distances in the atmosphere of polar front region (Reed, 1979; Moore et al., 1999a). 

Any small fraction of aerosols (dust, BC, and other anthropogenic aerosols) advected or 

(marine aerosols) produced in this region were forced into these thermal boundaries by high-

speed gusty winds. Once trapped, the meteorological conditions of freezing temperatures, 

decreased MSLP, highest RH, and continuous flow of colder air masses accounted for the 

confinement of these aerosols within the atmosphere. The meteorological conditions were also 

conducive to forming numerous intensified mid-latitude cyclonic systems (Carleton and Song, 

1997; Field and Wood, 2007; Irving et al., 2010). These cyclonic cores also accounted for 

enhanced trapping and, thereby, decreased the dispersion of these aerosols. The coupled role 

of these two dynamics specific to PF accounted for higher confinement and accumulation, thus, 

increasing the residence time of aerosols over the PF. 

5.4.2. Regions North of Polar Front (NSTF and SAF) 

The subtropical frontal regions (NSTF and SAF) showed prominence of marine aerosols in the 

low-level atmosphere, while some fractions of continentally originated aerosols were noticed 

at higher altitudes (>3,500 m). Also, a moderate concentration of near-surface BC aerosols and 

AOD were observed in this region. Thus, the clear sky DARF in this region was governed by 

naturally originated aerosols and, to a lesser extent, by anthropogenically produced aerosols. 

Due to this, the clear sky DARF and atmospheric HR were less in this region compared to the 

PF. In this region, marine aerosols comprised sea salt particles produced in-situ from sea spray, 

bubble bursting, or wave breaking induced by surface winds, as well as other organic particles 

produced by conversion from gas to particles (O'Dowd et al., 1997). The origin of these 

aerosols, when traced by back-trajectories, indicated their long-range transport from the open 

SO region to the lower atmosphere. However, at higher altitudes (>3,500 m), anthropogenic 

aerosols comprised particles of polluted dust and elevated smoke, which were long-range 
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advected from the western South African continent. Interestingly, a higher loading of marine 

aerosols was observed in the NSTF region, while relatively negligible aerosols were observed 

in the SAF region. Although both regions represented a high-pressure zone where strong 

subsidence was a prominent dynamic feature, the influence of strong subsidence was evident 

over NSTF. It accounted for a higher accumulation of aerosols in the lower atmosphere, like 

the results over land from Hu et al. (2021). These aerosols were strongly mixed and confined 

well within a mixed layer capped by a stronger temperature inversion that prevented further 

dispersion of aerosols in altitudes above this inversion (Prasad et al., 2021). However, over 

SAF, the occurrence of subsidence was weakened by strong convection in the lower 

atmosphere. This convection was induced by ARC (Lutjeharms and Gordon, 1987; Lutjeharms 

and Ansorge, 2001). The effect of strongest convection was evident in the atmospheric column 

evident with uniform mixing that formed a well-evolved deeper mixed layer over SAF. Hence, 

a convective updraft of air mass has accounted for the higher dispersion of low-lying aerosols. 

This may have led to reduced suspension and lesser accumulation of aerosols in the SAF 

region.  

5.4.3. Regions South of Polar Front (SACCF, SB, and CA) 

Over SACCF, the distinct atmospheric condition included forming an intensified low-pressure 

mesoscale cyclonic system regulated by the convergence of air mass of varying properties of 

winds from different directions. The intensification of this system was supported by the lowest 

temperatures and atmospheric pressure conditions. These cyclonic systems were responsible 

for significant precipitation leading to snowfall or foggy conditions, followed by clouds nearer 

to the surface. These clouds were low-level multi-layered SLW/ICE. In contrast to PF, distinct 

lower aerosol variability was observed. Here, the aerosol concentrations were negligible 

throughout the vertical column of the atmosphere compared to those over PF. A small fraction 
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of in-situ produced marine aerosols advected from the open SO and dust advected from active 

research stations in eastern Antarctica were observed in the lower atmosphere. At the same 

time, a clean maritime air mass was prominently seen at different altitudes. Also, a reduction 

in the surface concentration of BC aerosols and AOD were noticed. Because of the lower 

aerosol loading, clear sky DARF and HR were also lower than that at the PF. Thus, probing the 

reason for such a distinct aerosol variability in SACCF, despite similar meteorology as that of 

PF could be attributed to the weakening of westerly winds (5.01 m s-1). As a result, this has 

ultimately decreased the temperature-pressure gradient, eroding the baroclinic boundaries' 

intensity throughout the atmospheric column over SACCF. The likelihood of higher aerosol 

dispersion was high, thus preventing any aerosol accumulation. It can also be noted that a small 

fraction of aerosols confined in the lower atmosphere was mainly within the convergence over 

the mesoscale cyclonic core. 

Further, towards the SB and CA regions, minimum aerosol loading was observed. The 

predominant aerosols were naturally produced marine aerosols and more likely naturally or 

anthropogenically produced dust aerosols. Dust aerosols and a small amount of BC aerosols 

were advected from long range transport from active research stations in Antarctica (Srivastava 

et al., 2021). However, the atmospheric dynamics specific to this region have accounted for 

lower accumulation and higher dispersion of advected aerosols. The warming of Antarctic 

waters controlled these dynamics due to strong convective activities occurring over the 

Weddell Sea gyre and Prydz Bay gyre (Smith et al., 1984). The proximity forming low-pressure 

cyclonic systems was the least, indicating less probability of an increase in aerosols within the 

cyclonic cores. However, shallow convection spreads aerosols in this region. Thus, in 

resonating with such atmospheric dynamics, the formation of clouds was inhibited, leading to 
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clear sky/cloud-free conditions. However, convective instability induced a single low-level 

inversion that restricted the convective updrafts above MABL in these regions.  

5.5. Concluding remarks 

The study described in this chapter provided a novel set of measurements presenting first-time 

understanding of the effect of oceanic fronts in shaping the vertical thermodynamic structure 

of MABL and its role in regulating aerosol dynamics and associated clear sky DARF and HR 

in the ISSO region. Some of the major findings of this study are listed below, 

1. A significant accumulation of dust and BC aerosols were observed over the PF and hence 

resulted in higher estimates of clear sky DARF and HR. The long-range advected 

anthropogenic origin aerosols (from continent) as well as in-situ produced natural origin 

aerosols, likely trapped within the baroclinic instability and intense mid-latitude low 

pressure cyclonic system were likely the primary cause of higher aerosol loading and 

increased residence and accumulation of aerosols in the atmosphere of polar front region. 

2. The pattern of wind circulation over polar front region i.e., PF1, PF2, and SACCF depicted 

strong cyclonic clockwise curling of winds indicating occurrence of mid-latitude cyclones.   

3. Much of the atmospheric column over the Antarctic coast was pristine, and thereby 

accounted for lowest clear sky DARF and HR in this region. However, there was evidence 

of long-range transport of dust and BC aerosols in small fractions over the Antarctic coast, 

where shallow convection enhanced the spread of aerosols at lower altitudes.  

4. An extreme contrast in aerosol loading and thermodynamic state was observed in the 

subtropical frontal regions. Over NSTF region, higher loading of marine aerosols confined 

at lower altitudes has contributed to the resultant DARF and HR, while negligible aerosol 

loading over SAF1 was associated with the strong convective updrafts induced due to the 
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convective activities associated with the ARC and thus, a reduced DARF and HR was 

observed.   

5. In subtropical frontal regions i.e., NSTF and SAF1 region, marine aerosols were confined 

in lower atmosphere while respectively small fraction of elevated smoke and polluted dust 

advected by long range transport from South African continent were noticed at higher 

altitudes.      

6. There was considerable loading of continental aerosols over the polar front region, and two 

scenarios can be implied. In the first scenario, hygroscopic growth of dust aerosols can 

potentially serve as cloud condensation nuclei/ice nucleating particles, i.e., (CCN/INP), and 

initiate excess cloud formation, resulting in anomalous cloud coverage. Secondly, an 

increase in dust and BC aerosols increases the absorption of shortwave radiation (its optical 

property) and may enhance HR. Both scenarios are also applicable to the Antarctic coast, 

where a small fraction of dust and BC aerosols were also deposited by long range transport. 

Because of these scenarios, DARF and HR are altered locally as well as on a larger scale, 

and these alterations have direct effect on Earth’s climate and radiative balance.          
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Chapter 6 

 

Conclusions and Future Scope 

 

6.1. Conclusions 

This thesis explored in detail the boundary layer dynamics occurring in tropics, southern mid-

latitudes, and Antarctica regions, regions which lie among climatically sensitive regions of the 

globe. The uniqueness of investigation presented in this thesis lies in the fact that it addresses 

crucial aspects of atmospheric boundary layer, beginning with air-sea exchanges, surface layer 

turbulence characteristics, structure of marine atmospheric boundary layer, properties of 

clouds, occurrence of inversions, physical processes (i.e., convection, advection, precipitation, 

and radiative heating/cooling), aerosol distribution, radiative forcing, and atmospheric heating. 

Knowledge of these aspects are of crucial importance to underpin key atmospheric dynamics 

and its role in regulating distribution of aerosols and associated radiative forcing unique to 

geographically and topographically distinct regions of the globe with a broader aim to evaluate 

its effect on global climate. Thus, using multidisciplinary techniques, theoretical formulations, 

and a combination of in-situ, remote, and modelled datasets, the study conducted in this thesis 

provided records of new quantifications and surprising results. Major findings obtained in this 

thesis are summarized as follows, 

 This thesis begins by analyzing diurnal and seasonal variability of micrometeorological 

turbulence characteristics of atmospheric surface layer (ASL) over a tropical coastal region of 

Goa (15.46oN, 73.83oE), India using measurements from 32 m meteorological tower installed 

in the campus of Goa University. Analysis of these measurements revealed strong diurnal and 

seasonal variations in the meteorological conditions and associated surface layer fluxes of 

sensible heat (H), turbulent kinetic energy (e), and momentum flux (𝜏 ) resulting in 
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perturbations in the surface layer stability conditions. The results highlighted that over this 

tropical coastal site, seasons of pre-monsoon, post-monsoon, and winter were favorable for 

highly diffusive conditions for the dispersion of aerosols compared to the summer-monsoon 

season. Presence of mesoscale phenomenon peculiar over coastal regions i.e., the onset of land 

and sea breeze circulation during pre-monsoon, post-monsoon, and winter, while the 

prevalence of strong sea breeze throughout 24-hour cycle during summer monsoon season was 

observed over this study region. Analysis based on the application of Monin-Obukhov 

Similarity Theory (MOST) showed prominent variation in the variances of wind components 

and temperature with stability conditions during different seasons. The fitting relationships 

obtained between these variances and stability conditions, empirical coefficients, as well as 

estimations for surface layer fluxes on diurnal and seasonal scales are novel quantifications 

representing this region have been recorded in this thesis. The functional forms developed over 

Goa region describe the turbulent nature of surface layer specific to this location and have 

significant implications in regional air pollution studies. As in air quality calculations, 

observational estimates of meteorological parameters, frictional velocity, Obukhov length, and 

roughness length under varying conditions of stability are considered as a very useful 

parameter. Also, the empirical coefficients which are estimated based on the local scaling and 

similarity relationships under the framework of MOST over the coastal Goa site could be 

included in dispersion models to improve its boundary layer parameterization schemes specific 

for this region. 

Apart from exploring diurnal and seasonal ASL characteristics of a tropical coastal 

region of Goa, India, this thesis presents first novel spatiotemporal records on MABL structure, 

properties of clouds, inversions, and physical processes over least examined sector of SO i.e., 

ISSO, based on 75 high resolution atmospheric sounding measurements collected by 

participating in three ISSO field campaigns. The obtained records described in detail the 
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vertical thermodynamic stability structure of MABL in response to varying air-sea coupling 

over a system of multiple oceanic and atmospheric fronts encountered over three major oceanic 

domains i.e., STIO, ISSO, and HLSO examined in this study. Analysis revealed that frequently 

varying air-sea coupling strongly regulated the vertical thermodynamic structure of MABL 

over wide spatial domain (24°S to 68°S) investigated in this thesis. In STIO region, prominent 

low-level convection was observed to cause prominent destabilization and low-level mixing 

which supported formation of well-developed mixed layer commonly thermodynamically 

coupled to the surface but weakened in mid-latitudes. This was linked to the occurrence of 

internal convective mixing at higher altitudes resulting in a decoupled mixed layer structure. 

In these regions, the strongest convective mixing resulted in deep mixed layer structure capped 

by multilevel strong inversion and no cloud to very thin single layer clouds in intermediate 

altitudes. In ISSO, precipitation was the dominant driving process which was attributed to the 

frequent formation of multiple atmospheric fronts due to the advection of multiple types of air 

masses by high-speed winds. This caused faster condensation of falling precipitation at 

intermediate altitudes. The condensation of precipitation accounted for the presence of thicker 

low-level multilayered clouds which were as low as 500 m and as high as 3,000 m. These 

clouds were prominently in the form of mixed phased super-cooled liquid water or ice-water 

(SLW/IWC) clouds. However, at high altitudes, strong advection of dry air mass was the 

dominant process that caused strong multiple inversions over ISSO. Aided by these processes, 

frequent formation of low pressure stormy cyclonic systems was common in ISSO region. In 

HLSO region, low-level atmospheric dynamics were driven by weak and shallow convection 

influenced by colder continental drier air mass advected by strong katabatic winds from the 

intermediate and higher altitudes. These katabatic winds generated multiple inversions. The 

strength of katabatic winds modulated the strength of inversions. Moreover, the weak 
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precipitation in intermediate altitudes went through an abrupt sublimation process due to 

katabatic winds resulting in ice virga conditions.  

Further, these unique atmospheric dynamics observed in each oceanic domain played a 

major role in controlling the vertical distribution of aerosols and associated radiative forcing. 

Surprisingly, higher estimates of dust, dusty marine, and black carbon aerosols, and associated 

radiative forcing were observed in the remote pristine region of polar front (50°S to 60°S). This 

was attributed to unique boundary layer dynamics specific to polar front region and mainly to 

three major factors; (a) strong convergence associated with frequent low-pressure cyclonic 

systems possessed strong potential of trapping long-range advected aerosols (b) presence of 

strong baroclinic instabilities, a peculiar feature of polar front region which formed strong 

thermal boundaries separating air masses of varying properties, thereby exhibits more 

likelihood of higher confinement of aerosols within these boundaries (c) The highly stabilized 

vertical thermodynamic structure of MABL over polar front region. Thus, boundary layer 

dynamics-driven higher aerosol loading in this region is alarming in terms of its potential to 

alter regional weather and climatic pattern of SO, as exhibits a tendency to strongly alter the 

radiative balance of this remote pristine oceanic region. Mostly by suppressing cloud formation 

or promoting anomalous cloud cover by serving as a cloud condensation nucleus (CCN’s), 

depending upon the optical properties of aerosols advected in this region. Anomalously excess 

cloud coverage impedes the accuracies of satellite retrieved measurements and simulations 

from climate models projecting SO. This in turn significantly impairs the ability of scientists 

to continually monitor through remote measurements all-round the year for the changes in SO 

atmosphere and its role in altering global climate. This weakens the constant efforts of climate 

communities to access climate risks and develop mitigation plans to address climate change. 

So, in present time the observation-based quantifications on vertical thermodynamic stability 

structure of MABL, macrophysical properties of clouds, inversions, dominant physical 
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processes, radiative forcing, and atmospheric heating rate presented in this thesis are of crucial 

importance in terms of addressing some of these climate concerns as well as validating and 

improving satellite retrieved and model simulated datasets for ISSO region. Particularly, the 

quantifications recorded in this thesis are first of its kind and unique as it has covered a wide 

spatial domain of one the least explored sector of SO i.e., ISSO (24°S to 68°S) in terms of 

aerosols and boundary layer meteorology.  

6.2. Scope for future research  

6.2.1. Improvements in the characterization of the turbulent nature of ASL  

The first part of this thesis (chapter 3) provided an enhanced understanding of the diurnal and 

seasonal turbulent properties of the atmospheric surface layer over a coastal region of the 

tropical Indian sub-continent. However, the variation of surface layer fluxes and turbulence 

during an offshore and onshore wind circulation, which is one among the unique features of 

the coastal regions, has been poorly explored. Hence, such a study will help in understanding 

the role of diurnal wind reversals to shape the evolution of coastal boundary layer. In the light 

of the findings presented in this study, the diurnal and seasonal evolution of the turbulence 

spectra can be an interesting future research work. The nature of the surface layer turbulence 

characteristics during the nocturnal hours still requires proper understanding. The influence of 

surface topographic properties in determining the intensity of turbulence under varying 

stability conditions and seasonal changes together with its role in the dispersion of pollutants 

within the boundary layer can be potential area for future research. As these studies have direct 

applications in modelling regional-scale weather pattern and mechanisms driving pollutant 

dispersion. 
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6.2.2. Improvements in observational, remote, and modelled based quantification of the 

thermodynamic properties of MABL, clouds, inversions, and dynamic processes 

over Southern Ocean and Antarctica  

A challenge with research in the Southern Ocean is the sparse in-situ observations due to 

remote and harsh weather conditions. As a result, particularly ISSO, lack observational analysis 

compared to other sectors of SO (i.e., Australasian sector (McFarquhar et al., 2021) and African 

sector (Messager et al., 2012)), where such studies are relatively well documented. In view of 

this, a significant contribution has been made in this thesis by presenting for the first time an 

observational analysis on the thermodynamics of MABL, clouds, inversions, and dynamic 

processes occurring in the STIO, ISSO, HLSO regions (chapter 4).  These findings highlighted 

the unique system of low-level thick multi-layered and mixed phased clouds, multiple strong 

high-altitude inversions, and dominant precipitation over ISSO. The presence of such clouds 

was reported in studies conducted in sectors of SO (Mace and Protat, 2018a; McFarquhar et 

al., 2021). These studies have reported that these clouds are majorly responsible for introducing 

large biases in the data retrievals from satellite and climate models specifically over SO regions 

compared to other regions across the globe (Trenberth and Fasullo, 2010; Bodas-Salcedo et al., 

2014). However, with the perspective of the crucial role played by SO atmosphere in regulating 

the global climate, it becomes essential to have proper knowledge on the MABL structure and 

dynamics which can only be achieved through a combination of accurate observational, remote, 

and modelling approaches. Thus, a fruitful area of future research could be employing the 

observation-based quantifications provided in this thesis work in numerical models to 

accurately parameterize and project boundary layer structure, cloud and inversion properties, 

and precipitation dynamics over ISSO. Also, these quantifications can be used for validating 

frequently accessed remote sensing retrievals and model evaluation. The results presented in 

this thesis represents the detailed thermodynamics of MABL during southern hemispheric 
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austral summers, while similar understanding of MABL during austral winters can be a future 

field work, that can serve for studying seasonal variations in the ISSO boundary layer.  

6.2.3. Improved understanding on the coupled-effect of aerosol-boundary layer dynamics 

in shaping the structure of clouds, inversions, and shortwave radiative forcing 

over Southern Ocean and Antarctica  

Followed by the detailed characterization of the ISSO boundary layer, clouds, inversions, and 

processes (chapter 4), work presented in this thesis also dealt with the coupled interaction of 

aerosols and boundary layer dynamics in the ISSO up to Antarctica (chapter 5). From this 

examination, a new highlighted finding was the significant loading of anthropogenic origin 

long-range advected dust and black carbon (BC) aerosols in the atmosphere of polar front. This 

loading was attributed to long-range advection, significant stability of MABL, cyclonic 

formations, and meteorological conditions supporting baroclinicity to cause higher 

accumulation by increasing the residence time of aerosol suspension in the atmosphere. 

Carrying forward to this finding, an important area for future research could be to identify other 

factors responsible for such an anomalous aerosol loading in this region. Also, physio-chemical 

characterization of aerosols prevailing in ISSO and the possible effect of these aerosol 

properties in determining the stability and the vertical development of ISSO MABL could be 

an interesting topic for future investigation. 
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Appendices 

Appendix 1: Vertical thermodynamic profiles obtained from 75 atmospheric soundings 

launched in the Indian Ocean sector of Southern Ocean (ISSO) and the synoptic near sea-

surface meteorological conditions observed in the vicinity of 75 sounding locations. 

Figure A1 Thermodynamic profiles of virtual potential temperature (𝜃𝑣) in K (black line – 

bottom x-axis) and mixing ratio (r) in g kg-1 (red line – top x-axis) up to 4,000 m altitude for 

25 atmospheric soundings (RL1 to RL25).  
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Figure A2 Thermodynamic profiles of virtual potential temperature (𝜃𝑣) in K (black line – 

bottom x-axis) and mixing ratio (r) in g kg-1 (red line – top x-axis) up to 4,000 m altitude for 

the next 25 atmospheric soundings (RL26 to RL50).  
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Figure A3 Thermodynamic profiles of virtual potential temperature (𝜃𝑣) in K (black line – 

bottom x-axis) and mixing ratio (r) in g kg-1 (red line – top x-axis) up to 4,000 m altitude for 

the next 25 atmospheric soundings (RL51 to RL75).  

 



Appendices 

199 

Figure A4 Synoptic conditions of near-surface air-sea temperature difference (SST-Tair) around 

radiosondes launched in NSTF1 during the conditions when in-situ measured (a) SST>Tair and 

(b) SST<Tair  at respective sounding locations. Sounding locations are marked as black dots. 

Plotted y-axis are a latitudinal range for NSTF1 (with ±1° latitudes). The colored background 

represents the near-surface air-sea temperature difference in ℃ obtained from ECMWF ERA5 

reanalysis. The color bar (towards the right) indicates the range of SST-Tair. Wind vectors 

(knots) are overlaid. Details of each sounding location are mentioned on top of each synoptic 

panel. 

Figure A5 Same as Figure A4 but for upper air soundings launched in NSTF2. 
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Figure A6 Same as Figure A4 but for upper air soundings launched in SSTF. 

Figure A7 Same as Figure A4 but for upper air soundings launched in SAF1. 

 

  

Figure A8 Same as Figure A4 but for upper air soundings launched in SAF2.  
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Figure A9 Same as Figure A4 but for upper air soundings launched in PF1. 

Figure A10 Same as Figure A4 but for upper air soundings launched in PF2. 

Figure A11 Same as Figure A4 but for upper air soundings launched in SACCF. 

Figure A12 Same as Figure A4 but for upper air soundings launched in SB. 
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Figure A13 Same as Figure A4 but for upper air soundings launched in CA. 

 

 

Figure A14 represents NOAA-HYSPLIT model calculated air mass back trajectories for 

preceding 700 hours at different heights for sounding (RL4) launched in polar front region at 

54.00°S, 68.30°E around 06:00 UTC. Back-trajectories depicts prominent wind advection from 

the open SO region, while strong winds in this region are likely to have transported dust 
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aerosols from longer distances mainly originated from the western African continent and other 

far away continents as well as seen from air mass movement in this figure. 
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Abstract
This study presents turbulence characteristics of the atmospheric surface layer (ASL) observed during March 2015 to Febru-
ary 2016 over a tropical coastal site in Goa (15.46°N, 73.83°E), India. The primary datasets utilized are the 3D wind com-
ponents and sonic temperature from sensors mounted on a 32-m meteorological tower at 10 and 20 m heights respectively. 
Eddy correlation technique has been adopted to study turbulence characteristics and is investigated under the framework of 
Monin–Obukhov Similarity Theory (MOST). Results revealed that normalized wind variances ( σi=u,v,w∕u∗ ) follow the ‘1/3’ 
power law in highly unstable and stable conditions and approach constant values close to near-neutral conditions. In the neu-
tral limit, it is found that σu∕u∗ > σv∕u∗ > σw∕u∗ . The normalized temperature variances ( σT∕T∗ ) followed (z∕L)−1∕3 during 
unstable conditions and approach a constant value in the stable limit. The correlation coefficients for momentum (heat) flux 
with stability were small (high) under strong unstable and stable conditions. Also, the values of momentum flux increased 
as it approaches neutral conditions which are consistent with studies reported over coastal/urban locations.

1 Introduction

The surface layer is defined as the lowest part (about 10%) 
of the atmospheric boundary layer (Högström 1996). This 
layer exhibits turbulent characteristics due to radiative heat-
ing, cooling and mesoscale motions which are augmented 
due to surface heterogeneities of the earth’s surface. This 
eventually controls heat, moisture and momentum transport 
within the surface layer (Stull 1988; Sorbjan 1989; Garratt 
1992; Kaimal and Finnigan 1994). The transport of heat 
and moisture fluxes varies over a broad range of spatial 
domains, especially for forest ecosystems, terrains with com-
plex topography, inland, semi-arid, coastal, urban and rural 
areas. This makes it difficult to draw a comparative analysis 

of statistics of estimated values with that of other locations 
and also from the numerical models.

The turbulence fluxes in the surface layer are well 
described by the Monin–Obukhov similarity theory (MOST) 
(Monin and Obukhov 1954), which provides suitable and 
acceptable empirical relations associated with variances 
of wind and temperature along with stability and scaling 
parameters. Fundamentally, MOST can suggest plausible 
universal functions between fluxes and mean quantities and 
the exact forms of these relations are to be verified from 
accurate observations under different stability conditions 
(e.g., Monin and Yaglom 1971; Kaimal and Finnigan 1994; 
Pahlow et al. 2001). There are many studies explaining the 
applicability of MOST over homogeneous surfaces (e.g., 
Monin and Yaglom 1971; Sorbjan 1989; Garratt 1992; Wyn-
gaard 2010), complex terrains (Moraes et al. 2005; Yue et al. 
2015), heterogeneous terrains (e.g., Babić et al. 2016) and 
over Greenland, Arctic pack ice and Antarctica (Forrer and 
Rotach, 1997; Grachev et al. 2007, 2013).

Though MOST is not ‘universal’ when it comes to the 
heterogeneity of the surface conditions (Wilson 2008), it 
is used in airflow and air dispersion studies even in urban 
locations. In modelling the transport of air pollutants, knowl-
edge of the airflow and its turbulent characteristic close to 
the ground are extremely crucial. Thus, an improved under-
standing of this is based on the surface roughness parameter. 
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This parameter is unique for different regions and must be 
estimated using a series of data generated from experimen-
tal observations. Such statistical studies have been carried 
out in many other urban regions (Grimmond and Oke 1999; 
Roth 2000; Wood et al. 2010; Trini Castelli and Falabino 
2013; Trini Castelli et al. 2014). Literature on these studies, 
particularly in coastal regions, is comparatively less (Lange 
et al. 2004; Singha and Sadr 2012; Grachev et al. 2018).

The experimental campaigns and field measurements to 
quantify the turbulence statistics of the surface layer over 
tropical regions are rare. Over the Indian sub-continent a few 
studies have been carried out at different geographical loca-
tions like inland regions (Goel and Srivastava 1990; Sivara-
makrishnan et al. 1992; Kailas and Goel 1996; Rao et al. 
1996; Ramana et al. 2004), semi-arid regions (Krishnan 
and Kunhikrishnan 2002; Reddy and Rao 2016; Sivakumar 
Reddy et al. 2021) complex terrains (Solanki et al. 2016, 
2019; Barman et al. 2019) and coastal regions (Prakash et al. 
1992; Kunhikrishnan et al. 1993; Ramachandran et al. 1994).

Most of the studies mentioned above were carried out in 
campaign mode during a particular season. An improved 
understanding of the surface layer processes requires knowl-
edge of the turbulence characteristics during different sea-
sons. Studies by Ramachandran et al. (1994), Namboodiri 
et al. (2014) and Prasad et al. (2019) have demonstrated the 
seasonal variability of surface layer parameters. Such stud-
ies attain important implications for modelling the turbulent 
exchange coefficients in regional-scale numerical models 
and pollutant dispersion studies.

Understanding the surface characteristics and associ-
ated energy exchange process is essential for the knowledge 
of local climate and modelling of the turbulent exchange 
in regional scale numerical models. These studies also 
attain relevance in addressing the problems related to pol-
lution transport. The present study partially addresses this 

prerequisite and is based on yearlong observations over 
tropical coastal location Goa. This work has been conducted 
under the project ‘Network of Observatories for Boundary 
Layer Experiments (NOBLE)’ linked to the Geosphere, Bio-
sphere Programme of the Indian Space Research Organi-
zation (ISRO-GBP), under the aegis of which boundary 
layer experimental setup has been established at the Goa 
University campus. The main objective of the study was to 
investigate (1) the seasonal variations of fluxes of momen-
tum and heat, (2) the applicability of MOST under different 
stability conditions, and (3) to establish the empirical rela-
tionships of variances of wind components and temperature 
with stability.

2  Observation site, instrumentation, data 
and methodology

2.1  Characteristic regional meteorology

The observational site is a coastal location at Goa University 
Campus, Goa (15.46 N◦ , 73.83◦ E, and 50 m a.s.l), along 
the west is bordered by the Arabian Sea ( ≈ 1.3 km away) 
(Fig. 1). This site is located approximately 6 km from the 
capital city Panaji and falls under the tropical monsoon cli-
mate zone. Based upon the regional ambient meteorological 
conditions, the region experiences four seasons viz., pre-
monsoon season (March to May), summer-monsoon season 
(June to September), post-monsoon season (October and 
November), and winter season (December to February), 
respectively. Since the onset of the monsoon is in the first 
week of June, the region receives maximum downpour dur-
ing this season. All the observations were carried out from 
a 32-m meteorological tower installed at Goa University 
Campus. While choosing the study site, care has been taken 

Fig. 1  a Topographic map of India locating study area (Goa), b 
Aerial image (taken from Google Maps) of the area surrounding 
the tower (indicated with a cross). The circle represents the radius 

of 100  m around the tower c the on-site installed meteorological 
tower (32 m tall) and d the schematic representing different sensors 
mounted at respective heights on the tower
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to avoid any hindrance to the free flow of wind. The nearest 
building (32.5 m length and 44 m breadth and 8 m height) 
is located at a distance of 17 m in the south-east direction 
(Fig. 1) from the tower, while the bushes of about 3 m high 
are at a distance of 7.2 m at the northern side. Another build-
ing, 8 m high, located in the southwest direction, is at a dis-
tance of about 100 m from the tower. Moreover, on opposite 
sides of buildings, there is an open space.

2.2  Instrumentation, data and methodology

The data generated from 234 fair weather days during March 
2015—February 2016 were considered for the study. It con-
stitutes time-series measurements of air temperature, rela-
tive humidity, wind speed, and wind direction from slow 
response sensors installed on the meteorological tower at 4, 
18, and 30 m heights, respectively. Additionally, data from 
pressure probe, rain gauge equipped at 4 m height and 3D 
sonic anemometer at 10 and 20 m heights, respectively, have 
been supplemented to the above data. The Sonic anemom-
eter is a high-frequency sensor that measures the orthogonal 

components of wind and sonic temperature (T). To minimize 
the wake, the sonic anemometer was oriented in the direc-
tion of the prevailing wind. Details of factory-calibrated 
sensors are provided in Table 1. The fluctuations of wind 
components in the horizontal and vertical direction and 
sonic temperature were utilized to compute friction veloc-
ity ( u∗ ), sensible heat flux ( H) , momentum flux ( τ ), turbulent 
kinetic energy (e) and stability ( z∕L , where z is the height of 
observation and L is the Obukhov length). These dynamical 
parameters have been estimated using the eddy correlation 
technique (Kaimal and Finnigan 1994; Aubinet et al. 2012).

The friction velocity ( u∗ ) was estimated from

where the bar and the prime average over time and fluctua-
tions from the mean value, respectively (Stull 1988), 

(
u

′

w
′) 

and ( v′

w
′ ), are the kinematic momentum fluxes in the along 

and cross-wind directions. The temperature scaling param-
eter ( T∗ ) and the Obukhov length (L) were computed from

(1)u∗ =
4

√(
u

�
w

�

)2

+
(
v

�
w

�

)2

,

Table 1  Technical details of the sensors equipped on 32 m meteorological tower

Sensors Sensor specifications Measured parameters Sampling 
frequency

Fast response sensors Heights: 10 m and 20 m 10 Hz
3 axis-sonic anemometer 

gill
Wind speed Range 0 to 65 m  s−1 Orthogonal components 

of wind ( u, vandw)Accuracy  < 1.5% RMS @ 12  ms−1

Temperature Range − 40 ◦C to + 70 ◦C Sonic temperature (T)
Accuracy − 20 ◦C to + 30 ◦C 

within ±0.5◦C of ambi-
ent temperature

Slow response sensors Heights: 4, 18, and 30 m 1 h
Automatic weather sta-

tion (AWS)
032,002-L-PT
RM Young Wind
sentry set

WS range 0 to > 50 m  s−1 Wind speed (WS) and 
wind direction (WD)WS accuracy ± 0.5 m  s−1

WD range 0–360 ◦

WD accuracy ±5◦

CS215-L-PT
(Air temperature)

Range − 40 ◦C to + 70 ◦C Air temperature (AT)
Accuracy ±0.3◦C (at 25 ◦C)

±0.4◦C (5 ◦C to 40 ◦C)
±0.9◦C (− 40 ◦C to + 70 

◦C)
CS215-L-PT
(Relative humidity)

Range 0 to 100% RH (− 20 ◦C 
to + 60 ◦C)

Relative humidity (RH)

Accuracy ±2% (10 ◦C to 90% 
range) at 25 ◦C

±4% (0 ◦C to 100% 
range) at 25 ◦C

Barometric pressure 
sensor-CS100

Range 600 to 1100 hPa Atmospheric pressure 
(P)

Tipping bucket rain 
gauge-TE525MM

Rainfall/tip 0.1 mm (0.004 in.) Rainfall
accuracy 1.0% up to 2 in./h 

(50 mm/h)
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where k is von Karman constant (= 0.4), g is the accelera-
tion due to gravity, u∗ is frictional velocity, and w�

T
�  is the 

heat flux. The quantities e, τ, and H are computed using the 
following equations:

where ρ is the density of air and Cp is the specific heat of air 
at constant pressure.

The normalized standard deviation of wind compo-
nents ( σu∕u∗ , σv∕u∗ and σw∕u∗ ) and temperature (σT∕T∗) 
are computed for every 30-min time interval using high-
frequency data. Variation of these estimations with the 
stability parameter is obtained by averaging corresponding 
values at uniform intervals of z∕L.

The correlation coefficients of momentum and heat flux 
had been computed using the following equations:

whereruw and rwT are correlation coefficients for momentum 
and heat flux, respectively.

The surface roughness length  (zo) was calculated for the 
data at 10 m height using the following equation (Sorbjan, 
1989; Panofsky and Dutton, 1984):

where

where

(2)T∗ = w
�
T

�
∕u∗

(3)L = −
u3
∗
T

(
k.g w

�
T

�

) ,
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1

2
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u
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)2

+
(
v

�
w

�
)2

(6)H = ρ.Cp

(
w

�
T

�

)
,
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w

�
T
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σwσT
,

(9)nz0 = lnz − k
U
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�m

(
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L

)
= 2 ln

(
1 + x

2

)
+ ln

(
1 + x2

2

)
− 2tan−1(x) + �∕2,

where �m

(
z

L

)
 is the momentum stability correction factor 

(Paulson, 1970; Sorbjan 1989; Panofsky and Dutton 1984).

2.3  Quality check

The sonic anemometer data have been obtained at every 
0.1 s and a total of 11,232 half-an-hour data points are 
obtained for the present study. To eliminate the unrealistic 
values arising out of instrument error such as jitter, data 
points outside the absolute limits set for u, v,w and T  were 
removed. This was performed for both horizontal (u, v) 
(− 50 m  s−1 to + 50 m  s−1) and vertical (w) components of 
wind speed (− 10 m  s−1 to + 10 m  s−1). A moving window 
method given by Vickers and Mahrt (1997) was applied to 
identify the spikes while a linear detrending method was 
applied to remove any long-term trend present in unpro-
cessed u, v,w and T. While doing this, care has been taken 
not to consider data points outside 3.5 times the standard 
deviation limits. Further, to minimize the effect of any mis-
alignment of sensors, quality checks such as double rotation 
and tilt corrections had been performed on data (Wilczack 
et al. 2001). This facilitates the alignment of the axes of the 
coordinate system to mean stream-wise wind direction. In 
addition, a stationary test was performed as a part of a qual-
ity check (Foken and Wichura 1996).

2.3.1  Stationary test

The non-stationarity of the data arises due to the diurnal 
variation in heating and cooling of Earth’s surface and 
mesoscale variation of winds (e.g., Večenaj and De Wek-
ker 2015). The application of MOST assumes that the time 
series data must be stationary (i.e., statistics of the turbu-
lence do not vary with time), but the non-stationarity nature 
of the data becomes a key issue in the estimation of turbu-
lence (Mahrt 1998). Thus, it is pertinent to correct the data 
by eliminating the non-stationary components of data from 
the stationary datasets before considering the applicability 
of MOST (Mahrt 1998). To achieve this, the methodology 
proposed by Foken and Wichura (1996), which is reported 
to effectively identify a large number of stationary data 
among other reported stationary tests, has been adopted 
to generate a stationary dataset in this study (Večenaj and 
De Wekker 2015; Babić et al. 2016; Foken and Wichura 
1996). Adopting this method, stationary components have 
been extracted by taking mean values of the covariance for 

x =
(
1 − 𝛾1

z

L

)1∕4
for z∕L < 0with 𝛾1 = 16

𝜓m

(
z

L

)
= −5

z

L
for z∕L > 0,
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every 30-min interval (18,000 data in 30 min, sampling at 
the frequency of 10 Hz) and are compared with the values 
calculated at every 5-min sub-interval (3000 data in every 
5 min). If the difference between these values is less than 
30% then the time series data were considered to be station-
ary. After incorporating this test, a quality check proposed 
by Agarwal et al. (1995) was adopted wherein from the data 
all wind speed values less than 0.5 m  s−1 were discarded. 
Owing to this, a total of 7609 and 7745 half an hour of data 
generated from 10 and 20 m heights, respectively, were used 
for further analysis.

2.3.2  Gap filling method

By adopting the above-mentioned quality checks, some data 
points that did not meet the quality criteria were eliminated. 
This resulted in a gap/missing data point for certain periods, 
which was filled in this study by adopting the look-up table 
(LUT) method (Falge et al. 2001b). LUTs were generated 
such that missing flux values were identified based on simi-
lar meteorological conditions associated with that missing 
flux data (Falge et al. 2001a, b; Reichstein et al. 2005). LUTs 
were binned by temperature class defined by 2 °C intervals 
ranging from 10 to 50 °C. In each class interval mean and 
standard deviation of temperature and corresponding fluxes 
were calculated. If the gap still exists in the defined class 
interval in LUT then it was filled by linear interpolation. 
Thus, LUTs were created to reproduce the mean values of 
fluxes based on seasonal meteorological conditions. On aver-
age, about 32% and 31% of missing data could be identified 
for the heights of 10 and 20 m respectively. This ultimately 
resulted in 3623 and 3487 missing data points to be looked 
up and filled at 10 and 20 m respectively.

2.3.3  Self‑correlation analysis

Without evaluating the role of self-correlation of data, the 
validity of MOST becomes incomplete (Mahrt 1998). The 
self-correlation arises due to the appearance of a common 
friction velocity u∗ in σw∕u∗ , σT∕T∗ and z∕L . To evaluate 
self-correlation in the present dataset, a random sampling 
approach described in Klipp and Mahrt (2004) was adopted. 
From the observed datasets of u∗ , 

−

(w
�

T
�

) , σw and σT , a new 
1000 random datasets have been generated at each meas-
urement height. Subsequently, the linear correlation coef-
ficient was estimated between z∕L and σw∕u∗ and thereafter 
between z∕L and σT∕T∗ . The coefficients thus obtained were 
averaged and then ⟨R2

Random
⟩ was calculated, this indicated 

the measure of self-correlation due to a common variable. 
Similarly, R2

data
 for the original datasets were estimated and 

the difference R2
dif f

 = R2
data

− ⟨R2
Random

⟩ was computed. The 
R2
dif f

 is indicative of true physical variance associated with 
processes governing turbulence (Klipp and Mahrt 2004). 
Negative values of R2

dif f
 indicate that self-correlation has a 

significant influence on the total variance, while as it tends 
to unity, the effect of self-correlation becomes less promi-
nent (Babić et al. 2016). Results of the assessment of self-
correlation are presented in Table 2. It can be seen that dur-
ing unstable conditions, the self-correlation for the dataset 
w is found to be higher compared to that of T. In present 
data, the value of R2

dif f
 is found to be higher (> 0.25) at both 

heights indicating self-correlation under unstable conditions. 
However, for stable conditions, the values of self-correlation 
coefficients for w and T are found to be very small and nega-
tive. Babic et al. (2016) has also reported smaller and nega-
tive values of self-correlation coefficients during stable con-
ditions, and it was attributed to the limitation of this method 
in the stable atmospheric boundary layers.

Table 2  Self-correlation 
analysis of the variations in 
σw∕u∗ and of σT∕T∗ with 
stability

R2

data
 is defined as square of the correlation coefficient for the original dataset, R2

Random
 is the coefficient of 

determination from self-correlation, and R2

dif f
= R2

data
− ⟨R2

Random
⟩ is the fraction of true physical variance 

associated with processes governing the turbulence

Measurement 
heights

Stability Variables No. of data 
points

R2

data
⟨R2

Random
⟩ R2

dif f =R
2
data

− ⟨R2
Random⟩

10 m Unstable w 2044 0.63 0.36 0.27
T 2044 0.37 0.01 0.36

Stable w 743 0.17 0.18 − 0.01
T 743 0.01 0.05 − 0.04

20 m Unstable w 2010 0.76 0.40 0.34
T 2010 0.37 0.02 0.35

Stable w 950 0.34 0.25 0.09
T 950 0.01 0.02 − 0.01
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It is noteworthy to mention that there exists a relatively 
low correlation (coefficient 0.63 of w) in R2

data
 at 10 m height 

as compared to that at 20 m height (Table 2). This indi-
cates the presence of large scatters of data points at lower 
heights. The self-correlation assessment which is based on 
linear correlation resulted in small correlations of similar 
magnitudes for both physical and random data. This, resulted 
in smaller values and exhibited a strong positive fit in a way 
that σw∕u∗ increases with increasing stability. In the stable 
regime, the correlation coefficient is small (< 0.4) for R2

data
 

and very small values of ⟨R2
Random

⟩ . This resulted in very 
small values of R2

dif f
.

3  Results and discussion

This section describes the diurnal and seasonal variabil-
ity of surface layer meteorological parameters, fluxes of 
heat, momentum and associated stability conditions over a 
tropical coastal site, Goa. As the observational site being 
located near the Arabian Sea experiences land/sea breeze 

circulation, arising due to the differential heating of land and 
adjoining sea. The breeze originating from the sea brings the 
cool air over the heated coastal region and subsequent for-
mation of the thermal internal boundary layer (TIBL) during 
the daytime (Kunhikrishnan et al. 1993; Davis et al. 2020, 
2021). Thus, the diurnal evolution of thermal structure and 
surface characteristics of the coastal atmospheric boundary 
layer (CABL) is modulated by the sea/land breeze. Studies 
also showed that the height of CABL is lowered with the 
advection of sea breeze (Miller et al. 2003). Furthermore, 
flux-variance relationships in the atmospheric surface layer 
are defined by MOST, which assumes homogeneity of the 
surface, including surface fluxes as well as surface rough-
ness (Stull 1988). Hence, in subsequent sections below, by 
adopting MOST, flux-variance relationships obtained over 
the study site have been discussed.

Fig. 2  Diurnal mean seasonal fluctuations of a air temperature ( AT ), b relative humidity ( RH ), c wind speed (WS ) and d wind direction (WD ) 
observed at 18 m heights during winter (black), pre-monsoon (red), summer-monsoon (blue) and post-monsoon (green) seasons
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3.1  Diurnal mean and seasonal variation of surface 
layer parameters

Figure 2 depicts the seasonal mean diurnal variation of air 
temperature (AT), relative humidity (RH), wind speed (WS) 
and wind direction (WD) at 18 m height during winter, pre-
monsoon, summer-monsoon, and post-monsoon seasons 
respectively over the experimental site. The air temperature 
starts increasing around 07:00 IST (IST = UTC + 05:30 h) 
and showed a systematic diurnal variation. The average 
value of maximum air temperature  (ATmax) observed during 
winter, pre-monsoon, summer-monsoon and post-monsoon 
seasons are 29.9 ± 1.8, 29.5 ± 1.5, 28.8 ± 0.4 and 30.9 ± 
1.6 ℃ with a difference in the time of occurrence [around 
13:00 IST, 12:00 IST, 14:00 IST and 13:00 IST] respectively. 
Similarly, the average value of RHmean , during each season 
was 62, 75, 88 and 75% respectively during daytime while 
81, 84, 92 and 90% during nighttime respectively. Variation 
of winds revealed the prevalence of high-speed winds domi-
nantly from a west-northwest direction (270–315◦ ) during 
the summer monsoon season followed by pre-monsoon and 
low wind prevails in the winter season. Statistics of the wind 
are not only important in determining the travel period of 
pollutants from the source region but also control the surface 
concentration. Over this region, poor dispersal of pollutants 
is expected in the winter season.

The occurrence of the land/sea breeze system was 
observed with wind speeds typically < 6–7   ms−1 during 
daytime (sea breeze) and less than 3  ms−1, during nighttime 
(land breeze) (Fig. 2). Data reveals that the dominant land 
breeze comes from east direction whereas, the sea breeze 
originates from west/northwest direction over the experi-
mental site. The winds are from the west/northwest direction 
during the monsoon season (Fig. 2).

3.2  Wind characteristics at the study site

The wind-rose diagram in Fig. 3 depicts the variability 
of hourly averaged wind speeds obtained from the slow 
response sensor at 18 m and a sonic anemometer at 10 m 
height for the study period. The dominant wind directions 
at the site were mainly from the northwest to the west (wind 
direction is mostly within 292 and 330°) and from northeast 
to east directions (wind direction is mostly within a cone of 
67 and 97°). In general, wind speeds greater than 3 m  s−1 
were frequently observed from the northwest and west, 
while wind speeds with magnitudes less than 3 m  s−1 were 
observed less frequently from the east and northeast direc-
tions. Seasonal winds variability observed during the study 
period over the study site is represented in Supplementary 
Fig. 8. Dominant direction of winds during all seasons were 
north westerlies, except during post-monsoon season where 
northeast-easterlies were prominently observed.

3.3  Estimation of surface roughness length

A better understanding of the surface layer lies on the sur-
face homogeneity. However, any heterogeneities prevailing 
at the surface affect the length scales. As already mentioned, 
the surface heterogeneity over the coastal environment leads 
to the formation of complex vertical structures such as TIBL 
and roughness sub-layers where turbulence parameters 
become the function of wind direction. Conventionally, the 
surface roughness length (z0) is estimated using the observa-
tions of wind speed at two or more height levels in neutral 
stability conditions. The z0 at a site does not change with 
wind speed, stability or stress. It can be changed only if the 
roughness elements over the surface change such as caused 
by an increase in the vegetation, construction of buildings 

Fig. 3  Wind rose diagram observed for varying wind speed thresholds over the experimental site at a 18 m height using slow response sensors 
and b 10 m height using a sonic anemometer for the period from March 2015 to February 2016
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etc. (Stull 1988). In this study, z0 has been calculated using 
the methodology described by Panofsky and Dutton (1984) 
(Eq. 9), the results of which are mentioned in Table 3 for six 
wind sectors and all wind directions around the experimental 
site. The data obtained at this location were categorized into 
each of these sectors based on wind directions encountered 
at 10 m height: 330–30◦ (524 data), 30–90◦ (1049 data), 
90–150◦ (587 data), 150–210◦ (229 data), 210–270◦ (1267 
data) and 270–330◦ (2916 data), respectively. From the val-
ues estimated over different wind sectors, it is evident that 
the maximum values of roughness length were found in sec-
tors; 150–210 and 330–30° and minimum values were in 
sectors 30–90 and 270–330°, respectively. These high and 
low values portrayed varying geometry surrounding the 
experimental site (see Sect. 2.1).

Over the study site, from all considered wind direction 
sectors, the value of  z0 ranged from 0.08 m to 0.97 m. The 
high roughness length associated with the 330–30° sector 
is attributed to the daytime winds originating from the sea, 
while the easterly winds are dominant during the nighttime 
(Fig. 2). For easterly wind directions, the lowest rough-
ness lengths were estimated. The data also confirm that the 
roughness length is independent of the wind speed. Larger 
values of z0 in the wind direction of 150–210° is due to the 
presence of buildings (Fig. 1). Considering all sectors, mean 
values of z0 varied between 0.19 and 0.37 m.

3.4  Seasonal mean variation of turbulent energy 
and heat flux parameters

Turbulence in the atmosphere is the coupled effect of buoy-
ancy-induced thermals and mechanical eddies. In this study, 
an approximation for thermal turbulence is studied using 
sensible heat fluxes ( H ) while mechanical turbulence is stud-
ied using momentum fluxes (τ ). The effect of both buoyancy, 
as well as mechanical shear, is illustrated using turbulent 
kinetic energy ( ℯ ). As discussed, (in Sect. 2.3.2), estimation 
of fluxes was obtained after adopting a look-up method for 
filling missing data gaps (Falge et al. 2001a, b). Figure 4 
shows the seasonal mean diurnal variations observed at 10 m 
height (For variations at 20 m height refer to Supplementary 

Fig. 9a). Variation of sensible heat flux showed negative 
values during nighttime (H directed towards the surface) and 
increases to positive values around 07:00 IST (H directed 
away from the surface). Later, it showed a systematic 
increase and reaches a peak value between 13:00 and 14:00 
IST followed by a further decrease to attain negative values 
after 17:30 IST. It is observed that sensible heat flux at 10 m 
attains maximum seasonal mean value during pre-monsoon 
( 76Wm−2 ), followed by winter (61Wm−2 ), post-monsoon 
(51Wm−2 ) and minimum during the summer monsoon sea-
son ( 11Wm−2 ), respectively. Seasonal mean values of sen-
sible heat flux at 10 m lie within 15% of the data obtained 
at 20 m. Lower values of heat flux during summer-monsoon 
show the prevalence of weak heat flux exchanges due to 
cloud coverage during this season. Seasonal mean values of 
turbulent kinetic energy ( ℯ) were dominantly high during 
the summer monsoon season due to prevailing strong winds 
(Fig. 2 and Supplementary Fig. 9b). Systematic diurnal vari-
ation in ℯ showing noontime enhancement was observed 
during all seasons at both heights. The highest seasonal 
mean values of ℯ were observed during the summer mon-
soon season ( ≈ 0.76 ± 0.33m2s−2 at10m height). Variation of 
momentum flux (τ ) exhibits a typical diurnal cycle in phase 
with turbulent kinetic energy ( ℯ ) during all the seasons. The 
highest seasonal mean stress (τ) at 10 m was observed during 
summer-monsoon (≈ 0.17 ± 0.09Nm−2 ) followed by moder-
ate during pre-monsoon (≈ 0.11± 0.04 Nm−2) and lowest 
during post-monsoon (≈ 0.07± 0.03 Nm−2 ), respectively. 
On the diurnal scale, the highest momentum flux transfer 
occurred during noon hours while the lowest was during the 
night. The observed fluctuations in these atmospheric fluxes 
(heat and momentum) are associated with variability in tem-
perature and wind speed which are responsible for altering 
the stability of the atmosphere within the surface layer. Thus, 
in this study, we further examined z∕L to understand the 
changes in the atmospheric state due to mesoscale processes 
which induce or diffuse the vertical motion of eddies. The 
observed diurnal variation of z/L at 10 m height showed 
that during the evening and nocturnal hours highly stable 
conditions prevailed while during daytime highly unstable 
conditions were dominant. Nighttime stable stratification 

Table 3  Roughness length values are estimated at a height of 10 m for different wind sectors and in all directions

Seasons All direc-
tions (m)

330–30° (m) 30–90° (m) 90–150° (m) 150–210° (m) 210–270° (m) 270–330° (m)

Winter 0.32 0.74 0.15 0.10 0.48 0.28 0.16
Pre-monsoon 0.37 0.97 0.13 0.26 0.48 0.21 0.17
Summer-monsoon 0.24 0.94 0.15 0.21 0.49 0.31 0.17
Post-monsoon 0.19 0.41 0.08 0.26 0.51 0.27 0.13
All seasons 0.25 0.85 0.11 0.25 0.50 0.28 0.26
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was due to the suppressed vertical mixing by buoyancy. 
Similar diurnal variation of stability parameter (z/L) was 
also observed at 20 m with slight variations in its magnitude 
(see Supplementary Fig. 9d).

3.5  Turbulent statistics

In this section, we evaluate the universal functions of MOST 
over inhomogeneous terrain of coastal site Goa by compar-
ing our data with those observed over flat, homogeneous 
and heterogeneous locations. According to the MOST, the 
normalized standard deviation of velocity components (i.e., 
σi=u,v,w ) are functions of z∕L within the surface layer. Equa-
tion 10 proposed by Panofsky and Dutton (1984) was used to 
investigate the validity of MOST over the experimental site.

In general, the coefficients C1,C2 and C3 experimentally 
determined. The universal function (Eq. 10) is valid for 

(10)σi=u,v,w∕u∗ = C1(1 + C2z∕L)C3

vertical fluctuations over homogenous terrains under unsta-
ble and stable conditions (Moraes et al. 2005). However, 
in recent years, data obtained from heterogeneous terrains 
show good general agreement with Eq. 10 for horizontal 
variances under unstable and stable conditions (Xu et al. 
1993; Smedman 1988; Mahrt 1998; Roth 2000; Al-Jiboori 
et al. 2002; Yusup et al. 2008; Weber and Kordowski 2010; 
Wood et al. 2010; Fortuniak et al. 2013; Trini Castelli et al. 
2014). In this study, the coefficients C1 and C2 are deter-
mined using least-squares regression. The empirical fit 
using Eq. 10 is applied to the data assuming C3=1/3 for 
both unstable and stable conditions. The following stability 
conditions are defined as neutral: –0.1<z∕L < 0.1 for which 
z∕L→0; unstable: z∕L<–0.1; stable:z∕L > 0.1.

Fig. 4  Diurnal mean seasonal fluctuations of a sensible heat flux ( H ), 
b turbulent kinetic energy ( e ), c momentum flux ( τ ), and d stability 
parameter ( z∕L ) observed at 10 m winter (black), pre-monsoon (red), 

summer-monsoon (blue) and post-monsoon (green) seasons. Error 
bars indicate standard deviations
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3.5.1  The normalized standard deviation of horizontal 
(�

u
∕u∗ and �

v
∕u∗) and vertical (�

w
∕u∗ ) components 

of wind with stability parameter (z∕L)

Figure 5 shows the variation of normalized standard devia-
tions of along wind ( σu∕u∗ ), cross wind ( σv∕u∗ ), and ver-
tical wind components as a function of z∕L at 10 m and 
20 m heights for z∕L<0 and z∕L>0 conditions, respectively. 
Data points in Fig. 5 represent bin averaged σi=u,v,w∕u∗ col-
lected with z/L, where the vertical error bar of each data 
point represents the standard deviation of data points within 
a particular bin. In Fig. 5 the curves (solid black line) are 
estimated using the best fits of the σi=u,v,w∕u∗ over the Goa 
site using Eq. 10 and are plotted with the observed data. For 
comparison, the curves generated using the function given 
by Xu et al. (1997), Trini Castelli et al. (2014) representing 
sub-urban reference sites and Fortuniak et al. (2013) repre-
senting urban reference are presented in Fig. 5 and Table 4. 
In Table 4, we also report the standard deviations of coef-
ficients of C1 and C2 observed in this study to present the 
related uncertainties.

The curves of σi=u,v∕u∗ produced with reference loca-
tions, lie within the variability range of the observed 
data for the Goa site. The data of σi=u,v∕u∗ are close to 
the observations of Xu et al. (1997) and Trini Castelli 
et al. (2014) compared to the observations of Fortuniak 
et al. (2013). The curves corresponding to Fortuniak et al. 
(2013) are found to be consistently lower compared to 
our data for − 0.2 < z/L < 0, but the data from Xu et al. 
(1997) and Trini Castelli et al. (2014) agree well. Results 
during unstable conditions show that σi=u,v∕u∗ fits reason-
ably well with the MOST free-convection prediction of 
the ‘1/3’ slope for z/L < − 0.2, the same as observed with 
the urban/suburban reference locations. Data of σi=u∕u∗ 
compares well with the function given by Roth (1993) over 
a suburban region (not shown). As can be noticed from 
Table 4, the constant C2 of u in unstable conditions are 
less than those obtained over reference locations. A pos-
sible explanation is the following: the data observed over 
the Goa site during the unstable conditions (daytime) are 
of sea breeze, originating from west/northwest direction 
with wind speed greater than 3  ms−1 (Fig. 3). The daytime 

Fig. 5  Variations of normalized standard deviations of wind veloci-
ties σi=u,v,w∕u∗ studied as a function of z/L for unstable (z/L < 0) and 
stable conditions (z/L > 0) over the observational site at 10 m height 
(left panel) and 20 m height (right panel). Error bars indicate stand-

ard deviations. The black solid curve represents functional fit using 
Eq. 10; the green, blue and red curves represent the function curves 
of Trini Castelli et  al. (2014), Fortuniak et  al. (2013) and Xu et  al. 
(1997) respectively
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coastal atmospheric boundary layer is lowered with the 
onset of sea breeze and subsequent formation of TIBL 
(Kunhikrishnan et al. 1993). The reduction in the contri-
bution of convective activity and mesoscale wind during 
daytime lowers the boundary layer height. This may be 
the reason for the lower value of the constant C2 of �u in 
Eq. 10. In this study, the effect is observed for both the 
data points.

The stable data of σi=u,v∕u∗ as a function of z∕L depicted 
in Fig. 5 show that Goa site observations of σi=u,v∕u∗ lie 
between suburban and urban locations, indicating the turbu-
lence during stable conditions over the Goa site has similar 
features as that of the reference locations. As supported by 
Trini Castelli and Falabino (2013), turbulence has common 
features under low wind conditions irrespective of loca-
tions and this is confirmed by Trini Castelli et al. (2014). 
As already stated, present data during the stable condi-
tions (nighttime) are of land breeze, originating from east-
erly direction, with wind speed less than 2  ms−1 (except in 
monsoon season) (Fig. 3). The present results show that the 
turbulence in low wind conditions has common features as 
that of the reference locations during the stable conditions.

Studies have shown that the σi=u,v∕u∗ are better scaled 
with mixed-layer similarity variables. Due to the non-avail-
ability of direct information on mixed-layer depth ( zi ), the 
variations of σi=u,v∕u∗ on zi∕L cannot be verified. Regardless 
of the scaling details, present results show dependency of 
σi=u,v∕u∗ on z∕L and follow ‘1/3’ power law. Similar behav-
ior was reported by several researchers over different regions 
across the world such as by Moraes et al. (2005) over rough 
and forest terrain, Quan and Hu (2009) in Beijing, Wood 
et al. (2010) in London and Sivakumar Reddy et al. (2021) 
in semi-arid region Ananthapur, India.

The curves of σw∕u∗ produced with reference locations 
lie within the variability range of the observed σw∕u∗ data 
for the Goa site. The curves increase with instability and 

follow ‘1/3’ power law. The agreement of σw∕u∗ with the 
suburban results of Trini Castelli et al. (2014) is good at 
large instabilities (z/L < − 1) but for small negative values 
of z/L, the present data lie below their curve, whereas pre-
sent observations agree with the curve of Xu et al. (1997) 
for z/L > − 0.2 but lie below their curve for z/L < − 0.2. 
Variability between locations, however, was quite con-
siderable. The observations from Fortuniak et al. (2013) 
compare well with the present data.

The �w∕u∗ values are constant up to z/L ≈ 0.7−0.8, 
after which an increase was observed. The present results 
agree well with the data of Trini Castelli et al. (2014) and 
Fortuniak et al. (2013). Similar behavior has been reported 
over other urban locations (Al-Jiboori et al. 2002; Weber 
and Kordowski 2010) and natural surfaces by Pahlow et al. 
(2001). The present data follow the data of Xu et al. (1997) 
for z/L < 0.1; afterwards, their data show an increase. Pre-
sent results are consistent with the observations of Nieu-
wstadt (1984), who found �w∕u∗ to be approximately con-
stant at 1.4. Nieuwstadt’s observations (see their Fig. 2) 
are concentrated on the range 0.1 < z/L < 2.0. Our data 
agree well with their data up to z/L≈0.8, after which they 
depart slightly from being constant. According to Pahlow 
(2001), the increase of σw∕u∗ in strongly stable conditions 
might be an effect of turbulence damping. In such situ-
ations, only small turbulence eddies exist, which are no 
longer directly influenced by the surface and u∗ becomes 
small. Results show the dependence on z/L as described 
by Eq. 10.

Table 5 provides a comparison of near-neutral values 
of σu∕u∗, σv∕u∗andσw∕u∗ obtained from the present study 
with other reported studies. From Table 5, one can see that 
the mean values of 𝜎u∕u∗ > 𝜎v∕u∗ > 𝜎w∕u∗ in the neutral 
regime agree well with other suburban and urban locations 
(Högström et al. 1982; Yersel and Goble 1982; Roth 1993; 
Zhang et al. 2001; Change et al. 2009). The neutral values 

Table 5  Comparison of coefficients of normalized standard deviations of wind components obtained during near-neutral conditions from the 
present study at 10 and 20 m heights with the coefficients reported from studies over other locations

Author Place (Surface) σu∕u∗ σv∕u∗ σw∕u∗

Högström et al. (1982) Uplandia (Urban location) 2.5 2.2 1.5
Panofsky and Dutton (1984) Kansas, USA (Flat and uniform terrain) 2.39 ± 0.03 1.92 ± 0.05 1.25 ± 0.03
Yersel and Goble (1986) Urban location 2.7 2.2 1.2
Roth (1993) Suburban location 2.3 2.5 1.2
Krishnan and Kunhikrishnan (2002) Ahmedabad (Semi-arid) Southwest monsoon 

(Daytime)
2.32 ± 0.39 2.29 ± 0.22 1.37

Ramana et al. (2004) Lucknow (Inland) 2.63 ± 0.36 2.19 ± 0.06 1.0 ± 0.04
Chang et al. (2009) Oklahoma City (7.8–83.2 m) 2.4˗1.8 2.2˗1.4 1.5˗1.2
Fortuniak et al. (2013) Narutowicza (urban location) 2.28 ± 0.20 1.79 ± 0.23 1.27 ± 0.09
Goa, Coastal, India
(Present Study)

Total data at 10 m 2.59 ± 0.23 2.11 ± 0.20 1.21 ± 0.08

Total data at 20 m 2.52 ± 0.28 1.97 ± 0.26 1.19 ± 0.10
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of σi=u,v,w∕u∗ observed over the Goa site are slightly higher 
than the consensus values reported by Panofsky and Dutton 
(1984). Further, the mean �w∕u∗ value (≈ 1.21) lies within 
the values (1.1–1.4) as reported by Panofsky and Dutton 
(1984) over flat and complex terrains.

It is noteworthy to mention the standard deviation of the 
coefficients C1 and C2 (Eq. 10) for different seasons are pre-
sented in Supplementary Table 7. From this, it is clear that 
the seasonal differences are well within the limits of uncer-
tainties and hence turbulence statistics are nearly independ-
ent of seasons. The recommended functions of σi=u,v,w∕u∗ for 
the Goa site with related uncertainty are given in Tables 4, 
5 for near-neutral conditions. Ramana et al. (2003) also 
showed that turbulent statistics are nearly independent of 
seasons in Lucknow, India. As suggested by Falabino and 

Trini Castelli (2017), the functional forms developed over 
certain location describes the turbulent quantities of the 
location and could be of interest to air pollution studies. 
In air quality calculation, in addition to the meteorological 
parameters, frictional velocity, Obukhov length and rough-
ness length are often considered. Thus, the empirical coef-
ficients which are estimated based on the local scaling and 
similarity relationships under the framework of MOST over 
the coastal Goa site could be applied in dispersion mod-
els and boundary layer parameterization schemes for this 
region.

Fig. 6  Same as Fig. 5 but for the variations of σT∕T∗

Table 6  Comparison of 
coefficients of normalized 
standard deviations of 
temperature obtained from the 
present study at 10 and 20 m 
heights during the unstable 
( z∕L< 0) and stable ( z∕L> 0) 
conditions with the coefficients 
reported in studies over other 
locations

Locations Unstable ( z∕L< 0) Stable ( z∕L>0)
σT∕T∗ σT∕T∗

MONTBLEX-90, inland, southwest monsoon 
(Sivaramakrishnan et al. 1992)

5.12(1 − 8z∕L)−1∕3 8.0(1 + 0.67z∕L)−1

Rural (Andreas et al. 1998) 3.2(1 − 28.4z∕L)−1∕3 3.2
Beijing (Al-Jiboori et al. 2002) 2.23(−z∕L)−1∕3 3.1
Ahmedabad, Semi-arid, India,
Southwest monsoon
(Krishnan and Kunhikrishnan 2002)

6.5(1 − 9.5z∕L)−1∕3 6.5(1 + 0.8z∕L)−1

Lucknow, India, Inland
(Ramana et al. 2004)

6.56(1 − 9.5z∕L)−1∕3 6.45(1 + 0.25z∕L)−1

Beijing (Quan and Hu 2009) 1.5(−z∕L)−1∕3 3.0(z∕L)−1∕3

Łódz-Lipowa, Poland, urban
(Fortuniak et al. 2013)

1.60(−z∕L)−1∕3 4.18 + 0.15z∕L−0.69

Łódz-Narutowicz, Poland, urban
(Fortuniak et al. 2013)

1.61(−z∕L)−1∕3 3.60 + 0.13z∕L−0.74

Goa, Coastal, India (Present study)
Total data at 10 m 5.42(1 − 33z∕L)−1∕3

1.60(−z∕L)−1∕3
5.42(1 + 0.50z∕L)−1

Total data at 20 m 5.40(1 − 25z∕L)−1∕3

1.65(−z∕L)−1∕3
5.40(1 + 0.41z∕L)−1
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3.5.2  The normalized standard deviation of temperature 
(�

T
∕T∗) with stability (z∕L)

The functional form of relationship applied to present obser-
vations of temperature are given as follows:

where C1 and C2 are the coefficients estimated in the pre-
sent study. Equations 11 and 12 are considered following the 
studies carried out over the Indian region (Sivaramakrishnan 
et al. (1992); Krishnan and Kunhikrishnan (2002); Ramana 
et al. (2004); Dharmaraj et al. (2009)), while Eq. 13 was 
considered following Wyngard et al. (1971).

Figure 6 depicts bin averaged normalized standard devia-
tions of temperature ( σT∕T∗ ) plotted against stability param-
eter ( z∕L ) for unstable and stable conditions at 10 and 20 m 
heights. It is observed that temperature variations followed 
the “− 1/3 power law” during thermally unstable conditions 
as proposed by Wyngaard et al. (1971) while during stable 
conditions, σT∕T∗ showed a slight decrease with an increase 
in z/L.

In Fig. 6 solid black lines represent the empirical fit-
ting curves obtained from the present study using the rela-
tions given in Eqs. 11 and 12. This fitted curve agrees 

(11)𝜎T∕T∗ = C1(1 − C2z∕L)−1∕3 (z∕L < 0)

(12)𝜎T

/
T∗ = C1(1 − C2z∕L)(−1∕3) (z∕L < 0)

(13)𝜎T

/
T∗ = C1(−z∕L)(−1∕3) (z∕L < 0),

well with the curves obtained by Dharamraj et al. (2009) 
over Indian locations. During unstable conditions, the 
values C1 and C2 defined in Eqs. 11 and 12 are respec-
tively low and high over this location when compared 
with the measurements from other Indian locations like 
Ahmedabad (semi-arid) and Lucknow (inland) (Table 6). 
In stable conditions, values of σT∕T∗ attains a constant 
value of about 5.4 which is close to the values reported 
by Fortuniak et al. (2013) over the urban location. How-
ever, as z∕L approaches highly stable conditions, a small 
decrease in σT∕T∗ is observed.

The value of the constant C1 in Eq. 13 as suggested 
by Wyngard (1971) was 9.5 for unstable conditions. Our 
results show that the constant value is around 1.6 for both 
10 and 20 m heights respectively, which is very close to 
the values reported by Fortuniak et al. (2013) and Quan 
and Hu (2009) (Table 6). The variation of ( σT∕T∗ ) fol-
lows (z∕L)−1∕3 during unstable conditions and approaches 
constant value in stable conditions.

3.6  Correlation coefficient

Figure 7a, b show correlation coefficients of momentum 
( |ruw| ) and heat flux ( |rwT| ) as a function of stability ( z∕L ) 
estimated at 10 m and 20 m heights respectively. The values 
of |ruw| and |rwT| were respectively small and large during 
strong unstable conditions, whereas during neutral condi-
tions the values of |ruw| becomes large (greater than 0.3) 
(Fig. 7). Results indicate that the value of momentum flux 
is larger in neutral conditions and decreases with instability. 

Fig. 7  Variations of |ruw| and |rwT| studied as a function of z∕L for 
unstable ( z∕L<0) and stable conditions ( z∕L>0) at 10 m (left panel) 
and 20 m height (right panel), respectively, dispersion models in esti-

mating fluxes where mean temperature and wind data are fed as input 
(e.g., Quan and Hu 2009)
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This could be attributed to the enhancement of convection 
due to significantly high heat flux during highly unstable 
conditions. The values of |ruw| and |rwT | at both heights dur-
ing unstable conditions were, respectively, greater or lesser 
than 0.1 and 0.55. A similar trend was reported in other 
locations such as coastal (Singha and Sadr 2012), urban 
(e.g., Al-Jiboori et al. 2002; Wood et al. 2010) and rural 
regions (e.g., Kaimal and Finnigan 1994). The mean values 
of |ruw| obtained for unstable and stable conditions were 0.29 
and 0.20, respectively, at 10 m, which lies within the range 
between 0.1 and 0.4 as reported for other urban locations 
(Roth 1993). The mean values of |rwT| during unstable condi-
tions ( z∕L<− 0.1) were about 0.48 and 0.46 at 10  and 20 m, 
respectively, which were slightly higher than those reported 
over London ( |rwT| ≈ 0.4) by Wood et al. (2010), whereas 
during stable conditions ( z∕L >0.1) the values of | rwT | 
remained almost constant ≈ 0.22 and 0.24 at 10 and 20 m, 
respectively, which were found to be similar to the values of 
rwT (≈ 0.24) reported by Nieuwstadt (1984). During neutral 
conditions, the obtained value of these measurements was 
0.29 and 0.33 for | ruw| at 10 and 20 m heights, respectively. 
These turbulent correlation coefficients are crucial for dis-
persion models in estimating fluxes where mean temperature 
and wind data are fed as input (e.g., Quan and Hu 2009).

4  Summary and conclusions

This paper describes turbulence characteristics of the 
atmospheric surface layer over a tropical coastal site in Goa 
(15.46oN, 73.83oE, and 50 m a.s.l.), India. The datasets used 
were retrieved from slow and fast response sensors mounted 
at different heights on a 32 m meteorological tower. The 
observed data revealed that the low offshore wind speed 
(< 3  ms−1) dominates during nighttime, while onshore wind 
speed greater than 3  ms−1 dominates during daytime. This 
aspect along with the urban geometry of the location repre-
sents the distinct characteristics of the database.

The normalized standard deviations of wind components 
were analyzed within the framework of Monin–Obukhov 
similarity theory (MOST). Results show that �i=u,v,w∕u∗ , 
follow the ‘1/3’ power law in the free convection limit, and 
approach constant value for neutral stratifications. Results 
also confirm that normalized wind components follow ‘1/3’ 
in stable conditions. Thus, the power function (Eq. 10) can 
be used to model for both stable and unstable conditions. The 
suburban and urban functions proposed by Xu et al. (1997), 
Fortuniak et al. (2013), and Trini Castelli et al. (2014) lie 
within the variability range of the Goa observations.

The mean values of 𝜎u∕u∗ > 𝜎v∕u∗ > 𝜎w∕u∗ in the neu-
tral regime agree well with other suburban and urban loca-
tions. The present results confirm that the surface turbulence 
characteristics observed over this experimental site obey 

similarity relations. Present results also show that turbulence 
statistics are independent of seasons.

Additionally, the normalized temperature variances 
( σT∕T∗ ) follow (z∕L)−1∕3 during unstable conditions and 
approach a constant value in the stable limit.

The correlation coefficients for momentum and heat flux 
observed over the study site were, respectively, small and 
high under strong unstable and stable conditions, while 
the mean values of momentum flux increased steeply as it 
approached neutral conditions. This characteristic pattern 
was in line with the results reported over urban/cities and 
rural locations.
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tary material available at https:// doi. org/ 10. 1007/ s00703- 022- 00940-3.
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A B S T R A C T   

The Southern Ocean (SO) marine atmospheric boundary layer (MABL), regulated by continuous air-sea ex-
changes, plays a key role in transporting exchanges between tropics and poles. Among SO sectors, the Indian 
Ocean sector of SO (ISSO) remained least explored in terms of MABL characterization and is examined in this 
study. In ISSO, occurrence of sharp oceanic thermohaline fronts regulates the vertical thermodynamic structure 
of MABL, clouds, and inversions. In this study, these properties of ISSO MABL are investigated over three oceanic 
domains (Sub-Tropical Indian Ocean (STIO), ISSO, and High-Latitude SO (HLSO)). To achieve this, near-sea 
surface air-sea exchanges along with profiles of meteorological parameters generated between 25◦S and 68◦S 
and 57◦E to78◦E during three field campaigns conducted in the austral summers of 2017, 2018, and 2020 were 
utilized. Results showed strong SST-Tair variability across the study region. In STIO, positive SST-Tair indicated 
Low-Level Cold Air Advection (LLCAA)-induced destabilized and coupled MABLs capped by multiple inversions 
(>3INV’s of strength~0.35 K m− 1 above~1200 m) and thin mid/high-altitudes clouds (cloud-base~830 m, 
cloud-top~2309 m, and cloud-thickness~758 m). Over ISSO and northern HLSO, weak and negative SST-Tair 
indicated Low-Level Warm Air Advection (LLWAA)-induced stratified and decoupled MABLs. Aided by advective 
mixing of multiple air-masses, low-level thick multilayered clouds (>2 layers, average cloud-base~604 m, cloud- 
top~2288 m, and cloud-thickness~1314 m) and multiple strong high-level inversions (>2INV’s, strength>0.4 K 
m− 1,~1836 m) was observed. In HLSO, weakly positive SST-Tair indicated LLCAA-induced weakly destabilized 
MABLs capped by mid-altitude inversions (strength~0.22 K m− 1,~1632 m) and mid-altitude clouds (cloud- 
base~979 m, cloud-top~2465 m, and cloud-thickness~1263 m) supported by sublimation leading to virga 
conditions.   

1. Introduction 

The anomalous geophysical circulation patterns are widely associ-
ated with anthropogenic inputs (Stott et al., 2010; IPCC, 2014). 
Collectively, these inputs account for global climate perturbations via 
changes in atmospheric and oceanic circulation patterns, such as 
increased global temperatures, rising sea levels, melting polar ice caps 
and ice sheets, and changing wind patterns (Fawzy et al., 2020). On a 
local to regional scale, these climatic perturbations have profoundly 
affected human health and survival (Falga and Wang, 2022). The 

occurrence of these perturbations results from the dynamic exchange of 
water vapor, energy, mass, momentum, atmospheric constituents, and 
naturally and anthropogenically released emissions on diurnal, sea-
sonal, and annual scales (Stull, 1988). These exchanges regulated via 
continuously occurring coupled land-ocean-atmospheric interactions 
drives the earth’s climate, radiation budget, and water cycle (Edson 
et al., 1999). From the perspective of present-time global warming and 
the faster-changing earth’s climate, ocean-atmosphere exchanges hold 
the key to addressing rising future climate concerns (Liu et al., 2013). 
Recognizing its significance, numerous studies are available from the 
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world oceans e.g., the Atlantic Ocean (Huang and Shukla, 2005; Nobre 
et al., 2012), the Pacific Ocean (Xie et al., 2001; Smirnov et al., 2014), 
Indian Ocean (Webster et al., 1999), and the Arctic Ocean (Deser et al., 
2015; Petrie et al., 2015), but Southern Ocean (SO) is relatively one of 
the least explored ocean (Sallée, 2018; Swart et al., 2018). Its least 
exploration is attributed to the challenge of continuous monitoring due 
to its distant continental proximity, extreme remoteness, and harsh 
weather conditions. However, in the recent past, efforts to generate in 
situ data by conducting SO field expeditions have improved the under-
standing of SO (McFarquhar et al., 2021). Based on past studies, SO is 
observed to act as a sink for >40% of the global heat content (Sallée 
et al., 2008), and 30–40% of anthropogenic carbon dioxide (CO2) 
released in the atmosphere (Long et al., 2021). This record highlights the 
major contribution of SO in regulating climate perturbations such as 
declining ice cover, increasing ocean acidification, and changing global 
wind and precipitation patterns (Sen Gupta et al., 2009; Hopkins et al., 
2020). These perturbations are projected to amplify in future warming 
scenarios (Lee et al., 2021), thereby indicating the need for an improved 
understanding of SO-atmosphere interactions. 

Among world oceans, SO serves a distinctively unique ocean 
composed of numerous oceanic fronts formed by a sharp gradient in sea 
surface temperatures (SST) and salinity. These fronts are embedded 
within the massive circulating Antarctic Circumpolar Current (ACC) that 
connects the Atlantic, Pacific, and Indian oceanic basins as well as 
strongly links exchanges between tropics and poles (Talley et al., 2011). 
The oceanic fronts embedded within ACC are the Sub-Tropical Front 
(STF), Sub-Antarctic Front (SAF), Polar Front (PF), Southern Antarctic 
Circumpolar Current Front (SACCF), and Southern boundary of ACC 
(SB) (Orsi et al., 1995; Belkin and Gordon, 1996). On a temporal scale, a 
shift in the locations of these fronts occurs which is reflected in the 
changes in SST gradients (Thompson and Richards, 2011). Past studies 
have recorded the most substantial SST gradients in the Indian Ocean 
sector of the Southern Ocean (ISSO) compared to other sectors of SO 
(Small et al., 2014). Depending on the magnitude of the SST gradient, 
enhancement in the activities of oceanic eddies and amplification/sup-
pression of air-sea exchanges are observed specifically in the vicinity of 
oceanic fronts and regions of strong mesoscale activities (Rouault and 
Lutjeharms, 2000; Chelton et al., 2001; Small et al., 2008). Equivalent to 
air-sea exchanges which are regulated by SST gradient and air temper-
ature differences (SST-Tair), an input of surface layer heat fluxes (posi-
tive/negative) are fed into the low-level atmosphere which regulates the 
structure and dynamics of the marine atmospheric boundary layer 
(MABL) via the flow of low-level warm air advection (LLWAA) or low- 
level cold air advection (LLCAA) (Zheng and Li, 2019b; Zheng et al., 
2018b). In the case of LLWAA (SST < Tair), the negative surface heat flux 
weakens vertical atmospheric mixing and enhances lower atmospheric 
stability (Martin et al., 1995; Wood and Bretherton, 2004; Wood et al., 
2018; Zheng et al., 2018b). On the contrary, during LLCAA (SST > Tair), 
the positive surface heat flux supports the development of a well-mixed 
MABL capped by clouds, thereby forming a strongly coupled MABL 
(Zheng et al., 2018b). Across the ISSO fronts, the frequent transitional 
flow of LLWAA and LLCAA prevails mainly due to strong baroclinic 
instabilities laid by varying SST gradients and changing SST-Tair (Pier-
rehumbert and Swanson, 1995; Moore et al., 1999). As a result of the 
advection, such different types of air masses across multiple oceanic 
fronts account for the formation of numerous atmospheric fronts (warm, 
cold, and occluded). Typically, warm (cold) fronts are associated with 
LLCAA (LLWAA) which supports the development of the high-pressure 
anticyclonic (low-pressure cyclonic) area and are commonly associ-
ated with the formation of coupled (decoupled) MABL’s over SO. 
Moreover, the isolation of warm air mass between two adjacent cold air 
masses commonly accounts formation of occluded front where highly 
stabilized MABL’s are common (Li et al., 2015). Past studies have 
identified a higher frequency of decoupled MABL’s associated with 
LLWAA particularly in SO (Boers et al., 1998; Russell et al., 1998; Jensen 
et al., 2000; Hande et al., 2012; Chubb et al., 2016; Zheng et al., 2018b; 

Zheng and Li, 2019a). These aforementioned unique SO conditions 
mainly driven by dynamic ocean-atmospheric exchanges contribute to a 
higher frequency of stormy low-pressure cyclonic systems, and are 
majorly responsible for making SO one of the stormiest cyclonic regions 
of the globe and is, therefore, referred to as the SO storm track region 
(Bischoff and Thompson, 2014; Chapman et al., 2015; Huang et al., 
2015b). 

The source of the present knowledge of SO is based on in-situ data 
collected from a few scientific campaigns conducted in different sectors 
of SO e.g., the Australian (McFarquhar et al., 2021) and African 
(Messager et al., 2012) sector of SO (Table 1 in Schmale et al., 2019). 
These in-situ datasets were also employed for validating remotely 
retrieved data and model-simulated results over SO, where large un-
certainties in remote and modeled datasets were identified (Sallée et al., 
2013; Bodas-Salcedo et al., 2014). (Sallée et al., 2013; Bodas-Salcedo 
et al., 2014; Hyder et al., 2018; Schuddeboom et al., 2019). For example, 
significant misrepresentation of cloud properties, underestimation of 
atmospheric inversions, and biases in radiative estimates (Lang et al., 
2018; McFarquhar et al., 2021; Vignon et al., 2021) were observed in 
frequently accessed satellite retrievals e.g., ERA-Interim and MERRA 
(Naud et al., 2014), particularly over extra-tropical fronts and stormy 
regions (Hoskins and Hodges, 2005; Haynes et al., 2011; Catto et al., 
2012). Recent investigations revealed that one of the major causes of 
these uncertainties is the significant cloud coverage over SO for nearly 
80% of the year (Haynes et al., 2011; Huang et al., 2012; Mace and 
Protat, 2018; Mace et al., 2020; Mace et al., 2021; McFarquhar et al., 
2021). Thus, to properly understand SO and to improve SO monitoring 
using space-borne observations, it becomes crucial to increase in situ 
observations over poorly sampled SO regions (e.g., ISSO). 

Particularly, in situ data that presents the spatial and vertical 
structure of the SO atmosphere with an emphasis on the dynamic pro-
cesses governing the distribution of clouds and inversions is required. 
Thus, recognizing its significance, the present study is carried out to 
understand the coupled air-sea exchanges occurring over a system of 
multiple ISSO fronts and their effect on the thermodynamics of ISSO 
MABL. For this purpose, in situ data generated during three consecutive 
field campaigns conducted during the austral summers of 2017 
(January–March), 2018 (December–February), and 2020 (Januar-
y–March) have been used. A dataset comprising 75 high-resolution at-
mospheric soundings and near-surface meteorological parameters has 
been used to achieve the following objectives,  

• Understand low-level thermodynamic stability conditions in 
response to prevailing synoptic meteorology  

• Assess the cloud’s macrophysical properties 

Table 1 
Details of atmospheric soundings collected during three Southern Ocean field 
campaigns.  

Campaign Period of 
Campaign 

Latitude 
Range 

Longitude 
Range 

Number of 
Soundings 

Time / 
Height 
Resolution 

a SOE-IX 

6th January 
2017 – 28th 
February 
2017 

30◦S to 
68◦S 

57.4◦E to 
75◦E 

18 1 s / 0.1 m 

a SOE-X 

8th 
December 
2017 – 4th 
February 
2018 

28◦S to 
66.6◦S 

57.4◦E to 
76.5◦E 

30 1 s / 0.1 m 

a SOE-XI 

10th 
January 
2020 – 8th 
March 2020 

24◦S to 
67.5◦S 

57.4◦E to 
79◦E 27 1 s / 0.1 m 

Note: a SOE denotes Southern Ocean Expeditions conducted in the Indian Ocean 
sector. 
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• Examine boundary layer inversions  
• Investigate dominant physical processes in the low-level atmosphere 

2. Study region, data, and method 

The study is based on a set of meteorological measurements carried 
out during three scientific campaigns executed in the ISSO during the 
austral summers of 2017, 2018, and 2020 onboard research vessel S.A. 
Agulhas from Port Louis, Mauritius (20◦S) to Prydz Bay region of coastal 
Antarctica (68◦S). The cruise track of each campaign is shown in Fig. 1a, 
and the details are provided in Table 1. 

2.1. Study region 

The oceanic domains examined in this study cover the oceanic fronts 
of the ISSO up to the Prydz Bay region of coastal Antarctica. The 
approximate locations of ISSO fronts are discussed in Orsi et al. (1995); 
Belkin and Gordon (1996); Kostianoy et al. (2004). For this study, 
measurements began from STF, an oceanic front that is known to 
separate tropical waters from sub-Antarctic waters (Deacon, 1937; 
Lutjeharms and Valentine, 1984; Sokolov and Rintoul, 2002; Hamilton, 
2006). The region north and south of STF are termed NSTF1, NSTF2, and 
SSTF. Further south of SSTF, the frontal regions SAF1, SAF2, PF1, and 

PF2 embedded within ACC represent the ISSO region (Lutjeharms and 
Valentine, 1988; Stammer, 1998; Phillips and Rintoul, 2000; Morrow 
et al., 2004; Sallée et al., 2008). Beyond PF2, the region of SACCF is 
marked around 60◦S, which represents a region of stronger convergence 
of winds. Ahead of SACCF, a region of SB is marked which lies near two 
sub-polar gyres i.e., Weddell Sea gyre and Prydz Bay gyre. Lastly, the 
measurements towards the southernmost extent were collected in the 
coastal waters of the Prydz Bay region of Antarctica, termed CA (Coastal 
Antarctica). The meteorological measurements used in this study 
describe these ten frontal regions, which lie in three major oceanic do-
mains, i.e., (i) Sub-tropical Indian Ocean (STIO) comprising of NSTF1, 
NSTF2, and SSTF, (ii) ISSO comprising of SAF1, SAF2, PF1, and PF2, and 
(iii) High-Latitude SO (HLSO) comprising of SACCF, SB, and CA (see 
Table 2 for details). 

2.2. Data 

The primary data used for this study comprised measurements of 
near-surface and vertical profiles of meteorological variables generated 
over the study region. The near-surface measurements included air 
temperature (Tair), relative humidity (RH), mean sea level pressure 
(MSLP), wind speed (WS), and wind direction (WD) recorded using a 
standard pre-calibrated automatic weather station (AWS, WeatherPak®- 

Fig. 1. (a) Cruise track along which atmospheric measurements were made during three campaigns (SOE-IX (red colour track), SOE-X (green colour track), and SOE- 
XI (yellow colour track)) over the Indian Ocean sector of Southern Ocean (ISSO). Arrows indicate onward and return track journeys. The approximate location of 
major fronts marked by white dotted lines are adopted from (Belkin and Gordon, 1996; Anil Kumar et al., 2015): [NSTF and SSTF, Northern and Southern Sub- 
Tropical Fronts; SAF, Sub-Antarctic Front; PF, Polar Front; and AZ, Antarctic Zone]. (b) The distribution of 75 atmospheric soundings launched during SOE-IX 
(red circles), SOE-X (green triangles), and SOE-XI (yellow squares) campaigns. Locations for time series measurements made during SOE-IX (red star) and SOE-X 
(green pentagon) campaigns are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

S.N. Salim et al.                                                                                                                                                                                                                                 



Atmospheric Research 286 (2023) 106678

4

2000 v3, Coastal Environment Systems Inc.) at every 30 min interval. 
This AWS was installed on the ship’s deck at a height of ~10 m above 
mean sea level, and its alignment was regularly corrected as the 
campaign progressed. These observations were successfully made dur-
ing the first two cruises (i.e., in 2017 and 2018), while AWS failed to 
store data during the third cruise (in 2020). The data was manually 
logged at 6-h intervals. The measurements of SST were recorded using a 
bucket thermometer (T. Friedrichs & Co.) at 6-h intervals during all 
campaigns. The vertical profiles of meteorological parameters were 
generated using Pisharoty radiosondes developed by Vikram Sarabhai 
Space Centre (VSSC) of the Indian Space Research Organization (ISRO) 
(Divya et al., 2014). A total of 75 high-resolution atmospheric soundings 
were released during the three campaigns (Fig. 1b) and details of these 
launches are provided in Table S2. During all campaigns, radiosondes 
were released at pre-determined locations to target oceanic fronts and 
preferably around 00:00, 16:00, 12:00, and 18:00 UTC. Although, a few 
radiosondes were also released at discrete timings. During the third 
campaign in 2020, atmospheric soundings were performed across the 
latitudinal transit track at a 3◦longitudinal interval. A comparison of 
measurements between Pisharoty radiosonde and from Vaisala, Meisei, 
and Graw make radiosondes were reported by Divya et al. (2014). It 
revealed a correlation of 0.99 for T and MSLP, 0.97 for RH, 0.998 for 
east-west (u), and 0.976 for the north-south (v) component of WS, 
making it suitable for the present study. The technical details of the 
sensors equipped on the Pisharoty radiosonde are provided in Table S1. 

2.3. Methodology 

Before analyzing radiosonde measurements, the anomalous values 
(random values in an increasing or decreasing order) had been flagged 
and removed. Further, the profiles of all meteorological variables were 
averaged at 20 m intervals, followed by smoothening using a five-point 
moving average technique (Subrahamanyam and Radhika, 2003). A 
similar method was adopted to examine the thermodynamic structure of 
the low-level atmosphere (near-surface to 4000 m altitude) in the Aus-
tralasian sectors of SO (Hande et al., 2012; Lang et al., 2018; Truong 
et al., 2020). Hence, in this study, data from the surface (~12 m) to 
4000 m altitude were only used to examine the thermodynamic prop-
erties of MABL across the study region. After employing these criteria, 

the thermodynamic stability of low-level atmosphere was investigated 
using profiles of conserved variables, i.e., virtual potential temperature 
(θv) and mixing ratio (r) (Messager et al., 2012; Lang et al., 2018). These 
variables were obtained following Stull, 1988, 

θv = θ(1+ 0.61r) (1)  

r = 0.623e/P − 0.377e (2)  

where θ is the potential temperature, P is the atmospheric pressure, and 
e represents vapor pressure. 

In addition, the frequency of occurrences of cloud and inversions 
along with their macrophysical properties such as the height of cloud 
base, cloud top, total cloud geometric thickness, the height of inversions, 
and its strength were estimated following the method described by 
Truong et al. (2020). The cloud layers were identified as single, multi-
layer, or complete clouds by computing the difference between Tair and 
dew point temperature (Td). In this study, a larger dewpoint depression 
threshold of Tair-Td (< 2.0◦C) has been chosen than the threshold of 
1.5◦C used in Truong et al. (2020), to reflect clouds from MODIS and 
CALIPSO observations qualitatively. The cloud layers were detected if 
this threshold was met for an altitude thickness of at least 60 m or more. 
These criteria were applied in the altitudes between 500 and 4000 m, 
and the presence of clouds was ascertained. Following the method of 
Mace et al. (2009), a “multi-layered cloud” was recorded if at least two 
or more cloud layers were identified in a radiosonde profile. Further, the 
total geometric cloud thickness was estimated as a sum of Tair-Td among 
cloud layers (Truong et al., 2020). The cloud base and cloud top heights 
were identified as the altitudes of the cloud base of the lowest cloud 
layer and the top of the highest cloud layer. 

Further, the inversions from each radiosonde profile were considered 
significant, if dθv/dz was greater than or equal to a limiting threshold of 
0.14 K m− 1and subsequent significant inversion was at least 300 m away 
from the previous inversion (Zeng et al., 2004; Hande et al., 2012; Lang 
et al., 2018; Truong et al., 2020). Between 500 and 4000 m, the number 
of significant inversions was recorded as no inversion, single, or multiple 
inversion. A “multi-level inversion” was recorded in a sounding if at 
least two or more inversions were identified between 500 and 4000 m 
altitudes. 

In addition to cloud layers and inversions, Lower Tropospheric 

Table 2 
Regional classification of the study area and the distribution of 75 atmospheric soundings.  

Sr. 
No. 

Oceanic Domains Frontal regions of ISSO Classification adopted 
for present study 

Indicator 
Variable 

Criteria for considered soundings Total 
RL 
count 

SST (◦C) SST > Tair SST < Tair 

1 Sub-Tropical 
Indian Ocean 
(STIO) 

Northern Subtropical Front 
(NSTF1) 

24◦S–32◦S 26 to 22 ◦C RL17, RL19, RL48, RL73, 
RL74 

RL1, RL18, RL75 8 

2 Northern Subtropical Front 
(NSTF2) 

32◦S–40◦S 22 to 21 ◦C RL14, RL20, RL46, RL47, 
RL72 

RL15, L16, RL21 8 

3 Agulhas Return Front (ARF) +
Southern Subtropical Front 
(SSTF) 

40◦S–41◦30′S 19 to 17 ◦C, 
17 to 11 ◦C 

RL2, RL13 RL71 3 

4 Indian Ocean 
sector of Southern 
Ocean (ISSO) 

Northern Sub-Antarctic Front 
(SAF1) 

41◦30′S–44◦S 11 to 9 ◦C RL22, RL23, RL69 RL11, RL12, RL70 6 

5 Southern Sub-Antarctic Front 
(SAF2) 

46◦30′S–48◦S 7 to 6 ◦C RL68 – 1 

6 Northern Polar Front (PF1) 50◦S–52◦30′S 5 to 4 ◦C RL10, RL24 RL25, RL66, RL67 5 
7 Southern Polar Front (PF2) 54◦30′S–59◦30′S 3 to 2 ◦C RL9, RL27, RL28, RL44, 

RL45 
RL26, RL64, RL65 8 

8 High-Latitude 
Southern Ocean 
(HLSO) 

Southern Antarctic 
Circumpolar Current Front 
(SACCF) 

59◦30′S–61◦S Increased 
Temperature, 
Tmax > 1.8 ◦C 

– RL8, RL29, RL30, 
RL42, RL43, RL63 

6 

9 Southern Boundary of ACC 
(SB) 

63◦S–65◦S Isotherm of 
1.5 ◦C 

RL31, RL51, RL55, RL58, 
RL59, RL61, RL62 

RL7, RL41, RL54 10 

10 Coastal Antarctic (CA) 65◦S–68.5◦S 1.5 to − 0.5 ◦C RL5, RL6, RL32, RL33, RL34, 
RL35, RL36, RL40, RL52, 
RL56, RL57, RL60 

RL3, RL4, RL37, 
RL38, RL39, RL49, 
RL50, RL53 

20 

Note: Identification of oceanic fronts in the ISSO was adopted from Belkin and Gordon (1996); Anil Kumar et al. (2015). 
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Stability (LTS after Klein and Hartmann (1993) and Estimated Inversion 
Strength (EIS after Wood and Bretherton (2006) were estimated. Ac-
cording to Wood and Bretherton (2006), these metrics indicate the 
measure of inversion strength within MABL, and higher estimates of 
these metrics are indicators of strong low-lying inversions. Stronger 
inversions are more likely to trap moisture within MABL, resulting in 
higher coverage of low-level clouds. The estimation of EIS and LTS in 
other sectors of SO have been correlated well with the in-situ records of 
low-level cloud cover (Muhlbauer et al., 2014; Naud et al., 2016; Lang 
et al., 2018; Truong et al., 2020). 

The estimation of LTS was computed as a difference between θ at 700 
mb pressure level and the surface (Klein and Hartmann, 1993), 

LTS = θ700 − θsurface (3) 

The estimation of EIS has been computed using the following 
equation, 

EIS = LTS − Γ850
m (z700 − LCL) (4)  

where, Γm
850 is the moist adiabatic potential temperature gradient at 850 

hPa, calculated using the average of Tair at the surface and 700 hPa, 

Γ850
m = Γm([T0 + T700]/2 ), 850hPa (5) 

In Eq. (5), Γm was calculated following Wood and Bretherton (2006), 
after applying the simplified approximation suggested by Bolton (1980), 

Γm(T, p) =
g
cp

[

1 −
1 + Lvrs(T, p)/RaT

1 + L2
v rs(T, p)

/
cpRvT2

]

(6)  

where g is the acceleration due to gravity, cpis the specific heat of air at 
constant pressure, Lv is the latent heat of vaporization, rs(T,p) is the 
saturation mixing ratio at respective altitudes having temperature (T) 
and pressure (P), and Ra and Rv represent the gas constants for dry air 
and water vapor, respectively. The LCL is the lifting condensation level 
and z700 is the altitude of 700 hPa. The standard procedures for calcu-
lating LCL height were adopted by Bolton (1980). 

Lastly, the boundary layer processes were diagnosed within the 
lower 4000 m atmospheric column using conserved variable analysis 
(CVA). The conserved variables, i.e., equivalent potential temperature 
(θe) and specific humidity (q) were examined following Betts and 
Albrecht (1987). The conserved variable θe and q were estimated as 
follows, 

θe = θe2.67.q/TLCL (7)  

q = (0.622× e)/(p − (0.378× e) ) (8)  

where, TLCL is the temperature at LCL. 

3. Results 

The results are discussed in the subsections below, beginning with 
low-level thermodynamic conditions in section 3.1. In sections 3.2 and 
3.3, the characteristics of clouds and inversions, and dominant physical 
processes are presented. In section 3.4, we describe three typical case 
studies illustrating the effect of synoptic meteorology in altering the 
state of MABL. Lastly, in section 3.5, the variability of EIS and LTS across 

Fig. 2. Time series of surface measurements of (a, c) MSLP, the mean sea level pressure in hPa (green lines); Tair and SST, the air temperature and sea surface 
temperature in ◦C (red and magenta lines respectively); (b, d) WS, wind speed in m s− 1 (black lines); WD, wind direction in degrees (grey lines) and RH, relative 
humidity in % (blue lines) were measured while crossing ISSO oceanic fronts during SOE-IX (left panel [a, b]) and SOE-X (right panel [c, d]) campaigns respectively. 
In panels (a, c), the left vertical scale is for MSLP, and the right vertical scale is for temperatures (Tair and SST). In panels (b, d), the left vertical scale is for WS, and 
the right vertical scale is for WD and RH. The maximum limit of RH (100%) is marked in panels (b, d) with a blue dotted line. For all panels, the horizontal axis is the 
Julian day number according to the campaign periods of SOE-IX (left panels) and SOE-X (right panels). The vertical dashed black lines mark the approximate lo-
cations of encountered oceanic fronts while crossing ISSO during the campaigns adopting the markation provided by (Belkin and Gordon, 1996; Anil Kumar et al., 
2015). The fronts encountered during the forward track (brown), time series region (cyan), and return track (orange) are mentioned on the top of the panel (a, c). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the study region is discussed. 

3.1. the thermodynamic state of the low-level atmosphere 

The continuous measurements of surface-based meteorological pa-
rameters, i.e., SST, Tair, RH, WS, and WD collected across the entire 
cruise track traversed during two consecutive field campaigns (in 2017 
and 2018) showed significant variability in near-surface meteorological 
conditions across the ISSO fronts irrespective of the campaigning period 
(Fig. 2). In addition to near-surface meteorology, prominent spatial 
variability was observed in the air-sea coupling (SST-Tair) and it was 
observed to strongly regulate the thermodynamic stability/instability 
state of MABL. Thus, in this subsection, we have sequentially described 
the thermodynamic state of the low-level atmosphere over ten frontal 
regions grouped in three major oceanic domains by analyzing vertical 
profiles of conserved variables, i.e., θv and r generated from 75 atmo-
spheric soundings (Fig. S1-S3). 

3.1.1. STIO 
Out of 19 soundings released over STIO, 12 atmospheric soundings 

(RL2, RL13, RL14, RL17, RL19, RL20, RL46, RL47, RL48, RL72, RL73, 
and RL74) suggest high-pressure regions (Table 1). The SST was higher 
than Tair which revealed positive surface heat flux and the occurrence of 
LLCAA. This warm front region favored convective destabilization of the 

low-level atmosphere leading to the formation of a well-evolved mixed 
layer structure evident in r and θv profiles (Fig. S1-S3). The average 
mixed-layer height during unstable conditions reached altitudes of 
1153 m, 1240 m, and 1270 m over NSTF1, NSTF2, and SSTF, respec-
tively (Fig. 3a,c,e). The mixed layer was capped by stratocumulus 
clouds, indicating a thermodynamically coupled boundary layer struc-
ture. The formation of such coupled boundary layer structures in the 
NSTF region was due to higher MSLP, SST > Tair, and the advection of 
cold air masses supported the formation of warm fronts in this region. 
Moreover, the region also encountered clear sky conditions accompa-
nied by weak winds carrying dry air masses (RH < 83%) (Table 3). These 
conditions over NSTFs were attributed to the prevalence of sub-tropical 
ridges that generally prevailed at 30◦S (Timbal and Drosdowsky, 2013). 
The SSTF region revealed strongly coupled and highly destabilized 
MABL due to an intense warm front caused by the action of convectively 
active oceanic eddies formed over meandering Agulhas Retroflection 
Current (ARC) (Fig. 3e). 

In contrast, at the remaining seven soundings (RL1, RL15, RL16, 
RL18, RL21, RL71, and RL75), SSTs were less than Tair, which indicated 
negative surface heat flux associated with the cold front region. It 
showed the prevalence of LLWAA that inhibited vertical mixing in the 
low-level atmosphere and promoted a decoupled MABL. A more stably 
stratified low-level atmosphere was evident as r and θv gradually 
increased with altitude (Fig. S1-S3). The formation of stable and 

Fig. 3. Mean vertical thermodynamic profiles of air temperature (T in ◦C, blue line), dew point temperature (Td in ◦C, yellow line), relative humidity (RH in %, green 
line), virtual potential temperature (θv in K, red line bottom x-axis), mixing ratio (r in g kg− 1, magenta line, and upper magenta x-axis), wind speed (WS in m s− 1, 
black line bottom x-axis), and wind direction (WD in degrees, brown line, and upper brown x-axis) up to 4000 m altitude for upper air soundings released in frontal 
regions of Sub-Tropical Indian Ocean (STIO) (i.e., NSTF1, NSTF2, and SSTF). The left panel indicates sounding profiles where SST > Tair in (a) NSTF1, (c) NSTF2, and 
(e) SSTF while the right panel indicates sounding profiles where SST < Tair in (b) NSTF1, (d) NSTF2, and (f) SSTF. Details of soundings considered for mean profiles in 
each region are provided in Table S2. The shaded area represents 1 standard deviation (except for wind direction). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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decoupled MABL over NSTF1 (RL1, RL18, and RL75) may be associated 
with the developing monsoon conditions over Mauritius, as well as due 
to the influence of continentally advected warm and moist air masses by 
westerlies in the low-level atmosphere (higher values of r and RH) 
(Fig. 3b). However, stable MABL conditions recorded in soundings over 
NSTF2 (RL15, RL16, and RL21) were associated with the nighttime 
conditions and development of the cold front region (Fig. S5). The 
weakly unstable conditions observed in soundings over SSTF (RL13 and 
RL71) were associated with the weakening of oceanic eddies induced by 

the ARC, which augmented negative surface heat flux inputs and pro-
moted stability within the boundary layer (Fig. S1, S3). 

3.1.2. ISSO 
The unique characteristic of this region is the prominent advection of 

distinct air masses which induces frequently changing atmospheric cold, 
warm, or occluded fronts. This makes ISSO the stormiest region of SO. Of 
the total 20 launches, at 11 soundings (RL9, RL10, RL22, RL23, RL24, 
RL27, RL28, RL44, RL45, RL68, and RL69) SST was higher than Tair. 

Table 3 
Characteristics of classified regions in terms of Campaigns, Thermodynamics, Clouds, Inversions, and their Macrophysical properties.  

Oceanic Domains Subtropical Indian Ocean (STIO) Indian Ocean sector of Southern Ocean (ISSO) High-Latitude Southern Ocean 
(HLSO) 

Frontal Regions NSTF1 NSTF2 SSTF SAF1 SAF2 PF1 PF2 SACCF SB CA 

I. Campaign 
SOE-IX 3 3 2 2 – 1 1 1 1 4 
SOE-X 2 4 – 2 – 2 5 4 2 9 
SOE-XI 3 1 1 2 1 2 2 1 7 7 
Total Count 8 8 3 6 1 5 8 6 10 20  

II. Thermodynamics 
mean SST (◦C): Oceanic domains 20.10 ± 3.04 7.70 ± 4.27 1.01 ± 0.38 
mean SST (◦C): Frontal regions 24.19 19.21 16.92 13.15 10.38 4.85 2.43 1.45 1.06 0.52 
SST gradient (◦C/degree latitude): 

Oceanic domains 
1.43 ± 0.98 0.74 ± 0.17 1.05 ± 0.18 

SST gradient (◦C/degree latitude): 
Frontal regions 

0.94 0.56 2.80 0.92 0.73 0.84 0.48 0.93 1.30 0.93 

SST boundaries (◦C) 27.5–20.5 23.6–19.1 18.5–14.3 12.8–10.5 8.3–7.2 5.8–3.7 3.6–1.2 1.9–0.5 
2.2 – 
− 0.4 

2.18 – 
− 1.1 

SST - Tair (◦C) − 0.55 0.43 0.80 − 0.71 2.38 − 0.67 0.12 − 0.23 1.33 2.43 
MSLP (hPa) 1016.2 1017.8 1019.3 1010.3 1011.1 994.7 995.3 983.2 984.3 990.6 
WS (m s− 1) 5.66 9.82 9.07 14.68 7.94 21.05 15.44 13.10 8.91 5.15 
WD (◦) 215.9 196.3 232.3 279.5 247.9 278.7 255.9 265.7 86.74 185.3 
RH (%) 79.64 80.77 81.2 87.23 77.04 86.04 85.57 95.77 91.78 66.96 

EIS (K) 8.46 9.89 8.61 8.29 
2.41 
(LC) 9.45 7.65 7.51 5.19 9.82 

LTS (K) 16.32 17.86 16.34 15.52 
7.23 
(LC) 18.63 14.26 13.63 11.47 17.63  

III. Cloud Layer 
No cloud (%) 37.5 50 33.33 0 100 (LC) 60 50 16.66 20 55 
1 layer (%) 37.5 37.5 33.33 100 0 (LC) 0 12.5 33.33 40 40 
2 layer (%) 25 12.5 33.33 0 0 (LC) 20 25 33.33 20 5 
3 or more layer (%) 0 0 0 0 0 (LC) 20 0 16.66 10 0 
Complete cloud (%) 0 0 0 0 0 (LC) 0 12.5 0 10 0  

IV. Cloud Macro characteristics 

Total cloud thickness (m) 
808±
575 

1015±
571 

450±
90 

593±
374 

NC (LC) 
1360 ±
320 

1750 ±
1181 

1556±
614 

1925 ±
880 

602±
321 

Cloud top height (m) 2612 ±
1183 

2445±
998 

1870 ± 650 1383 ± 387 NC (LC) 2790 ±
590 

2430 ±
990 

2548±
873 

2807 ±
1067 

2122±
1193 

Cloud base height (m) 
1196±
651 

615±
199 

680±
180 

840±
415 NC (LC) 500 ± 0 

575±
129 

500 ±
0 

632±
224 

1326±
952 

V. Inversion (INV)           
No INV (%) 25 37.5 33.33 0 100 (LC) 20 50 50 90 50 
1 INV (%) 50 25 0 33.33 0 (LC) 40 25 16.66 0 25 
2 INV (%) 12.5 0 0 66.67 0 (LC) 0 12.5 16.66 0 5 
3 or more inversion (%) 12.5 37.5 66.67 0 0 (LC) 40 12.5 16.66 10 20  

VI. INV Macro characteristics 

Main INV height (m) 
1206±
704 

1600±
1112 

650±
90 2244 ± 680 NI (LC) 

1840 ±
1347 

1950 ±
1241 

1313±
670 500 ± 0 

1632±
1061 

Main INV strength (K m− 1) 
0.23±
0.05 

0.34±
0.12 

0.35±
0.15 

0.30±
0.11 NI (LC) 

0.40±
0.21 

0.25±
0.05 

0.24±
0.09 

0.20 ±
0.00 

0.23±
0.1 

Second INV height (m) 2390±
790 

2087±
227 

2210 ±
1070 

2325 ±
1628 

NI (LC) 1890 ±
450 

2410 ±
1250 

3420±
80 

1200 ± 0 2263±
1149 

Second INV strength (K m− 1) 0.20±
0.00 

0.37±
0.12 

0.55±
0.05 

0.33±
0.19 

NI (LC) 0.65±
0.45 

0.27±
0.00 

0.23±
0.00 

0.20 ±
0.00 

0.25±
0.08 

Note: A total number of atmospheric soundings available in each region during the respective campaign is summarized under subheading I. EIS and LTS stand for 
Estimated Inversion Strength and Lower Tropospheric Stability. NC denotes No Cloud, LC denotes Low in Confidence, and NI denotes No Inversion. The wind speed 
(WS), wind direction (WD), and relative humidity (RH) in subheading II are mean values observed at 925 hPa 
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However, a decrease in MSLP was observed which accounted for the 
weakening of the intensity of positive heat flux inputs to the lower at-
mosphere. Thus, low-level instability was noticed from the profiles of r 
and θv in these soundings which revealed the formation of a well- 
developed mixed layer capped by cumulus clouds (Miller and 
Albrecht, 1995; Bretherton, 1997; Zheng et al., 2018a). The averaged 
mixed layer height during unstable conditions were ~ 1630 m, ~720 m, 
~412 m, and ~ 920 m at SAF1, SAF2 (low confidence), PF1, and PF2 
respectively. The destabilized MABL over SAF1 (RL22 and RL23) were 
attributed to convectively active oceanic eddies in the nearest vicinity of 
soundings that led to the development of a warm atmospheric frontal 
region. In RL69, an active warm front region was observed with SST as 
3.0◦C higher than Tair (Fig. S7). Similarly, in RL68, the formation of a 
warm front region (SST-Tair = 2.4◦C) resulted in destabilized MABL 
(Fig. S8). 

The remaining 9 soundings (RL11, RL12, RL25, RL26, RL64, RL65, 
RL66, RL67, and RL70) showed SST < Tair. This indicates the formation 
of cold/occluded fronts to initiate LLWAA, thereby promoting the 
development of highly stratified decoupled MABL (Zheng et al., 2018b). 
The stabilized low-level atmosphere was also evident from a gradual 
increase in r and θv up to 4000 m (Fig. 4b,e,g). A combined effect of 
stable conditions, high-speed winds (>32 m s− 1 within 4000 m), and the 
formation of multiple cold/occluded fronts supported the formation of 
frequent low-pressure stormy cyclonic systems in these mid-latitude 
regions of ISSO (manual weather records). Similar atmospheric 

conditions were recorded in the soundings (RL11, RL12, and RL70) 
made in SAF1 where the cold front formed due to the advection of warm 
and moist air masses via strong northwesterly is evident (Fig. S7). 
However, highly stable conditions over PF (RL25, RL26, RL64, RL65, 
RL66, and RL67) were attributed to low MSLP (~995 hPa), Tair > SST, 
polar jet streams inducing strong westerly winds exceeding 32 m s− 1 

within ~4000 m altitudes, and presence of strong baroclinicity (Fig. S9, 
S10). All soundings over PF2 showed an abrupt increase in wind speeds 
at altitudes between 700 m and 1500 m, which indicates the presence of 
distinct air mass that may act as a barrier between the well-developed 
low-level downdraft precipitation core and the upper-level storms. As 
a result of these conditions, numerous localized low-pressure stormy 
cyclones were experienced. Also, significant saturation in the form of 
snowfall and foggy conditions was observed within the low-level at-
mosphere of PF1 and PF2 (Trenberth, 2011). 

3.1.3. HLSO 
In this region, a significant decrease in wind intensities and reduced 

atmospheric stabilities were recorded. Out of 36 soundings, 19 showed 
weak low-level atmospheric instability, while the remaining indicated 
stable low-level atmosphere (Fig. 5a,c,e). The profiles of r and θv showed 
weak and shallow mixed layers with weak low-level instability induced 
by positive surface heat flux (RL5, RL6, RL31, RL32, RL33, RL34, RL35, 
RL36, RL40, RL42, RL51, RL52, RL55, RL56, RL57, RL58, RL59, RL60, 
RL61, and RL62). The weak positive heat flux was observed (i.e., SST >

Fig. 4. Same as Fig. 3 but for the regions of the Indian Ocean sector of Southern Ocean (ISSO). The left panel represents sounding profiles where SST > Tair in (a) 
SAF1, (c) SAF2, (d) PF1, (f) PF2, and the right panel represents sounding profiles where SST < Tair in (b) SAF1, (e) PF1, (g) PF2. 
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Tair), however, the difference (SST-Tair) was observed to be lowest than 
that observed over STIO and ISSO regions. The condition with SST > Tair 
was predominantly noticed in SB and CA regions which were due to the 
potential warming of Antarctic waters caused by the enhanced oceanic 
eddy activities associated with the closed mesoscale polar gyres. 
Particularly, the convective activities of Weddell Sea gyre (west of SB) 
and Prydz Bay gyre (east of SB and in the CA region) (Orsi et al., 1995; 
Orsi et al., 1999; Meijers et al., 2010; Couldrey et al., 2013) were 
characterized by the presence of a closed cyclonic gyre centered at 
Amery depression, off Amery Ice Shelf (Smith et al., 1984) (Fig. S12, 
S13). The warming of Antarctic waters coupled with the outflow of cold 
polar air masses by easterly winds over SB (Fig. 5b, 5c) and strong 
katabatic winds originating from Antarctica over CA (low RH and r; 
Fig. 5d, Fig. S13) (Parish and Cassano, 2003b; Parish and Cassano, 
2003a) has initiated LLCAA-induced destabilization and coupled 
boundary layer structure (Zheng et al., 2018b). The average height of 
the mixed layer formed due to destabilization varied from ~512 m and 
~ 562 m in the SB and CA regions, respectively (Fig. 5b,d). A slight 
increase in MSLP was noticed in SB and CA regions, contributing to 
MABL destabilization (Table 3). The atmospheric dynamics over the CA 
region differs from the SB region with less intensity of polar mesoscale 
cyclones owing to the geographic constraint imposed by the coast. The 
destabilized MABL over SB and CA were associated with the closer 
proximity of the gyre and the time of soundings (i.e., daytime, after-
noon, and evening times profiles). In cases of sounding further away 
from the active gyre and nighttime or early morning launches, Tair > SST 
accounted for the formation of the cold front region that promoted 
stability within MABL caused by LLWAA. The highly stable boundary 
layer was evident from gradually increasing r and θv profiles (RL3, RL4, 

RL7, RL37, RL 38, RL39, RL41, RL49, RL50, RL53, and RL54). Also, the 
SACCF region represented a significantly stabilized state of vertical at-
mosphere evident in the gradually increasing trend of r and θv in all 
soundings (RL8, RL29, RL30, RL42, RL43, and RL63). The Tair higher 
than SST indicated initiation of LLWAA that inhibited vertical mixing 
within MABL. This promoted the formation of a decoupled boundary 
layer structure over SACCF. This post-cold frontal region of ISSO is 
positioned in the southernmost extent of meandering ACC, where weak 
westerly winds (13.1 m s− 1), lowest MSLP (983.2 hPa), highest RH 
(95.77%), and Tair > SST were ubiquitous, and led to the frequent 
development of low-pressure polar cyclonic systems (Carleton and Song, 
1997; Irving et al., 2010). 

3.2. Cloud and inversion characteristics 

This section describes the characteristics of clouds (i.e., frequency of 
cloud occurrences, the height of the cloud base and cloud top along with 
total cloud thickness) and inversions properties (i.e., frequency of oc-
currences of inversion, height, and strength of primary and secondary 
inversions) observed over three major oceanic domains, i.e., STIO, ISSO, 
and HLSO. 

3.2.1. STIO 
Out of a total of 19 soundings available in this region, no cloud layers 

were observed in 8 soundings. While single-layer and double-layer 
clouds were witnessed in 7 and 4 soundings respectively (Table 3). 
The mean base of the lowest cloud was at 1196 m elevation over NSTF1 
which decreased to 615 m and 680 m over NSTF2 and SSTF, respec-
tively. Similarly, the mean cloud top height of the highest cloud layer 

Fig. 5. Same as Fig. 3 but for regions High-latitude Southern Ocean (HLSO). The left panel represents sounding profiles where SST > Tair in (b) SB and (d) CA while 
the right panel represents sounding profiles where SST < Tair in (a) SACCF, (c) SB, and (e) CA. 
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was 2612 m and 2445 m over NSTF1 and NSTF2 which gradually 
decreased to 1870 m over SSTF. The mean cloud thickness observed over 
NSTF1 was 880 m, which increased to 1015 m over NSTF2 and dropped 
to 450 m over SSTF. The decrease in the total cloud thickness over SSTF 
was due to the convective activities of ARC. Over SSTF, the coverage of 
thin low-level stratocumulus clouds was attributed to the formation of 
closed mesocyclonic systems at the top of the convective boundary layer 
(Muhlbauer et al., 2014; Truong et al., 2020). 

The primary inversions over frontal regions, i.e., NSTF1 and NSTF2, 
were located at higher than 1200 m altitude having a strength of 0.23 K 
m− 1 over NSTF1 and 0.34 K m− 1 over NSTF2. These primary inversions 
over both NSTF regions were likely associated with the advection of 
warmer air mass from the African continent and strong subsidence due 
to the anti-cyclonic circulation of diverging winds, respectively. The 
secondary inversions over NSTF1 and NSTF2 were noticed at altitudes 
higher than 2000 m having the strength of 0.20 K m− 1 and 0.37 K m− 1, 
respectively. Compared to NSTF1 and NSTF2, the strongest primary 
inversions were observed over SSTF at a lower altitude (650 m) with a 
strength of 0.35 K m− 1, while the secondary inversions were observed at 
a height of 2250 m with a strength of 0.55 K m− 1. The lowest primary 
inversions in SSTF are likely to cap the convective boundary layer (CBL) 
formed due to enhanced low-level mixing caused due to eddies ejected 
from ARC (Lutjeharms and Valentine, 1988; Lutjeharms and Van Bal-
legooyen, 1988; Fig. S6; Boebel et al., 2003). 

3.2.2. ISSO 
The presence of high cloud cover and multiple inversions were 

noticed in ISSO. This was attributed to the mixing of distinct air masses 
regulated by multiple atmospheric fronts, i.e., cold/warm/occluded 
fronts over shorter spatial scales. Of the 20 soundings, 12 recorded the 
presence of clouds over ISSO. The six soundings launched over SAF1 
showed the presence of low-level clouds. Whereas only one sounding 
over the SAF2 region shows cloud-free conditions. However, based on 
single sounding, it is difficult to provide a statistically significant 
interpretation for the SAF2 region. A recent study by Behrangi and Song 
(2020) reported more cloud occurrences over the SAF region than in PF. 
Significant low-level clouds with heights as low as 500 m and as high as 
4000 m were observed in the ISSO region. Data showed the presence of 
multi-layered and complete clouds over PF1 and PF2, respectively. Over 
SAF1, the clouds had an average thickness of 593 m, while over PF1 and 
PF2, it was 1360 m and 1750 m, respectively. Average cloud top heights 
were observed to be higher in PF1 (2790 m) and PF2 (2430 m) regions. 
The low-level stratus clouds over these regions experienced air mass 
temperatures as low as − 3.79◦C at 500 m. The second cloud layer was 
identified at an average altitude of 3360 m recording temperatures as 
low as − 18.82◦C (Fig. 4). This is consistent with previous studies 
highlighting the presence of multilayered clouds in mixed phases 
(Huang et al., 2012; Mace et al., 2020; Mace et al., 2021). Over the ISSO, 
the low-level stratus clouds commonly precipitate due to strong 
advection-induced mixing of multiple air masses. This triggers snowfall 
and foggy conditions over PF, while precipitation as rain over SAF 
(Kawai et al., 2015). 

Inversions over ISSO were primarily due to advective motions 
induced mixing between different air masses by stronger winds (Hande 
et al., 2012). Two-thirds of the soundings made over SAF1 and SAF2 
show the presence of double inversions followed by single inversions. 
The average height of the primary and secondary inversions were 2244 
m and 2325 m, with a strength of 0.30 K m− 1 and 0.33 K m− 1, respec-
tively. Over PF1 and PF2, three or more inversions of significant 
strengths were detected, which were likely induced by polar jet streams 
forcing strong baroclinic instabilities (Simmonds and Lim, 2009; Fig. S9, 
S10). Here, the average height of primary and secondary inversions were 
1840 m and 1890 m in PF1 and 1950 m and 2410 m in PF2, respectively. 
However, relatively stronger inversions were observed over PF1, i.e., 
0.40 K m− 1 (primary) and 0.65 K m− 1 (secondary), than compared to 
PF2, i.e., 0.25 K m− 1 (primary) and 0.27 K m− 1 (secondary). 

3.2.3. HLSO 
Approximately half of the soundings over SACCF revealed two or 

more layered clouds, which decreased to two-fifth over SB and one- 
twentieth over CA. Low-level multilayer thick clouds over SACCF were 
attributed to the frequent formation of low-pressure mesoscale cyclonic 
systems. In contrast, the decreased frequency of multilayered clouds 
over SB and CA was due to increased convective activity of polar gyres 
(i.e., Weddell Sea gyre and Prydz Bay gyre) (Table 3). The average cloud 
thickness over SACCF was 1556 m, which increased further over SB 
(1925 m) and decreased to 602 m over CA. Over SACCF and SB, clouds 
were noticed at significantly low altitudes (i.e., at average cloud base 
height of 500 m and 632 m), having air temperatures as low as − 2.81◦C. 
At higher altitudes (>2000 m), the air temperature within the cloud 
layer was as low as − 23◦C. As indicated with air masses of such low 
temperature, mixed-phased clouds, i.e., low-level supercooled water 
droplets and mid-level ice crystals within 4000 m have been consistently 
reported in other areas of HLSO (Huang et al., 2012; Mace et al., 2020). 
The average cloud base height over the CA region was recorded at a 
relatively higher altitude (1326 m) than that over SACCF and SB. 
Distinctively, ice virga (precipitation not reaching the surface) was 
noticed over SB and CA, consistent with previous studies (Wang et al., 
2018; Vignon et al., 2019; Jullien et al., 2020; Alexander et al., 2021). 

Concerning inversions over SACCF, no significant inversions were 
observed among half of the soundings (Table 3). The other half consti-
tuted single-inversion, double-inversion, and three or more than three 
inversions, in equal counts. The recorded inversions were generally 
associated with strong convergence and prominent low-pressure 
cyclonic systems in the low-level atmosphere. Regardless, the primary 
and secondary inversions were weak (0.24 and 0.23 K m− 1) and were 
observed at ~1313 m and ~ 3420 m, respectively. The presence of 
multi-level inversions (three or more) were dominant over SB and CA. 
However, these inversions were weak over SB (0.20 K m− 1) due to lower 
MSLP and slowly evolving low-level convection at low altitudes. It can 
be anticipated that weak unstable conditions might form for a small 
duration and promote cloud formation. These clouds generally appear 
beneath weaker inversions, which could be easily eroded through ra-
diation or even by weak easterlies. Compared to SB, inversion strength 
slightly increased over CA. Over CA, average primary inversions of 
strength 0.23 K m− 1 were observed at higher altitudes (1632 m), and 
secondary inversions of strength 0.25 K m− 1, if observed, were at 
~2263 m. The inversions were associated with an increase in the tem-
perature of Antarctic surface waters, a slight increase in MSLP, and 
katabatic winds advecting dry and cold air mass across mid-altitudes. 

3.3. Signatures of dynamic physical processes 

In this section, the dominant physical processes such as convection, 
advection, precipitation, and radiative heating/cooling were investi-
gated between altitudes 500 m and 4000 m following (Betts, 1982; Betts 
and Albrecht, 1987). The modification in air mass saturation was traced 
by analyzing conserved variables (i.e., θeand q) in the form of θe− q di-
agram representing three oceanic domains examined in the present 
study. 

3.3.1. STIO 
Over NSTF1 and SSTF, the presence of near-surface convective 

mixing was evident with a clear mixing line structure indicated by a 
gradual decreasing tendency of θe and q with increasing altitude 
(Fig. 6b,c). Instability caused due to convective mixing accounted for the 
formation of shallow CBL with the top of the surface-based mixed layer 
extending up to 840 m (925 hPa) over NSTF1 and 1200 m (887 hPa) 
over SSTF. The presence of shallow CBL is anticipated (if CBL tops ≥ 800 
hPa) (Betts and Albrecht, 1987). However, the convective mixing was 
not only restricted to surface-based CBL but extended in intermediate 
altitudes (simultaneous decrease in θe and q) splitted by radiative pro-
cess (change in θe with constant q) (Fig. 6b). This demonstrates that CBL 
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thermally-coupled to surface promotes internal convective mixing due 
to re-stratification (Nicholls, 1984; Betts and Albrecht, 1987) and splits 
up single well-mixed air-column into different convectively mixed layers 
at higher altitudes (simultaneous decrease in θe and q; NSTF1 and SSTF; 
Fig. 6b). Thus, this indicates coupled CBL in NSTF1 and SSTF, which is 
consistent with studies reporting the common presence of coupled 
boundary layers over high-pressure regions (Nicholls, 1984; Bretherton 
and Wyant, 1997; Stevens, 2000; Jones et al., 2011; Dong et al., 2015; 
McGibbon and Bretherton, 2017; Zheng et al., 2018a). Radiative heating 
was the regulatory process in altitudes between the intermediately 
decoupled layer (Fig. 6b,c). Interestingly, at the top of CBL over SSTF, 
weak precipitation signature (near uniform variation of θe and q) 
accompanied by radiative heating underneath and above was evident 
(Fig. 6b). Thus, anticipates presence of a thin stratocumulus clouds layer 
above the CBL top associated with a closed mesoscale convective system, 
which is concurrent with few reported studies (Muhlbauer et al., 2014; 
Truong et al., 2020). In NSTF1 and SSTF, irrespective of SST > Tair (SST 
< Tair), signatures of these processes were observed with differences in 
the increased (decreased) intensity of convective mixing leading to a 
highly (weakly) evolved mixed layer structure. Noticeably, the most 
robust low-level convective mixing occurred over SSTF, driven by ARC’s 
convective activities (Fig. 6b,c). Compared to physical processes over 
NSTF1 and SSTF, over NSTF2, low-level advection of cool air-mass fol-
lowed by precipitation (from ~220 m to ~1080 m) was anticipated as 
the dominant process (NSTF2; Fig. 6b,c). Above the precipitation 
signature, advection due to changing wind directions (south to west) 
appears to drift the atmospheric moisture content (Fig. 3c,d). 

3.3.2. ISSO 
Over SAF1 and SAF2, signatures of low-level convection were 

significantly suppressed, while strong advective motions of multiple air 
masses were likely to be a regulatory process. This anticipation is sup-
ported by the abruptly changing wind direction that portrays this region 

as a dynamic storm track region constructed of multiple air masses 
(Fig. 4a,b). For the atmospheric conditions, when SST > Tair, the θe – q 
diagram in these regions showed vertical lines which may readily indi-
cate advection-induced mixing between different air masses mainly 
enforced by the prevalence of multiple atmospheric fronts. However, 
when SST < Tair, in addition to advection induced-mixing, the likeli-
hood of substantial precipitation was indicated in θe – q diagram by a 
larger decrease in q with a nearly uniform variation of θe up to 4000 m 
altitude in SAF1 (Fig. 6c). Further ahead, the θe – q diagram observed 
over PF1 showed stronger low-level advection caused due to merging of 
multiple air masses by high-speed winds as well as due to the impact of 
the intense polar jet stream (Fig. 4d-g). This strong advection-induced 
air mass mixing was favorable during both conditions (i.e., SST > Tair 
and SST < Tair) throughout the vertical 4000 m altitude over PF1 
(Fig. 6b,c). In contrast, in conditions when SST < Tair, the likelihood of 
precipitation/condensation of falling precipitation at higher altitudes 
(beyond 1500 m) was another dynamic process in PF1. In PF2, the θe–q 
diagram depicted the dominant signature of precipitation/condensation 
of falling precipitation up to nearly 2000 m altitude irrespective of the 
conditions (i.e., SST > Tair and SST < Tair), which indicates a meteo-
rologically highly stable atmosphere formed due to stronger advection 
of multiple air masses (Fig. 6b,c). 

3.3.3. HLSO 
Over SACCF, the low-level atmosphere was influenced by advective 

processes, while weak convection prevailed over SB and CA. Over 
SACCF, although the intensity of advective motions decreased, strong 
low-level convergence and continuous advection of cold polar air mass 
induce a highly stable atmosphere (SST < Tair) and a system of inten-
sified low-pressure cyclones. As a result, in the θe– q diagram of SACCF, 
low-level advection was likely, above which precipitation occurred 
(uniformity in θeand decrease in q) with the occurrence of radiative 
heating above and below this precipitation (SACCF; Fig. 6c). This falling 

Fig. 6. (a) Schematic diagram of conserved variables (θe − q) depicting the effect of physical processes such as convective mixing, precipitation/evaporation, and 
radiative heating/cooling in modifying the mixing line structure. The θe − q diagram obtained over each frontal region of three major oceanic domains (i.e., STIO, 
ISSO, and HLSO) when (b) SST > Tair and (c) SST < Tair at soundings considered in each region. Obtained structure of air parcel motion in all frontal regions is 
colored as surface – 1000 m (in red), 1000–2000 m (in magenta), 2000–3000 m (in blue), and 3000–4000 m (in green). For clear variability of the structure of air 
parcel motion, scales for the x and y axis are varied accordingly for each region. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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precipitation tends to condense faster, causing foggy and snowy condi-
tions in the near-surface atmosphere, while in intermediate and higher 
altitudes supported the formation of low-level thicker clouds. However, 
at higher altitudes, no clear signature of precipitation was observed 
(Fig. 6b). This indicated the occurrence of closed mesoscale cyclonic 
systems due to strong low-level convergence. 

Over SB and CA, the θe− q diagram observed during conditions of 
SST > Tair depicted shallow convective mixing line structure (decline in 
θe and q) up to ~60 m over SB and ~220 m over CA due to an increase in 
the temperature of Antarctic surface waters linked to the activity of sub- 
polar gyres, i.e., Weddell Sea gyre and Prydz Bay gyre (SB and CA; 
Fig. 6b). With increasing altitudes, a decline in convection and occur-
rence of prominent precipitation (uniformity in θe and a significant 
declining q) was observed at intermediate and high altitudes in both 
regions (Fig. 6b). In these regions, we anticipate sublimation of pre-
cipitation to support virga conditions as a regulatory process commonly 
in the intermediate altitudes. Occurrence of sublimation-supported 
virga conditions have been reported in a few studies poleward of 64◦S 
(Forbes and Hogan, 2006; Alexander et al., 2021) and over Antarctica 
(Forbes and Hogan, 2006; Jullien et al., 2020). Interestingly, significant 
precipitation in intermediate altitudes and prominent radiative heating 
at higher altitudes were observed over CA than that over SB (Fig. 6b). 
However, in conditions when SST < Tair, the convective mixing signa-
ture was not pronounced over both SB and CA; weak advection was 
likely followed by stronger precipitation at mid and high altitudes 
(Fig. 6c). 

3.4. Case studies in frontal regions of three major oceanic domains 

In addition to low-level thermodynamics, cloud, and inversion 
characteristics, the effect of synoptic scale meteorology in altering the 
state of MABL has been presented in the form of case studies in this 
section. Three typical case studies were chosen from SSTF, SAF1, and CA 
regions lying in STIO, ISSO, and HLSO respectively. A sounding selected 
in SSTF was aimed to highlight the effect of Agulhas Retroflection 
Current (ARC) to regulate the vertical state of MABL, while the selection 
of sounding in SAF1 region was aimed to demonstrate the effect of 
common multiple atmospheric fronts (i.e., cold, and warm front) in SO 
region to alter the state of MABL. Also, a sounding selected in the CA 
region aims to depict the influence of the convective activities over the 
Prydz Bay gyres as well as the effect of katabatic winds on the structure 
of MABL in the coastal region of Antarctica. 

3.4.1. In STIO (SSTF) 
A sounding launched at 40◦S, 58.48◦E on 12th January 2017 at 

06:00 UTC is presented in Fig. 7a. The synoptic view around this 
sounding depicted a warm front region indicated by SST > Tair and 
increased activity of oceanic eddies associated with the ARC (Lutje-
harms and Van Ballegooyen, 1988). The SST at the location of sounding 
was 3.02◦C higher than Tair and recorded MSLP at 1027 hPa. The 
advection of LLCAA was evident from the prominent southerly winds 
bringing cold polar air mass to the region (Fig. 7a). These conditions led 
to an unstable MABL leading to the formation of a well-evolved ther-
modynamically coupled mixed layer structure (Zheng et al., 2018b; 
Zheng et al., 2018a; Zheng and Li, 2019a). This was also evident in the 
nearly uniform variation in profiles of θv and r up to 1220 m. At the top, 
vertical mixing was suppressed by a strong primary inversion (0.73 K 
m− 1), followed by multiple inversions (>3) to an altitude of 4000 m 
(Fig. 7a). In unstable conditions, the formation of a single cloud layer 
was noticed with a cloud base height of ~980 m, cloud top height of 
~1220 m, and total cloud thickness of ~240 m. These observations 
concur with the records about thin low-level stratocumulus cloud 
coverage at the top of the convective boundary layer (Muhlbauer et al., 
2014; Truong et al., 2020). 

3.4.2. In ISSO (SAF1) 
A sounding launched at 43.02◦S, 57.02◦E on 2nd March 2020 at 

12:00 UTC is presented in Fig. 7b. The synoptic illustration depicted 
both the warm front region (SST > Tair) and cold front region (SST < 
Tair) in the nearest proximity of the sounding location, with considered 
sounding lying in the cold front region. Being in a cold front region, 
inputs of weak negative surface heat fluxes were evident with SST < Tair 
by 1.75◦C. Also, prominent synoptic LLWAA could be seen from strong 
north-westerly winds advecting warm moist air masses over this region. 
LLWAA, which is one of the characteristic features commonly reported 
in the SO region, can be observed in this typical sounding (Wall et al., 
2017). The LLWAA coupled with inputs of weak negative fluxes (SST < 
Tair) and decreased MSLP (1011 hPa) accounted for highly stabilized and 
thermodynamically decoupled MABL in this sounding. Also, previous 
studies have frequently reported the presence of decoupled boundary 
layer in this SO region (Mace and Protat, 2018; Zheng and Li, 2019b; 
Truong et al., 2020). A highly stabilized boundary layer can be observed 
with a gradually increasing tendency of θv and r within 4000 m altitude 
(Fig. 7b). Due to high low-level stabilization, the formation of a thick 
cloud layer was observed with cloud base height (~760 m), cloud top 
height (~1720 m), and total cloud thickness (~960 m). The main 
inversion having significant strength (~0.55 K m− 1) was recorded at the 
height of ~1840 m (Fig. 7b). Interestingly, profiles of θv,r, and RH 
depicted the presence of air masses of distinct properties within the 
4000 m air column. This is indicated by the presence of highly saturated 
air mass in the low-level atmosphere (up to ~1720 m) below the main 
inversion and by the prevalence of relatively dry air mass above this 
inversion up to 4000 m altitude (Fig. 7b). The presence of such varying 
property air masses together with highly stabilized conditions is 
attributed to the frequent formation of multiple cold (warm) fronts at 
shorter spatial scales mainly driven by LLWAA (LLCAA) in the SO region 
(Zheng and Li, 2019a). 

3.4.3. In HLSO (CA) 
A sounding launched at 66.98◦S, 64.86◦E on 16th February 2020 at 

06:00 UTC lying in the CA region, was used as a representative sounding 
in HLSO (Fig. 7c). The synoptic conditions depicted the occurrence of a 
warm front (SST > Tair) at and around the sounding location (Fig. 7c). 
The formation of a warm front in this region is attributed to the potential 
warming of coastal Antarctic waters due to the convective activity of 
polar mesocyclones regulated by the Prydz Bay gyre near the Antarctic 
coast (Smith et al., 1984). As a result, at this typical sounding, the inputs 
of positive surface heat fluxes were indicated from SST > Tair by 3.76◦C 
and the recorded MSLP as 988 hPa. Also, the presence of prominent 
LLCAA of cold, dry polar air mass through strong katabatic south east-
erly winds mainly originated from the Antarctic continent was observed 
(Fig. 7c). The combined effect of increased surface heat fluxes and strong 
LLCCA at and in the vicinity of the sounding location has induced low- 
level atmospheric instability. This instability resulted in the formation of 
a well-mixed layer (indicated by nearly uniform variation of θv and r) 
capped by a weak inversion recorded at ~820 m of strength ~ 0.24 K 
m− 1, which marks the limit of vertical mixing at this sounding (Fig. 7c). 
Thus, the LLCAA induced destabilization resulted in the formation of 
thermodynamically coupled MABL, supporting the occurrence of a thin 
cloud layer with a cloud base height of ~920 m and a total cloud 
thickness of ~440 m formed at the top of the mixed layer. Above the 
cloud layer, a significant stable atmosphere composed of dry and cold air 
mass was observed in the sounding launched in this region (Fig. 7c). 

3.5. Estimated inversion strength (EIS) and lower tropospheric stability 
(LTS) 

To the best of the authors’ knowledge, it is the first-time reporting 
the estimates of EIS and LTS over a least explored ISSO, especially over 
high polar latitudes. The estimates for LTS were comparable with esti-
mates reported over regions of the Australasian sector of the Southern 
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Ocean (ASSO) by Truong et al. (2020). However, slight differences in the 
estimates were obtained over a few frontal regions of ISSO (Table 3). 
This could be attributed to the differences in the ISSO’s regional, sea-
sonal, and meteorological conditions to that of the ASSO. Further, the 
variability of fractional cloud cover (1-‘no cloud frequency’) with EIS/ 
LTS showed a good fit with respect to the linear relationship proposed by 
Wood and Bretherton (2006), particularly over post-cold frontal regions 
of ISSO, i.e., over SACCF and SB. These observations for the linear 
relationship of Wood and Bretherton (2006) closely estimate CF using 
estimated EIS/LTS over post-cold frontal regions of SO are consistent 
with the findings of Naud et al. (2016) and Wood and Bretherton (2006). 
However, in the other regions of the study area, this relationship poorly 
served to provide estimates of CF. 

4. Discussion and conclusion 

The Indian Ocean sector of the Southern Ocean (ISSO) is one of the 
least studied regions concerning the thermodynamic characterization of 
low-level atmosphere, clouds, inversions, and physical processes. This 
study presents the first set of meteorological measurements covering a 
large geographical area between 25◦S to 68◦S along 57◦E to 78◦E while 
crossing numerous oceanic fronts of three major oceanic domains (STIO, 
ISSO, and HLSO). This study explores the effects of air-sea coupling (i.e., 
air-sea temperature difference, SST-Tair) in shaping the vertical ther-
modynamic structure of low-level atmosphere (in particular, MABL), 
and its influence on the characteristics of clouds and inversions associ-
ated with the dynamic physical processes occurring over the frontal 
regions of STIO, ISSO, and HLSO. Our finding highlights that the ther-
modynamic stability, and the associated structure of the low-level at-
mosphere were strongly affected by synoptic meteorological conditions 
and continually varying air-sea coupling, i.e., the air-sea temperature 
difference across frontal regions of the study area. 

Across the frontal regions from sub-tropics to high latitude polar 
regions, four significant processes, namely convection, advection, pre-
cipitation, and radiative heating/cooling were observed. Among these 
processes, over STIO regions (NSTF1, NSTF2, and SSTF), major inputs of 
positive surface heat fluxes were observed to initiate convection in the 
low-level atmosphere. As a result, prominent low-level atmospheric 
mixing formed a well-evolved convective mixed layer. This convective 
mixed layer thermodynamically coupled to the surface was observed to 
decouple (weakened) in mid-altitudes, but due to the re-stratification, 
continued internal convective mixing resulted in the formation of a 
coupled mixed layer structure. Compared to NSTF1 and NSTF2 regions, 
in SSTF, strong convection-induced low-level convective mixing formed 
a deeper mixed layer structure accompanied by multiple strong in-
versions and higher proximity of no clouds to very thin clouds. These 
conditions observed over SSTF were because of active oceanic eddies 
associated with ARC (Lutjeharms and Gordon, 1987; Lutjeharms and 
Van Ballegooyen, 1988). Overall, in sub-tropical regions, strong con-
vection and high-pressure formations accounted for the formation of 
thermodynamically coupled MABL capped by thin mid-altitude clouds 
followed by strong low-level inversions. In addition to convection, 
advection in intermediate altitudes was seasonal because of changing 
wind patterns. Also, prominent advection of cold air masses and few 
instances of weak precipitation caused weak radiative heating in 

intermediate altitudes. 
Further southwards, in the regions of ISSO, the prominence of 

advection-induced mixing of multiple air masses and precipitation were 
regulatory processes. Strong advective mixing was induced by a 
frequently changing system of atmospheric fronts (i.e., cold/warm/ 
occluded). A dynamic system of multiple atmospheric fronts over 
shorter spatial scales was experienced by these regions. These systems 
aided significant precipitation, mainly in conditions when SST < Tair. 
Moreover, in the PF1 and PF2 regions of ISSO, a unique system of 
intensified winds hinted at the impact of the polar jet stream, while the 
presence of baroclinic instabilities was depicted by a system of multiple 
cold and warm fronts. The combined effect of this causes rigorous 
advective mixing of air masses of varying properties in ISSO regions. 
Such an advection aided faster condensation of falling precipitation in 
these regions, which is consistent with past reported studies (Jensen 
et al., 2000; Wang et al., 2015; Lang et al., 2021). This condensation is 
likely to be in the form of fog and snow in PF regions while in the form of 
rain in SAF regions. At mid- and higher altitudes, condensation 
accounted for the formation of thicker multi-layered clouds, which were 
as low as 500 m and as high as 4000 m. In the ISSO regions, the fre-
quency of low-level inversions was relatively less than multiple in-
versions that occurred at higher altitudes, mainly led by stronger 
advection of multiple air masses by intense winds. 

Further southwards in one of the HLSO region, i.e., over SACCF, 
prominent low-level precipitation was observed to be associated with 
the formation of intensified low-pressure cyclonic systems formed due to 
the convergence of north-westerly and south-easterly winds. This pre-
cipitation cum condensation accounted for low-level multi-layered 
clouds, while strong advection at higher altitudes caused multiple high- 
level inversions even in this HLSO region. 

Notably, the action of high-speed winds that continually advected 
cold and warm air-masses through a dynamic system of formation of 
multiple atmospheric fronts in PF1, PF2, and SACCF has accounted for 
enhancing the severity of stormy low-pressure cyclones in these regions. 
These observations are consistent with reports on the occurrence of mid- 
latitude stormy cyclones over other sectors of SO, i.e., the Australasian 
sector of the Southern Ocean (Carleton and Song, 1997; Field and Wood, 
2007; Irving et al., 2010; Truong et al., 2020). Formation of such systems 
supported prominent precipitation and condensation of descending 
precipitation at different altitudes. The occurrences of aforementioned 
processes in these regions of ISSO were highlighted by (Srivastava et al., 
2007) over ISSO, and some studies have documented it over the Aus-
tralasian sector of the Southern Ocean (Wang et al., 2015; Lang et al., 
2018; Lang et al., 2021). The dominance of these processes over ISSO 
regions and SACCF has accounted for the presence of low-level multi-
layered cloud structures. The presence of such types of clouds in these 
regions is consistent with the previous records using in-situ observations 
(Jensen et al., 2000; Lang et al., 2018; Mace and Protat, 2018; Truong 
et al., 2020; Alexander et al., 2021; Lang et al., 2021) and remote sensing 
observations made in other sectors of SO (Mace et al., 2009; Huang et al., 
2012; Huang et al., 2015a; McCoy et al., 2015; Kuma et al., 2020). 
However, recorded high-level inversions in these regions comply well 
with past reports in the Australasian sector of the Southern Ocean 
(Jensen et al., 2000; Truong et al., 2020). 

Further towards southernmost regions of HLSO, i.e., over SB and CA, 

Fig. 7. Case studies using three typical soundings launched in three distinct frontal regions lying in three major oceanic domains i.e., (a) In the Sub-tropical Indian 
Ocean (STIO) over the Southern Sub-Tropical Front (SSTF) (b) In the Indian Ocean sector of Southern Ocean (ISSO) over Northern Sub-Antarctic Front (SAF1), and (c) 
In High Latitude Southern Ocean (HLSO) over Coastal Antarctica (CA). The Upper, middle, and lower left panel represents synoptic near-surface air-sea temperature 
difference (SST-Tair in ◦C) and wind circulation pattern observed in the vicinity of soundings launched in SSTF, SAF1, and CA respectively. This synoptic view was 
generated using data on surface-based SST, Tair at 2 m, and wind fields (10 m u- and v- component) obtained from ECMWF-ERA5 reanalysis. The sounding locations 
are marked with a black circular dot and colour bars are shown. The Upper, middle, and lower right panel represents a 4000 m vertical profile of virtual potential 
temperature (θv in red), mixing ratio (r in blue), relative humidity (RH in green), wind speed (WS in black), and wind direction (WD in brown) for radiosonde 
launched at 40.00◦S, 58.48◦E on 12-01-2017 at 06:00 UTC in the SSTF, at 43.02◦S, 57.02◦E on 02-03-2020 at 12:00 UTC in the SAF1, and at 66.98◦S, 64.86◦E on 16- 
02-2020 at 06:00 UTC in CA region respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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low-level dynamics were regulated by weak and shallow convection 
coupled with the advection of cold and dry polar air mass via strong 
katabatic winds originating from the Antarctic continent in the inter-
mediate and high altitudes. Results revealed multiple weak inversions 
induced by the action of katabatic winds, while the strength of these 
winds regulated the strength of occurring inversions. Similar observa-
tion on inversions in Antarctica were reported by Connolley (1996). 
Moreover, weak precipitation in intermediate altitudes was anticipated 
to undergo a sublimation process resulting in ice virga conditions. 
Similar conditions were reported in regions of similar characteristics in 
the Australasian sector of the Southern Ocean (Wang et al., 2018; 
Vignon et al., 2019; Jullien et al., 2020; Alexander et al., 2021). 

Further, results on EIS/LTS provided better estimates of low-level 
fractional cloud cover (CF) over dynamically active post-cold frontal 
regions of ISSO, i.e., over SACCF and SB, which are in line with the 
findings of Naud et al. (2016) and Wood and Bretherton (2006), wherein 
they highlighted the applicability of this linear relationship, particularly 
in mid-latitudes. 

Thus, this study presents the first novel record on the variability of 
low-level thermodynamic structure of MABL, clouds, inversions, and 
signatures of dominant physical processes regulated by continually 
varying air-sea temperature differences over regions of three major 
oceanic domains (STIO, ISSO, and HLSO). Although the crucial role 
played by the SO atmosphere in modulating the earth’s climate has been 
highlighted in a series of IPCC reports, fewer in-situ observations over 
SO challenge our present-time abilities to continuously monitor changes 
in the SO atmosphere. Also, recent approaches to understanding SO 
atmosphere through satellite retrievals or model simulations have 
indicated significant uncertainties in these datasets. Past reports have 
attributed these uncertainties to the complicated SO boundary layer 
structure with multiple inversions and thick low-level multi-layered 
clouds. Hence, the present study based on in-situ meteorological mea-
surements can serve to provide useful information on the vertical ther-
modynamic structure of the low-level atmosphere, characteristics of 
cloud (layers) and inversions, and the associated physical processes 
occurring over least explored regions of ISSO (STIO, ISSO, and HLSO). 
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Vignon, É., Alexander, S.P., DeMott, P.J., Sotiropoulou, G., Gerber, F., Hill, T.C.J., 
Marchand, R., Nenes, A., Berne, A., 2021. Challenging and improving the simulation 
of mid-level mixed-phase clouds over the high-latitude Southern Ocean. J. Geophys. 
Res.-Atmos. 126 https://doi.org/10.1029/2020JD033490. 

Wall, C.J., Hartmann, D.L., Ma, P.-L., 2017. Instantaneous Linkages between Clouds and 
Large-Scale Meteorology over the Southern Ocean in Observations and a climate 
Model. J. Clim. 30, 9455–9474. https://doi.org/10.1175/jcli-d-17-0156.1. 

Wang, Z., Siems, S.T., Belusic, D., Manton, M.J., Huang, Y., 2015. A climatology of the 
precipitation over the Southern Ocean as observed at Macquarie Island. J. Appl. 
Meteorol. Climatol. 54, 2321–2337. https://doi.org/10.1175/jamc-d-14-0211.1. 

Wang, H., You, Y., Kulie, M., 2018. Global virga precipitation distribution derived from 
three spaceborne radars and its contribution to the false radiometer precipitation 
detection. Geophys. Res. Lett. 45, 4446–4455. https://doi.org/10.1029/ 
2018GL077891. 

Webster, P.J., Moore, A.M., Loschnigg, J.P., Leben, R.R., 1999. Coupled 
ocean–atmosphere dynamics in the Indian Ocean during 1997–98. Nature. 401, 
356–360. https://doi.org/10.1038/43848. 

Wood, R., Bretherton, C.S., 2004. Boundary layer depth, entrainment, and decoupling in 
the cloud-capped subtropical and tropical marine boundary layer. J. Clim. 17, 
3576–3588. https://doi.org/10.1175/1520-0442(2004)017%3C3576:BLDEAD% 
3E2.0.CO;2. 

Wood, R., Bretherton, C.S., 2006. On the relationship between stratiform low cloud cover 
and lower-tropospheric stability. J. Clim. 19, 6425–6432. https://doi.org/10.1175/ 
JCLI3988.1. 

Wood, O.K.-T., Tseng, R., Deeper, H.-H., 2018. Precipitating PBLs associated with 
optically thin veil clouds in the Sc-Cu transition. Geophys. Res. Lett. 45, 5177–5184. 
https://doi.org/10.1029/2018GL077084. 

Xie, S.-P., Liu, W.T., Liu, Q., Nonaka, M., 2001. Far-reaching Effects of the Hawaiian 
Islands on the Pacific Ocean-Atmosphere System. Science. 292, 2057–2060. https:// 
doi.org/10.1126/science.1059781. 

Zeng, X., Brunke, M.A., Zhou, M., Fairall, C., Bond, N.A., Lenschow, D.H., 2004. Marine 
atmospheric boundary layer height over the eastern pacific: Data analysis and model 
evaluation. J. Clim. 17, 4159–4170. https://doi.org/10.1175/JCLI3190.1. 

S.N. Salim et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.dsr2.2009.04.019
https://doi.org/10.1016/j.dsr2.2009.04.019
https://doi.org/10.5194/os-8-1001-2012
https://doi.org/10.1175/1520-0469(1995)052<2809:Sboomc>2.0.Co;2
https://doi.org/10.1029/1998JC900032
https://doi.org/10.1029/2004GL020974
https://doi.org/10.1029/2004GL020974
https://doi.org/10.5194/acp-14-6695-2014
https://doi.org/10.1175/JCLI-D-13-00432.1
https://doi.org/10.1175/JCLI-D-13-00432.1
https://doi.org/10.1175/JCLI-D-15-0700.1
https://doi.org/10.1002/qj.49711046603
https://doi.org/10.1175/jcli-d-11-00444.1
https://doi.org/10.1016/0967-0637(95)00021-W
https://doi.org/10.1016/S0079-6611(99)00004-X
https://doi.org/10.1016/S0079-6611(99)00004-X
https://doi.org/10.1175/1520-0493(2003)131&percnt;3C1128:DOTKWI&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131&percnt;3C1128:DOTKWI&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131&percnt;3C0317:TROKWO&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131&percnt;3C0317:TROKWO&percnt;3E2.0.CO;2
https://doi.org/10.1175/jcli-d-15-0316.1
https://doi.org/10.1175/jcli-d-15-0316.1
https://doi.org/10.1175/1520-0485(2000)030&percnt;3C3050:EVAEFD&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0485(2000)030&percnt;3C3050:EVAEFD&percnt;3E2.0.CO;2
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0415
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0415
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0420
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0420
https://doi.org/10.1029/97JD03437
https://www.jstor.org/stable/26542651
https://www.jstor.org/stable/26542651
https://doi.org/10.1175/2007JCLI1702.1
https://doi.org/10.1175/2007JCLI1702.1
https://doi.org/10.1002/jgrc.20135
https://doi.org/10.1175/BAMS-D-18-0187.1
https://doi.org/10.1029/2018GL081686
https://doi.org/10.1175/2008JCLI2827.1
https://doi.org/10.1175/2008JCLI2827.1
https://doi.org/10.1029/2008GL036320
https://doi.org/10.1029/2008GL036320
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1175/jcli-d-13-00123.1
https://doi.org/10.1016/0198-0149(84)90016-5
https://doi.org/10.1016/S0924-7963(02)00200-2
https://doi.org/10.1029/2007GL031790
https://doi.org/10.1175/1520-0485(1998)028&percnt;3C0727:OECETA&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1998)028&percnt;3C0727:OECETA&percnt;3E2.0.CO;2
https://doi.org/10.1029/1999GL011257
https://doi.org/10.1029/1999GL011257
https://doi.org/10.1002/wcc.34
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0510
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0510
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0515
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0515
http://refhub.elsevier.com/S0169-8095(23)00075-3/rf0515
https://doi.org/10.1038/s41561-018-0226-1
https://doi.org/10.1016/B978-0-7506-4552-2.10013-7
https://doi.org/10.1016/B978-0-7506-4552-2.10013-7
https://doi.org/10.1029/2010JC006749
https://doi.org/10.1002/joc.3492
https://doi.org/10.3354/cr00953
https://doi.org/10.1029/2020JD033214
https://doi.org/10.5194/acp-19-4659-2019
https://doi.org/10.1029/2020JD033490
https://doi.org/10.1175/jcli-d-17-0156.1
https://doi.org/10.1175/jamc-d-14-0211.1
https://doi.org/10.1029/2018GL077891
https://doi.org/10.1029/2018GL077891
https://doi.org/10.1038/43848
https://doi.org/10.1175/1520-0442(2004)017&percnt;3C3576:BLDEAD&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017&percnt;3C3576:BLDEAD&percnt;3E2.0.CO;2
https://doi.org/10.1175/JCLI3988.1
https://doi.org/10.1175/JCLI3988.1
https://doi.org/10.1029/2018GL077084
https://doi.org/10.1126/science.1059781
https://doi.org/10.1126/science.1059781
https://doi.org/10.1175/JCLI3190.1


Atmospheric Research 286 (2023) 106678

18

Zheng, Y., Li, Z., 2019a. Episodes of Warm-Air Advection Causing Cloud-Surface 
Decoupling during the MARCUS. J. Geophys. Res.-Atmos. 124, 12227–12243. 
https://doi.org/10.1029/2019JD030835. 

Zheng, Y., Li, Z., 2019b. Episodes of warm-air advection causing cloud-surface 
decoupling during the MARCUS. J. Geophys. Res.-Atmos. 124, 12227–12243. 
https://doi.org/10.1029/2019JD030835. 

Zheng, Y., Rosenfeld, D., Li, Z., 2018a. Estimating the Decoupling Degree of Subtropical 
Marine Stratocumulus Decks from Satellite. J. Geophys. Res.-Atmos. 45 https://doi. 
org/10.1029/2018GL078382, 12,560-512,568.  

Zheng, Y., Rosenfeld, D., Li, Z., 2018b. The Relationships between Cloud Top Radiative 
Cooling rates, Surface Latent Heat Fluxes, and Cloud-Base Heights in Marine 
Stratocumulus. J. Geophys. Res.-Atmos. 123 https://doi.org/10.1029/ 
2018JD028579, 11,678-611,690.  

S.N. Salim et al.                                                                                                                                                                                                                                 

https://doi.org/10.1029/2019JD030835
https://doi.org/10.1029/2019JD030835
https://doi.org/10.1029/2018GL078382
https://doi.org/10.1029/2018GL078382
https://doi.org/10.1029/2018JD028579
https://doi.org/10.1029/2018JD028579


Aerosol-boundary layer dynamics and its effect on aerosol radiative forcing

and atmospheric heating rate in the Indian Ocean sector of Southern Ocean

S. Neha Salim a,b, Arjun Adhikari a,b, Atiba A. Shaikh a,b, Harilal B. Menon a,b,⁎, N.V.P. Kiran Kumar c, K. Rajeev c

a Remote Sensing Laboratory, Goa University, 403206, India
b School of Earth, Ocean and Atmospheric Sciences, Goa University, 403206, India
c Space Physics Laboratory, Vikram Sarabhai Space Centre, Trivandrum 695022, India

H I G H L I G H T S G R A P H I C A L A B S T R A C T

• First record of aerosol-boundary layer dy-

namics in the ISSO

• The frontal region-specific thermody-

namic state of MABL governs aerosol dis-

tribution in the ISSO.

• High aerosol loading observed over polar

front regions of ISSO

• Long-range advected anthropogenic aero-

sols prevailed over the polar front.

• Baroclinic boundaries formed over the

polar front likely caused aerosols accumu-

lation.
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The study examines the thermodynamic structure of the marine atmospheric boundary layer (MABL) and its effect on

the aerosol dynamics in the Indian Ocean sector of Southern Ocean (ISSO) between 30°S-67°S and 57°E-77°E. It

includes observations of aerosols and meteorology collected during the Xth Southern Ocean Expedition conducted

in December 2017. The results revealed the effect of frontal-region-specific air-sea coupling on the thermodynamic

structure of MABL and its role in regulating aerosols in ISSO. The MABL over the subtropical front was unstable and

formed a well-evolved mixed layer (≈2400 m) capped by low-level inversions (≈660 m). Convective activities in

the Sub-Antarctic Frontal region were associated with the Agulhas Retroflection Current, which supported the forma-

tion of a well-developedmixed layer (≈1860m). Themean estimates of aerosol optical depth (AOD) and black carbon

(BC) mass concentrations were 0.095 ± 0.006 and 50 ± 14 ng m−3, respectively, and the resultant clear sky direct

shortwave radiative forcing (DARF) and atmospheric heating rate (HR) were 1.32 ± 0.11 W m−2 and 0.022 ±

0.002 K day−1, respectively. In the polar front (PF) region, frequent mid-latitude cyclones led to highly stabilized

MABL, supported low-level multi-layered clouds (>3-layers) and multiple high-level inversions (strength > 0.5 K

m−1
> 3000 m). The clouds weremixed-phased with temperatures less than−12 °C at 3000 m altitude. Interestingly,

therewas higher loading of dust andBC aerosols (276±24ngm−3), maximumAOD (0.109±0.009), clear skyDARF

(1.73±0.02Wm−2), andHR (0.029±0.005 Kday−1). This showed an accumulation of long-range advected anthro-

pogenic aerosols within baroclinic-boundaries formed over the PF region. Specifically, in the region south of PF, weak

convection caused weakly-unstableMABL with a single low-level inversion followed by no clouds/single-layer clouds.

Predominant clean maritime air holding a small fraction of dust and BC accounted for lower estimates of AOD

(0.071 ± 0.004), BC concentrations (90 ± 55 ng m−3) and associated clear sky DARF and HR were 1.16 ± 0.06 W

m−2 and 0.019 ± 0.001 K day−1, respectively.

Science of the Total Environment 858 (2023) 159770

⁎ Corresponding author at: School of Earth, Ocean and Atmospheric Sciences, Goa University, 403206, India.

E-mail address: hbmenon@unigoa.ac.in (H.B. Menon).

http://dx.doi.org/10.1016/j.scitotenv.2022.159770

Received 6 July 2022; Received in revised form 21 October 2022; Accepted 23 October 2022

Available online 26 October 2022

0048-9697/© 2022 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.159770&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.159770
mailto:hbmenon@unigoa.ac.in
http://dx.doi.org/10.1016/j.scitotenv.2022.159770
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1. Introduction

Aerosols are significant contributors to poor air quality (Stocker et al.,

2013) and influence the climate and weather patterns by either scattering

or absorbing irradiance (Charlson and Pilat, 1969; McCormick and Ludwig,

1967) and also acting as nuclei for cloud formation (Sassen, 2002). Heteroge-

neous in their global distribution, aerosols of natural and anthropogenic

origins are characterized by their shapes, sizes, and chemical compositions.

Among different types of aerosols, EPS is a type of aerosol that creates biofoul-

ing which contributes to an increase in CO2, particularly in the open ocean

regions (Sepehri and Sarrafzadeh, 2018; Sepehri et al., 2020). Because of

the differences in the properties of different aerosol species, a larger impact

of their interaction with irradiance has important implications on Earth's

radiative balance. For example, Bellouin et al. (2020) reported global mean

aerosol radiative forcing estimates in the range between −0.65

and−1.6 W m−2 at 68 % confidence intervals. The global scale assessment

of aerosol radiative forcing poses severe challenges concerning aerosol-

radiation and aerosol-cloud processes (Bender, 2020) in remote regions,

particularly over the Southern Ocean (SO).

Studies have reported a large spatiotemporal variability in the concen-

trations and optical properties of aerosols over different regions of the

World Ocean (Stocker et al., 2013; Krishnamurti et al., 1998; Menon

et al., 2015; Ramanathan et al., 2001; Chang et al., 2021; Doherty et al.,

2021). The key factor driving such an aerosol variability is the dynamic

state of the marine atmospheric boundary layer (MABL) and its characteris-

tics feature, i.e., state of atmospheric stability, physical processes (such as

convection and advection), characteristics of clouds and inversions (Groß

et al., 2015; Prasad et al., 2021; Turner, 2020). Broadly, MABL acts as a

shield to the vertical advection of near-surface in-situ generated/long-

range advected aerosols (Ma et al., 2020; Stull, 1988; Su et al., 2020;

Zhang et al., 2018). The coupled interaction of aerosols and MABL shows

significant heterogeneity depending on regions, seasons, diurnal/time,

and aerosol types and their vertical distribution (Guo et al., 2019; Lou

et al., 2019). This makes it challenging to quantify the effects of aerosols

on the evolution and thermodynamic stability of MABL. It results in uncer-

tainties in satellite retrievals of aerosol-associated radiative forcing

(Ramanathan et al., 2001), specifically over the SO where predominant

cloud coverage (80 %) adds additional difficulties in accurate simulations

of aerosols as well as boundary layer properties.

Field measurements in different parts of SO have reported various

mechanisms of interactions of aerosols with clouds, with varying MABL

characteristics (Kremser et al., 2021). In the Australian Sector of SO,

Alexander and Protat (2019) showed a decoupled layer (separated from

the surface mixed layer and free troposphere) within MABL with low back-

scattering wherein the presence of clouds was capped byweak temperature

inversions at the mid-latitudes. Using various observations from the

Australian Sector of SO, McFarquhar et al. (2021) reported the zonal vari-

ability in aerosol compositions within MABL. The droplet-nucleation was

primarily influenced by the origin (source) of aerosols. These aforemen-

tioned studies and several others (Alexander and Protat, 2019; Kremser

et al., 2021; Landwehr et al., 2020; Quinn et al., 1998; Schmale et al.,

2019) improved the understanding of clouds, aerosols, and thermodynam-

ical structure of MABL and their interactions in the respective sectors of SO.

However, a knowledge gap exists in the ISSO due to the unavailability of in-

situ observations, which leads to bias in modeling and satellite retrievals

(Bodas-Salcedo et al., 2014; Trenberth and Fasullo, 2010).

To address the gap, several studies based on in-situ measurements

(McFarquhar et al., 2021; Menon et al., 2015) reported the presence of

anthropogenic aerosols in the remote regions of SO. The presence of sea-

salt and non-sea-salt aerosols acting as cloud condensation nuclei (CCN)

was also explained (Fossum et al., 2018; Quinn et al., 2017). Few reports

from ISSO were concentric on the spatial and temporal variability of aero-

sols and associated radiative forcing (Hulswar et al., 2020; Menon et al.,

2015; Srivastava et al., 2021). However, there was no attempt to under-

stand the thermodynamic state of MABL and its boundary layer features

(such as inversions and clouds) attributing to its role in regulating the

distribution of aerosols, clear sky direct shortwave radiative forcing, and

atmospheric heating rate vital of Earth's radiative balance.

The data reported in this study were collected between 30°S and 67°S

along 57°E-77°E during the onward cruise track of the Xth Southern

Ocean Expedition (SOE-X) from 8th December 2017 to 05th January

2018 (Fig. 1). The measurements were collected over the major oceanic

frontals regions identified as the Sub-Tropical Front (STF), Sub-Antarctic

Front (SAF), Polar Front (PF), Southern Antarctic Circumpolar Current

Front (SACCF), Southern boundary of ACC (SB), and Coastal Antarctic

(CA), by Anilkumar et al. (2015) and Belkin and Gordon (1996). The

detailed classification adopted for each frontal region is provided in

Table 1. With a focus on understanding the features of MABL and the distri-

bution of aerosols, the study addresses,

(a) The effect of frontal-based air-sea coupling in shaping the thermody-

namic structure of MABL,

(b) The role of MABL characteristics in regulating the vertical distribution

of aerosols,

(c) The spatial variability of aerosol optical depth (AOD), black carbon

(BC) mass concentrations, and associated clear sky direct shortwave ra-

diative forcing (DARF) and heating rates.

2. Data and methods

2.1. Data

A combination of in-situ, re-analysis, modeled, and satellite data have

been used. The in-situ measurements included surface meteorological

Fig. 1. The voyage track (in red) along which atmospheric measurements were

performed during the forward track of the Xth Indian Expedition to the Indian

Ocean sector of Southern Ocean (SOE-X) flagged from Port Louis, Mauritius, 20°S

to Prydz Bay region of Antarctica, 69°S. Locations of seven radiosonde considered

in each ISSO region are marked (yellow markers). Demarcation of the approximate

location of oceanic fronts (white dotted lines) was adopted from Belkin and Gordon

(1996) and Anilkumar et al. (2015) (namely, NSTF and SSTF - Northern and South-

ern Sub-Tropical Fronts; SAF - Sub-Antarctic Front; PF - Polar Front; and AZ

-Antarctic Zone).
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parameters, measurements on AOD, and mass concentration of BC, while

the vertical thermodynamic structure of the atmospheric column was ana-

lyzed using radiosonde measurements. The re-analysis data were used to

understand synoptic surface gradient (air-sea temperature gradient, dT =

SST − Tair) and wind circulation patterns. The satellite data comprises

the vertical distribution of aerosols and cloud phases derived from

CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-

tion) retrievals. Details of data used, their mode of acquisition, instrumen-

tation, and dynamic parameters are as follows.

2.1.1. Surface meteorology

The in-situ surface meteorological parameters included observations of

air temperature (Tair), relative humidity (RH), mean sea level pressure

(MSLP), wind speed (WS), and wind direction (WD). An automatic weather

station (WeatherPak®-2000 v3) equipped with GPS provided the true WS

and WD at ≈10 m above mean-sea-level height. The measurements were

stored as 1-minute averages throughout the onward track of the cruise. In

addition, a standard bucket thermometer was used at 6 hour intervals to

measure sea-surface temperature (SST).

2.1.2. Black carbon (BC) aerosols

The in-situ measurements of BC mass concentrations were generated

using an automatic self-contained Aethalometer (AE-42 manufactured by

M/s Magee Scientific; Hansen et al., 1984) operating at seven wavelength

channels (370, 470, 520, 590, 660, 880, and 950 nm). Data were collected

at every 5-minute intervals operating at a flow rate of 5 l/min. The BCmass

Table 1

The characteristics of clouds, inversions, aerosols, direct shortwave radiative forcing, and atmospheric heating rate over classified ISSO regions during the forward track of the

Xth Southern Ocean Expedition.

Regions north of Polar Front Polar Front regions Regions south of Polar Front

Subtropical Front

(NSTF)

Sub-Antarctic

Front (SAF1)

Northern Polar

Front (PF1)

Southern Polar Front

(PF2)

Southern

Antarctic

Circumpolar

Current Front

(SACCF)

Southern

Boundary of

ACC

(SB)

Coastal

Antarctica

(CA)

I. Frontal Regions of the Indian Ocean sector of Southern Ocean (ISSO)

Adopted frontal-based

classification of the study areaa
32°S to 40°S 41°30′S to 44°S 47°S to 52°30′S 54°30′S to 59°30′S 60°S to 62°S 64°S to 65°S 65°S to

68.5°S

II. Details of atmospheric sounding at 7 case study locations

Launch number RL1 RL2 RL3 RL4 RL5 RL6 RL7

Launch date 14 Dec 2017 19 Dec 2017 22 Dec 2017 23 Dec 2017 27 Dec 2017 28 Dec 2017 29 Dec

2017

Launch time (UTC) 01:00 06:00 22:00 06:00 03:00 06:00 05:00

Launch location 38.00°S, 58.40°E 45.00°S, 61.30°E 52.00°S, 64.20°E 54.00°S, 68.30°E 62.00°S, 70.07°E 64.40°S,

70.60°E

66.10°S,

74.80°E

III. Thermodynamic metrics

SST (K) 17.1 13.3 3.1 1.2 0.1 0.5 −1.2

SST − Tair (K) 0.1 5.5 0.9 −0.2 0.34 2.0 2.1

MSLP (hPa) 1013 1019 973 980 987 990 987

WSb (m s−1) 10.19 3.06 19.16 17.98 5.01 5.18 6.14

WDb (°) 338.74 289.64 270.78 245.73 251.51 91.1 69.88

RHb (%) 79.01 73.93 95.32 97.71 95.06 82.66 91.58

IV. Inversion characteristics (surface - 5000 m)

Inversions (INV) 3 INV 4 INV 2 INV 5 INV 5 INV 1 INV 1 INV

First INV height (m) 660 220 3300 160 1100 1220 1200

First INV strength (K m−1) 0.27 0.50 2.24 0.35 1.78 1.57 1.34

Second INV height (m) 2440 840 3880 800 2220 – –

Second INV strength (K m−1) 0.89 0.14 0.73 0.22 0.16 – –

Third INV height (m) 4660 1860 – 3780 3640 – –

Third INV strength (K m−1) 0.19 3.17 – 0.59 0.31 – –

Fourth INV height (m) – 4320 – 4260 4440 – –

Fourth INV strength (K m−1) – 0.12 – 0.32 0.2 – –

Fifth INV height (m) – – – 4600 4880 – –

Fifth INV strength (K m−1) – – – 0.14 1.28 – –

V. Cloud characteristics (surface - 5000 m)

Cloud layer (CL) No CL No CL 2 CL 2 CL 2 CL No CL 1 CL

1st CL: base height (m) – – 340 180 40 – 580

1st CL: top height (m) – – 660 680 560 – 1120

1st CL: Total cloud thickness (m) – – 320 500 520 – 540

2nd CL: base height (m) – – 2200 1480 860 – –

2nd CL: top height (m) – – 3360 2020 920 – –

2nd CL: Total cloud thickness (m) – – 1160 540 60 – –

VI. Aerosol characteristics

Dominant aerosol type Marine, dust, and

elevated smoke

Marine, dust, and

polluted dust

Marine, dust, and

dusty marine

Marine, dust, dusty

marine, and smoke

Marine and dust Marine and

dusty marine

Dust

Measured aerosol optical depth 0.095±0.006 – 0.111±0.016 0.108±0.001 – 0.074 0.067

Black carbon mass conc. (ng m−3) 46 ± 21 54 ± 6 269 ± 42 282 ± 5 155 71 ± 55 43

Clear sky direct aerosol radiative

forcing (W m−2)

1.32±0.11 – 1.75±0.30 1.71±0.01 – 1.22 1.11

Atmospheric heating rate (K

day−1)

0.022±0.002 – 0.029±0.005 0.028±0.001 – 0.002 0.018

a Identification of oceanic fronts over ISSO were adopted from Belkin and Gordon (1996) and Anilkumar et al. (2015).
b The wind speed (WS), wind direction (WD), and relative humidity (RH) in subheading II are mean values at 925 hPa.
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concentrations were estimated in ng m−3 from the absorbance values at

880 nm involving quartz fiber filters and optical transmission using the

factory-set calibration coefficients. The ambient particles were aspirated

from the inlet through a heated sample line fixed at the height of 12 m at

the ship's bow. The heated sample line maintained RH of the airflow at

≈60 % within the air stream entering the sampling channel of the instru-

ment. More details about the instrument can be found elsewhere (Hansen

et al., 1984; Hansen, 1996).

2.1.3. Aerosol optical depth (AOD)

The measurements of AOD were obtained using a MICROTOPS-II

sunphotometer (Solar Light Co., USA) operating at five wavelengths,

i.e., 380, 440, 500, 675, and 870 nm (Morys et al., 2001). The field of

view of the sunphotometer is 2.51° at full-width half maximum, and the

pointing accuracy is >0.1°. Following the principle of Beer-Lambert law,

this instrument after measuring the direct solar flux computes AOD using

internal factory-calibrated coefficients and local coordinates. All AOD

measurements were collected along the cruise track only during clear sky

conditions. The overall instrumental uncertainty in AOD is ±0.005.

2.1.4. Atmospheric soundings

A total of 7 radiosonde launches were used to present the vertical ther-

modynamical structure of the air column above each frontal region detailed

in Table 1. The radiosonde was Pisharoty type developed by Vikram

Sarabhai Space Centre of the Indian Space Research Organization. The ver-

tical profiles of air temperature (T), atmospheric pressure (P), RH,WS, and

WDwere collected at 1 Hz from the surface to an altitude of nearly 32 km. A

comparison of accuracy between Pisharoty radiosonde and other manufac-

turers (e.g., Vaisala) can be accessed in Divya et al. (2014). All radiosonde

launches were conducted at 00:00, 12:00, 16:00, and 18:00 timings UTC.

2.1.5. Synoptic winds and surface temperature gradient (dT)

ERA5 (Hersbach et al., 2020) is a fifth-generation atmospheric reanaly-

sis data product developed by ECMWF (European Centre for Medium-

Range Weather Forecasts). A comparison made between in-situ measured

and ERA5-derived measurements of meteorological parameters, i.e., SST,

Tair, and WS obtained at 7 sounding locations showed a correlation for

SST (r=0.982), Tair (r=0.980), dT (r=0.977), andmoderate correlation

for WS (r = 0.657). Hence, in the present study ERA-5-derived estimates

were used to calculate hourly averaged winds (10 m u- and 10 m v-

component), 2 m Tair, and SST at a resolution of 0.25° × 0.25°. Subse-

quently, dT for each frontal region was estimated to represent a synoptic

background in the vicinity of each sounding location.

2.1.6. Vertical aerosol profiles

Based on the in-situ atmospheric sounding locations, the CALIOP orbit

track closest to the coordinates of the radiosonde measurements were

acquired. The locations marked as pointers in CALIPSO retrievals lie within

0.5°-1° resolutionwith respect to the in-situ atmospheric-sounding location.

The resolution was comparable to the standard resolution used in climate

and regional models (Christian et al., 2019). From these satellite retrievals,

clouds and aerosol properties were evaluated and identified after the cali-

bration and range corrections incorporated into the signal return measured

at 532 nm (Winker et al., 2009). The present study used CALIOP Level 2

Version 4.10× to portray the distribution of aerosol types and cloud phases

over ISSO frontal regions.

2.2. Methods and analysis

2.2.1. Air mass history

To discern the likely source of aerosols, air mass back-trajectories up to

120 h have been modeled using Hybrid Single-Particle Lagrangian Inte-

grated Trajectory (HYSPLIT) version 4, available with NOAA-ARL

(Draxler, 1992). The model uses NCEP Global Data Assimilation System

(GDAS) meteorological data at different altitudes. For this study, back-

trajectories of air mass arriving at different altitudes at respective sounding

locations were computed.

2.2.2. Estimation of thermodynamic variables

From the radiosonde measurements, the computation of thermody-

namic parameters comprised of (i) dew point temperature (Td), (ii) virtual

potential temperature (θv), (iii) equivalent potential temperature (θe), (iv)

water vapor mixing ratio (r). Values >2.5 standard deviations from the

mean vertical profile of the raw data (T, RH, P,WS, andWD) were consid-

ered outliers and discarded (Chandra et al., 2019). Owing to the irregularity

of this data, an interpolation was performed for every 20 m height follow-

ing Hande et al. (2012). This was followed by smoothening of the vertical

profile using a 5-point moving average to eliminate small-scale fluctua-

tions. These steps in generating smooth radiosonde profiles have been

tested to preserve the thermodynamical characterization of MABL over

SO (Lang et al., 2018; Truong et al., 2020).

Data ranging between 40 m and 5000 m were used in the analysis.

Identification of mixed layer height has been delineated based on the

sharp gradient in profiles of θv and r as these are conserved variables devoid

of effects from dry andmoist adiabatic processes (Betts, 1982). The estima-

tion of θv and r were performed following (Stull, 1988),

θv ¼ θ 1þ 0:61 rð Þ ð1Þ

θe ¼ θ e2:67:q=TLCL ð2Þ

r ¼ 0:623e=P−0:377e½ � ð3Þ

In Eqs. (1)–(3), θ, the potential temperature and TLCL, the temperature

at LCL (lifting condensation level) had been computed following the equa-

tion of Bolton (1980), q is the specific humidity of the air, P is the atmo-

spheric pressure, and e represents atmospheric vapor pressure.

From the smoothened radiosonde data, vertical cloud distribution was

evaluated by examining the profiles of Tair and Td from 40 m to 5000 m

altitude of each sounding, and within this altitudinal range whenever the

difference between Tair and Td was <1.5 °C for an altitude thickness of at

least 60 m or more, the presence of clouds were marked. Following this

criterion, from each sounding, the presence of no cloud, single cloud

layer, double cloud layer, more than three cloud layers, or complete cloud

cover (up to 5000 m altitude) were marked. This criterion was adopted

following the study conducted on cloud identification in the Australian sec-

tor of the Southern Ocean (ASSO) by Truong et al. (2020). A multi-layered

cloud was identified if at least two or more cloud layers were recorded in

each profile (Mace et al., 2009). Also, the cloud base and cloud top heights

were determined. The cloud base heightwas identified as the base height of

the first cloud layer (i.e., the lowest height at which Tair− Td< 1.5 °C for at

least 60 m or more for the first time in that sounding profile). The cloud

total thickness was calculated as the altitude sum of the number of identi-

fied cloud layers where dew point depression was recorded (Truong

et al., 2020).

The identification of significant temperature inversion was carried out

from smoothened vertical profiles of virtual potential temperature (θv) with

respect to altitude (z). If the gradient, dθv/dz, was >1.4 K m−1 an inversion

was recorded (Truong et al., 2020). In addition, after the first inversion is

identified, a distance of 300 m was kept as a threshold for the subsequent

inversion to be considered. Therefore, a “multi-level inversion”was reported

when two or more inversions were marked in every vertical profile.

2.2.3. Clear sky direct atmospheric radiative forcing

The aerosols present in the atmosphere alter the incoming solar radiation

by either direct or indirect interactions, thus, accounting for direct or indirect

aerosol-induced radiative forcing. Direct aerosol radiative forcing (DARF)

involves the scattering and absorption of solar radiation by atmospheric aero-

sols and is influenced by the type of aerosols and surface reflectance. Depend-

ing upon these properties, a negative or positive DARF is estimated at the

surface (Ganguly et al., 2005; Li et al., 2004; Vinoj et al., 2004). However,
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the indirect DARF involves the modification of microphysical properties,

amount, and the lifetime of clouds and hence, the variability in the incoming

solar radiation (Parry et al., 2007, and the references therein). In view of this,

in the present study, only clear sky DARF has been estimated.

For the estimation of clear sky DARF, estimates of aerosol optical prop-

erties such as AOD, single scattering albedo (SSA), and asymmetry parame-

ter (ASY) were required. Direct measurements of these parameters (SSA

and ASY) were not available, hence, estimates of these parameters were

simulated using the Optical Properties of Aerosols and Clouds (OPAC)

model. These estimations were obtained by accessing the sunphotometer-

measured AODs only in clear sky conditions. The clear sky conditions

imply that the sun was completely visible and the atmosphere was cloud-

free or the daytime intervals that were cloud-free. A minimum of five con-

tinuous observations were collected every time the instrument was directed

towards the sun. Further, the average AODwas calculated for each location

at which we had at least four clear sky readings. Thus, in all the locations

where the sunphotometer-measured AOD values were available, the

OPAC model was run to obtain the AOD, SSA, and ASY estimates for deriv-

ing clear sky DARF. In this study, of the total 7 examined frontal regions,

sunphotometer-measured AODs were available at a few locations in five

frontal regions (NSTF, PF1, PF2, SB, and CA), while AOD measurements

could not be collected in regions of SAF and SACCF due to persistent

cloud cover.

For obtaining a clear sky DARF, the inputs given to the OPAC model

were five aerosol types, i.e., total water-soluble components, sea salt (accu-

mulation mode), sea salt (coarsemode), sulfate, and BC, height profile, five

standard sunphotometer wavelengths, and RH following by Hess et al.

(1998). Among these inputs, the BC number concentration values were es-

timated from the Aethalometermeasured BCmass concentration. Thus, the

number concentrations of BCwere kept fixedwhile the remaining four nat-

urally occurring aerosol types were iterated. These iterations were per-

formed until the OPAC simulated AOD was corroborated closely (±0.05)

with the sunphotometer-measured AOD. The comparison between the

sunphotometer-measured AOD and OPAC simulated AOD represented a

correlation, r = 0.981. Such a hybrid approach to estimate SSA and ASY

for obtaining clear sky DARF has been reported over the Arabian Sea, Bay

of Bengal (Vinoj et al., 2004; Ganguly et al., 2005), and over the Saharan

dust (Li et al., 2004). Thus, OPAC simulated SSA, ASY, and AOD under

clear sky conditions were given as inputs for DARF estimations performed

using Santa Barbara DISORT Atmospheric Radiative Transfer Model

(SBDART, Ricchiazzi et al., 1998). In addition to the aforementioned

input, another input was surface reflectance which was derived from

MODIS. The DARF was computed in the shortwave range of 0.25 to

4.0 μm. The DARF represents the net change in the incoming and outgoing

irradiance with and without aerosols in the atmospheric column. To

estimate net radiative forcing, two scenarios were considered at the top of

the atmosphere (TOA) and the surface (SFC), (i) without aerosols represent-

ing clean air and (ii) with aerosols. The difference between the two scenar-

ios gives the total radiative forcing (ARF) due to aerosols (Stamnes et al.,

2000). Thus, the ARF is calculated using,

ARF ¼ Flux netð ÞTOA=SFC with aerosols−Flux netð ÞTOA=SFC without aerosols ð4Þ

Thus, the total atmospheric forcing was,

ARFATM ¼ ARFTOA−ARFSFC ð5Þ

2.2.4. Atmospheric heating rate (HR)

Ameasure of the total radiative effect induced due to the absorption by

aerosols present in the atmosphere is quantified in terms of the rate of atmo-

spheric radiative heating (K day−1),

∂T

∂t
¼

g

cp

ARFATM

△P

� �

� h=dayð Þ � 3600 s=hð Þ ð6Þ

where, ∂T/∂t is the atmospheric heating rate, g is the acceleration due to

gravity (9.8 m s−2), cp is the specific heat capacity of air at constant

pressure (1006 J kg−1 K−1), and P represents atmospheric pressure

(hPa). ΔP is calculated as the difference in pressure between the surface

and 10,000 m altitude, considering the maximum extent of the tropo-

spheric air column.

3. Results

This section presents the atmosphere surfacemeteorological conditions,

the vertical thermodynamic structure of MABL, and aerosol observations

obtained over ISSO regions.

3.1. Synoptic meteorology

There was a distinct spatial variability in the meteorological condi-

tions observed near the surface and at different altitudes in atmosphere

over each frontal region (Figs. 2, 3). It was primarily due to the sharp

gradients in meteorological parameters caused by the oceanic frontal

systems, thereby developing distinct features in the atmospheric

column.

The regions north of the PF (i.e., NSTF and SAF) showed a convectively

driven atmosphere with higher θe (307 K < θe < 323 K) up to 5000 m

altitude. However, a sharp wind reversal in mid-altitude (≈1800 m)

accounted for separating low-level convectively mixed moist air mass

(5.6 g kg−1
< r < 8.2 g kg−1; 52 % < RH < 78 %) from dry air mass

(1.8 g kg−1
< r< 3.3 g kg−1; 12%<RH< 35%) at high altitudes. This rever-

sal was set by the easterly wind. In the PF regions, distinct meteorological

conditions comprised of strong high-speed westerly winds (>28 m s−1)

that advected highly saturated cold air mass with temperatures < 1 °C and

RH > 94 %, from surface to≈5000 m (Figs. 2–3). The advection accounted

for the development of a low-pressure systemwithMSLP< 973 hPa. In conse-

quence, the occurrence of low-pressure cyclonic systems suppressed the

strength of convective potential (lower values of 284 < θe < 307) in the

lower atmosphere of PF region (Fig. 3). The SACCF region is located south

of PF and forms at the boundaries of the Ferrell and Polar cells at≈60°S. In

SACCF, the weakening of strong polar westerly winds was observed due to

the convergence of cold-dry air mass by south-easterly winds and relatively

warm moist air mass by north-westerly winds. This convergence accounted

for a lower MSLP (987 hPa) and intensified low-level cyclone formation. In

consequence, highmoisture content (1.3 g kg−1
< r<4.3 g kg−1), and highest

RH (97 %) were noticed throughout 5000 m altitude (Fig. 3). Further, at the

extreme south of all frontal regions, the regions SB and CA showed signifi-

cantly dry-colder air mass (lowest values of 0.4 g kg−1
< r < 2.3 g kg−1)

advected by weak easterly winds (WS < 6 m s−1) from Antarctic continent.

Low-level atmospheric conditions, however, had higher saturated air

compared to the column at mid and upper altitudes. The presence of drier

air in mid and high altitudes can be attributed to prevailing katabatic

winds near the coast of the Antarctic continent. Overall, the region was

characterized by weak unstable conditions, as indicated by the lowest values

of θe (282 K < θe < 294 K) in 5000 m altitude.

3.2. Case studies based on observations on aerosols and MABL characteristics

Aerosol-boundary layer observations of each frontal region are reported

in this section. A two-dimensional representation of meteorological param-

eters of each frontal region from surface to 5000m is presented in a skew-T

diagram in Fig. S1.

3.2.1. A case study over Sub-Tropical Front (NSTF)

Data from the radiosonde launched at 38.00°S, 58.40°E on 14th Decem-

ber 2017 at 01:00 UTC (06:30 LT) were used as a representative sounding

to depict the NSTF2 region (Fig. 4a). This early morning (local time) sound-

ing was associated with a weak positive near-surface air-sea temperature

gradient (dT= 0.1 °C; Fig. 4a). Weak dT had a negligible effect in altering

the stable state of night-time MABL, which was evident with a gradual
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increase (decrease) in θe(r) with increasing altitude (Fig. 4b). However,

despite stable profiles of θe and r, three significant inversions, and with

no cloud layers were noticed (Figs. 4b, S1a). These observations were

attributed to the subsidence associated with high MSLP (1013 hPa) as

well as the advection of warmer air mass from its northern region with

higher dT > 0.4 °C. The conditions supported significant inversions near

the surface (660 m) and at mid-altitudes (2440 m), having gradients 0.27 K

m−1 and 0.89 Km−1, respectively (Fig. 4b). Additionally, a weaker inversion

(0.19 K m−1) was observed at a higher altitude (4660 m) (Fig. 4b).

Out of these three significant inversions, the height of the mixed layer

(≈2440 m) was identified as the height where the maximum gradient was

observed in θv and r profiles (Ramana et al., 2004).

Under these thermodynamical conditions, the vertical aerosol features

derived from CALIPSO revealed the presence of naturally produced marine

aerosols, such as sea salt, dimethyl sulfate (DMS), and other organic aero-

sols (Fig. 4c; O'Dowd et al., 1997). Noticeably, the higher loading ofmarine

aerosols was confined below 1500 m altitude (Fig. 4c). This indicated the

role of inversions and subsidence in restricting the vertical dispersion of

these aerosols. Moreover, the prevalence of anthropogenic aerosols (ele-

vated smoke) at higher altitudes (≈3700 m) was also noticed (Fig. 4c),

which is likely to be remotely originated and advected from the South

African continent (3500 m; Fig. S2a).

3.2.2. A case study over Sub-Antarctic Front (SAF1)

Data from radiosonde launched at 45.00°S, 61.30°E on 19th December

2017 at 06:00 UTC (11:30 LT) was used as a representative sounding of

SAF1 (Fig. 4d). There was a formation of a warm front evident in the air-

sea temperature gradient (dT = 5.5 °C at sounding location and >5.5 °C

around this location; red shaded region; Fig. 4d). The formation of this

warm front was caused by the active oceanic eddies induced by the strong

Agulhas Retroflection Current (Lutjeharms and Van Ballegooyen, 1988).

An associated effect of this current at the air-sea interface shaped the verti-

cal thermodynamic structure of MABL (Fig. 4e). The high dT and MSLP

(1019 hPa) enhanced atmospheric mixing at lower altitudes. The near-

uniform variation in θv and r profiles indicated of a well-developed mixed

layer up to 1860 m capped by a strong inversion of strength 3.17 K m−1

(Fig. 4e). These unstable conditions supported the formation of four signif-

icant inversions and the absence of cloud layers (Table 1).

The aerosolswere primarily ofmarine origin at lower altitudes (<2000m),

while polluted dust was noticed at higher altitudes (>4500 m) (Fig. 4f). From

air mass back-trajectories, the marine aerosols at low altitudes were locally

generated or long-range advected from open SO region at altitudes 20 m

and 500 m, respectively (Fig. S2b). In comparison, the likelihood of polluted

dust at high altitudes (4600 m) was attributed to long-range transport from

the South American continent (Fig. S2b). Interestingly, aerosol loading was

weak in the region due to the unstable atmospheric conditions that mix and

disperse aerosols and limit accumulation.

3.2.3. A case study over Polar Front (PF1)

Data from radiosonde launched at 52.00°S, 64.20°E on 22nd December

2017 at 22:00 UTC (03:30 LT) represents the atmospheric conditions over

PF1 (Fig. 5a). The synoptic near-surface air-sea temperature gradient

increased from −1.0 to 1.5 °C, while at the sounding location, dT of

0.9 °C was observed (Fig. 5a). In this region, the combined effect of weak

dT, the lowest recorded MSLP in this study (973 hPa), and the advection

of colder air masses by westerly winds (>19.16 m s−1) caused significant

stability as well as supported the formation of an intense low-pressure

cyclonic system. The stable state of the atmosphere is evident with a

gradual increasing (decreasing) tendency of θv (r) profiles with increasing

altitudes up to 5000 m (Fig. 5b). In these atmospheric conditions, the pres-

ence of low-level multi-layer clouds (the gradient of T and Td, RH > 90 %)

were observed (Figs. 5b, S1c). The lowest cloud layer was as low as 340 m

Fig. 2. The measurements conducted along the forward cruise track of the Xth Indian Expedition to the Southern Ocean (SOE-X) from 35°S to 66°S along 56°E to 76°E. Along

this cruise track, a 2D variation of measured meteorological parameters, (a) air temperature (Tair), (b) sea surface temperature (SST), (c) relative humidity (RH), (d) mean sea

level pressure (MSLP), (e) wind speed (WS), and (f) wind direction (WD) are shown. Approximate locations of oceanic fronts are acquired from Anilkumar et al. (2015) and

Belkin and Gordon (1996) (grey dotted lines).
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Fig. 3. Contour plots of, (a) atmospheric temperature (T), (b) relative humidity (RH), (c) equivalent potential temperature (θe), (d) mixing ratio (r), (e) wind speed (WS), and

(f) wind direction (WD), representing observed vertical thermodynamic structure of the atmosphere from 0 to 5 km altitude over the latitudinal range from 35°S to 66°S

during the forward track of Xth Southern Ocean Expedition (SOE-X) are shown. Approximate locations of oceanic fronts are acquired from Belkin and Gordon (1996) and

Anilkumar et al. (2015) (grey dotted lines).
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(cloud base)with a thickness of 320m,while the second thicker cloud layer

was present at 2200mwith a thickness of 1160mand extending up to 3360

m (Fig. 5b). The temperature at the top of the first cloud layer was−0.4 °C

which indicated the presence of highly saturated supercooled water (SLW).

However, at the base and top of the second cloud layer, the temperature

dropped abruptly from −8.2 °C to −9.7 °C, indicating that condensation

may have resulted in the formation ofmixed-phased SLWor ice-phased clouds

(Fig. 5b). SLW/IWC clouds in this region were also noticed in the CALIPSO

water phase feature (Fig. S3c). The significant stability in the low-level atmo-

sphere accounted formultiple stronger inversions at higher altitudes (Fig. 5b).

In this sounding, the top of the second cloud layer was capped by the first

inversion of strength 2.24 Km−1 at 3300m, while a weaker second inversion

of strength 0.73 Km−1was observed at 3880m.Overall, the presence of thick

clouds prevented identifying the top of the mixed layer height.

Significant loading of dust and dusty marine aerosols prevailed within

intermediate and higher altitudes (1000 m to 5000 m; Fig. 5c). At lower al-

titudes (<2000 m), marine origin aerosols were observed. The back-

trajectories showed the clockwise circulation of air mass associated with

an intensified cyclonic system (Fig. S2c).

3.2.4. A case study over Polar Front (PF2)

Data from radiosonde launched at 54.00°S, 68.30°E on 23rd December

2017 at 06:00 UTC (11:30 LT) was used as a representative sounding for

PF2 (Fig. 5d). The atmospheric conditions over PF2 were similar to PF1

and recorded the lowestMSLP in this study (980 hPa), lowest freezing tem-

peratures (−1 °C), and the highest percentage ofRH (97.71%). Also, strong

winds (>17.98 m s−1) induced by the polar jet stream were noticed up to

5000 m altitude that constantly advected colder and highly saturated air

masses from the west direction (245.73°; Figs. 5d, S1d). The only distinc-

tion observed in the PF2 region was the strong barrier generated by

winds at mid-latitudes (at 500 m to 1600 m altitude), which separated

low-level low-pressure cyclonic precipitation core from the high-level up-

draft storms. The cyclonic precipitation core was evident by the formation

of the cold front region exhibiting negative dT ranging from −0.15 °C to

0.15 °C (blue shaded area in Fig. 5d). The radiosonde measurements

recorded the lowest dT (−0.2 °C), and its coupling with prevailing atmo-

spheric parameters accounted for the stable conditions. This was evident

with the gradually increasing (decreasing) tendency of θv (r) throughout

5000 m altitude (Fig. 5e). In addition, the condensation also accounted

Fig. 4.Thefigure depicts the regions lying to the north of the Polar Front (PF), i.e., (a–c) region of the Sub-Tropical Front (NSTF) and (d–f) Sub-Antarctic Front (SAF1). Panel a

represents synoptic near-surface air-sea temperature gradient (dT in °C) andwind circulation pattern in the vicinity of this sounding obtained using ECMWF-ERA5 reanalysis

dataset, where SST values at the surface, Tair at 2 m, wind fields (10 m u- and v-component) are considered. The launch location is marked with a black circular dot. The

respective colour bar is shown. Panel b shows a 5 km vertical profile of virtual potential temperature (θv in red), mixing ratio (r in blue), and relative humidity (RH in

green) for radiosonde launched at 38.00°S, 58.40°E on 14-12-2017 at 01:00 UTC in the NSTF region. The estimated altitudes of inversions (brown) (inversion strength in

K m−1) and cloud layers (blue) (cloud thickness in m) are marked for respective launch locations. Panel c represents CALIPSO standard daytime 0–5 km vertical products

of aerosol sub-types derived for 14-12-2017, 20:36 to 20:50UTC during its orbit between 34.05°S, 68.21°E and 40.15°S, 66.40°E. Panels d and e represents the same as panels

a and b, respectively, but for radiosonde launched at 45.00°S, 61.30°E on 19-12-2017 at 06:00 UTC in SAF1 region. Panel f represents CALIPSO standard daytime 0–5 km

vertical products of aerosol sub-types derived for 19-12-2017, 09:56 to 10:09 UTC during its orbit between 49.84°S, 65.66°E and 43.85°S, 63.37°E.
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for the saturated first cloud layer from just a few meters above the surface

(40 m), having a thickness of 520 m (Fig. 5e). In comparison, the second

cloud layer was noticed up to 2020 m having a thickness of 540 m. These

low-level clouds were likely in the form of SLW or IWC, with temperatures

ranging between−5 °C and −12 °C (Fig. S1d).

The presence of SLW/ICE clouds was also observed in the CALIPSO

water phase feature (Fig. S3d). Of the total, five significant inversions

were observed, i.e., three high altitude inversions at 3780 m, 4260 m,

and 4600 m of strength 0.59 K m−1, 0.32 K m−1, and 0.14 K m−1, respec-

tively. Another two low-altitude inversions at 160 m and 800 m of strength

0.35 K m−1 and 0.22 K m−1, respectively, were also observed at the base

and top of the first cloud layer (Fig. 5e). In PF2, identification of mixed

layer height was not possible due to higher cloud coverage at low altitudes.

Akin to PF1, the vertical aerosol features in PF2 also showed higher

loading of dust and dusty marine-type aerosols within 5000 m altitude

(Fig. 5f). In addition, polluted continental/smoke and marine aerosols

were observed in lower altitudes (<1000 m). A cyclonic circulation was

evident in the back-trajectory analysis (Fig. S2d).

3.2.5. A case study over Southern Antarctic Circumpolar Current Front (SACCF)

Data from radiosonde launched at 62.00°S, 70.07°E on 27th December

2017 at 03:00 UTC (08:30 LT) represents the conditions over SACCF

(Fig. 6a). The region lies in the trough of ACC and is characterized by the

formation of mesoscale polar cyclonic systems due to the strong conver-

gence of cold-dry air mass by southeast winds and relatively warm moist

air mass by northwest winds. It accounts for the convergence that weakens

the wind (5.01 m s−1). The winds continuously advect colder and drier

polar air masses in the region (Fig. S1e). Thereby, it supports the formation

of the cold front as observed from dT (blue-shaded region; Fig. 6a).

The radiosonde was launched in the cold front during the early

morning time (local), and a weak dT (0.1 °C), low MSLP (987 hPa),

and high RH (95.06 %) were recorded (Table 1). The gradual increase

(decrease) in θv(r) accounted for higher stability of the atmospheric

column (Fig. 6b). It supported an intense cyclonic system that caused

significant low-level precipitation resulting in low-level multi-layered

clouds (Fig. 6b). The base of the first cloud layer was observed to be as

low as 40 m with a thickness of 520 m, while the second cloud layer

was only a few meters above the first cloud layer extending from

860 m to 920 m with thickness 60 m (Fig. 6b). The low-level cloud

formation was due to the mesoscale convergence. At mid and higher

altitudes above 920 m, the weakening of convergence updrafts caused

cloud-free conditions. The strong winds at high altitudes also resulted

in multiple inversions (Fig. 6b). The first significant inversion was

observed at 1100 m with a strength of 1.78 K m−1, which capped the

Fig. 5. The figure depicts the Polar Front (PF) regions, i.e., (a–c) Northern Polar Front (PF1) and (d–f) Southern Polar Front (PF2). Panels a and b represents the same as

Fig. 4a, b, respectively, but for radiosonde launched at 52.00°S, 64.20°E on 22-12-2017 at 22:00 UTC in the PF1 region. Panel c represents the CALIPSO standard daytime

0–5 km vertical products of aerosol sub-types derived for 22-12-2017, 10:26 to 10:40 UTC during its orbit between 55.79°S, 60.76°E and 49.84°S, 57.95°E. Panels d and e

represents the same as Fig. 4a, b, respectively, but for radiosonde launched at 54.00°S, 68.30°E on 23-12-2017 at 06:00 UTC in PF2 region. Panel f represents the CALIPSO

standard daytime 0–5 km vertical products of aerosol sub-type derived for 23-12-2017, 09:31 to 09:44 UTC during its orbit between 55.74°S, 74.64°E and 49.79°S, 71.83°E.
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top of the second cloud layer (Fig. 6b). This inversion marked the top of

the mixed layer (1100 m), above which the presence of dry tropospheric

air mass (the larger decreasing tendency of r and RH; Fig. 6b) prevailed.

There was a decrease in aerosol species (notably dust aerosols) within a

5000 m atmosphere compared to the aerosol loading observed in PF

(Fig. 6c). However, in lower altitudes (<1500m), aerosols of marine origin,

Fig. 6.Thefigure depicts the regions south of the polar front, i.e., (a–c) Southern Antarctic Circumpolar Current Front (SACCF), (d–f) Southern boundary of ACC (SB), and (g–

i) Coastal Antarctica (CA). Panels a and b represents the same as Fig. 4a, b, respectively, but for radiosonde launched at 62.00°S, 70.07°E on 27-12-2017 at 03:00 UTC in

SACCF region. Panel c represents the CALIPSO standard daytime 0–5 km vertical products of aerosol sub-type derived for 27-12-2017, 10:45 to 10:59 UTCwhile it is orbiting

between 67.22°S, 64.78°E and 61.46°S, 60.67°E. Panels d and e represents the same as Fig. 4a, b, respectively, but for radiosonde launched at 64.40°S, 70.60°E on 28-12-

2017 at 06:00 UTC in SB region. Panel f represents the CALIPSO standard daytime 0–5 km vertical products of aerosol sub-type derived for 28-12-2017, 09:49 to 10:03

UTC during its orbit between 67.17°S, 78.63°E and 61.41°S, 73.54°E. Panels g and h represents the same as Fig. 4a, b, respectively, but for radiosonde launched at

66.10°S, 74.80°E on 29-12-2017 at 05:00 UTC in CA region. Panel i represents the CALIPSO standard daytime 0–5 km vertical products of aerosol sub-type derived for

29-12-2017, 10:33 to 10:46 UTC during its orbit between 67.11°S, 67.76°E and 61.35°S, 62.59°E.
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i.e., sea salt, non-sea salt aerosols, such as dimethyl sulfate (DMS), and

other organic aerosols, were observed. Additionally, some dust aerosols

were also noticed at higher altitudes (4500 m to 5000 m).

3.2.6. A case study over Southern Boundary of ACC (SB)

Data from radiosonde launched at 64.40°S, 70.60°E on 28th December

2017 at 06:00 UTC (11:30 LT) represents the SB region (Fig. 6d). The atmo-

spheric conditions were controlled by the potential warming of Antarctic

waters regulated by two sub-polar gyres (Weddell gyre to its west and

Prydz Bay gyre to its east). This induced higher dT (2.0 °C) and resulted

in a weak warmer frontal region (orange-yellow shaded region in

Fig. 6d). It enhanced the surface air-sea temperature gradient accounted

for unstable MABL conditions. The destabilization of MABL resulted in a

higher atmospheric mixing leading to a well-developed shallow mixed

layer capped by a single inversion observed at 1220 m of strength 1.57 K

m−1 (Fig. 6d). Above this inversion, drier air mass with lower values of

RH and r (also a more significant difference in T and Td; Fig. S1f) prevailed.

The absence of cloud layers were observed over SB (Fig. 6e).

Based on the vertical profile of aerosols, it is clear that a natural atmo-

sphere, primarily composed of marine aerosols prevails; however, a small

amount of dusty marine aerosols were also noticed at lower altitudes

below 1500 m (Fig. 6f). The major vertical spread of the aerosols was con-

fined below 1100 m where strong inversion may be a restrictive factor

(Fig. 6e, f). In this region, clean maritime air mass prevailed at mid and

higher altitudes (>1500 m to 5000 m; Fig. 6f).

3.2.7. A case study over Coastal Antarctica (CA)

Data from radiosonde launched at 66.10°S, 74.80°E on 29th December

2017 at 05:00 UTC (10:30 LT) was used to depict conditions over CA

(Fig. 6g). The atmospheric dynamics in this region were influenced by the

activity of Prydz Bay gyre (Smith et al., 1984). It induced stronger convec-

tive eddies near the sea-surface, evident from higher dT forming a warmer

front (red shaded region; Fig. 6g). The higher dT at the location of radio-

sonde sounding (2.1 °C) triggered unstable conditions resulting in a well-

evolved mixed layer (Fig. 6h). The mixing was capped by a significant

low-level inversion at 1200 m height of strength, 1.34 K m−1. Below this

inversion, condensation occurred due to the advection of cold continental

airmass (RH> 90%below1200m; Fig. S1g). This supported the formation

of a low-level single cloud layer with a base at ≈580 m and a thickness of

540 m. Above this inversion, cold-dry air mass prevailed (larger difference

in T and Td, lowest RH and r; Figs. S1g, 6h).

The vertical aerosol features showed a negligible fraction of dust aero-

sols in lower altitudes (<2000 m), while clean maritime air masses were

more likely (Fig. 6i). Thus, nearly natural atmospheric conditions were

observed in this region.

3.3. Variability of aerosols, radiative forcing and heating rate

3.3.1. Variation of BC aerosols

BC mass concentrations measured along the cruise track are shown in

Fig. 7a. Measurements revealed significantly higher values of BC (promi-

nently >250 ng m−3) in the PF regions (PF1 and PF2) lying between 47°S

to 60°S. The highest BC concentration was at 59.00°S, 70.04°E, with a

297 ng m−3. The regions north of the PF between 30°S to 46°S (i.e., NSTF

and SAF) showedmoderateBC values ranging from21ngm−3 to 85 ngm−3.

Estimates of BCmass concentrations in regions of NSTF and SAF1 were

45.56±21.49 and 54±6.48 ng m−3. In the region south of PF, between

60°S and 65°S (i.e., SACCF and SB), BC concentrations varied from 24 ng

m−3 to 155 ng m−3. Towards the extreme south near the coast of

Antarctica (CA), a decrease in BC mass concentrations was observed with

values as low as 43 ng m−3. A previous study by Moorthy et al. (2005)

has reported lower values of BCmass concentration (<50 ngm−3) between

20°S to 56°S, whereas, Hulswar et al. (2020) and Menon et al. (2015)

reported values ranging between 49 and 300 ng m−3. However, a recent

study by Srivastava et al. (2021) reported relatively higher estimates of

BCmass (>200 ng m−3) till 57°S.

3.3.2. Variation of AOD

High variability in the sunphotometer-measured AOD values was

observed across the study region (Fig. 7b). From this variability, it is evi-

dent that over PF (PF1 and PF2), significantly higher values of AOD varied

from 0.123 to 0.088 (Fig. 7b). In PF1, the mean estimates of AOD were

0.111±0.016, while in PF2, the values were 0.108±0.001 (Table 1). The

regions north of the PF (NSTF and SAF) showed values of AOD varying

between 0.083 and 0.103, with mean estimates of 0.095±0.006. In con-

trast, the regions south of PF to the coast of Antarctica (SACCF, SB, and

CA) showed lower estimates of AOD, reaching as low as 0.067. A similar

range of AOD values were reported in previous studies in the ISSO

(Suresh Babu et al., 2010; Hulswar et al., 2020; Menon et al., 2015) as

well as in the Australian sector of the SO (Alexander and Protat, 2019). In

this study, a large oceanic region has been covered (30°S to 67°S), and

across such a large spatial area, a wide range of AOD values prevailed.

These values highlighted the large spatial contrast over the study area

due to varying sources, sinks, and transport pathways.

3.3.3. Variation of clear sky direct aerosol radiative forcing (DARF)

TheDARF variation atTOA, SFC, andATM depicted an irregular varying

trend over ISSO fronts (Fig. 7c). This variation depicted different distribu-

tions of aerosols attributed to the resultant irregular variability of DARF.

The interpretation of aerosol-induced DARF was such that consistently

high ATM forcing was observed over PF regions (PF1, PF2) varying from

1.33 to 1.98 W m−2, where mean estimates at PF1 were 1.75±0.29 W

m−2 and in PF2 was 1.71±0.01 W m−2. However, relatively lower values

of DARFwere observed over the frontal regions north and south of PF. The

DARF over the northern regions of PF (NSTF and SAF) varied from 1.14 to

1.43 Wm−2, while regions in south of PF (SACCF, SB, and CA) showed the

lowest values of DARF varying between 1.10 and 1.21 W m−2 (Table 1).

Over PF regions, the DARF at TOA varied between−5.5 and−8.16 W

m−2 and at SFC was between −6.89 and −10.14 W m−2, leading to the

resultant DARF. The TOA forcing in the regions north of PF varied between

−4.55 and −4.99 W m−2, and the corresponding forcing at SFC between

−4.57 and −6.38 W m−2. However, in the regions south of PF, the TOA

forcing varied between −6.60 and−7.05 W m−2, and SFC forcing varied

between−7.77 and −8.27 W m−2, respectively.

3.3.4. Variation of atmospheric heating rate (HR)

The HR estimates varied between 0.021 and 0.032 K day−1 over PF1

and PF2. In contrast, lower HR estimates were obtained in regions south

of PF (SACCF, SB, and CA), with values as low as 0.018 and 0.019 K

day−1. In the regions north of PF (NSTF and SAF), HR values varied

between 0.018 and 0.023 K day−1.

4. Discussion

4.1. Regions of Polar Front (PF1 and PF2)

The atmosphere over PF revealed a significant loading of dust aerosols.

Also, elevated surface BC aerosols were noticed in these regions. Because of

higher aerosol loading, the estimated clear sky shortwave DARF and atmo-

spheric HR were maximum. Thus, it can be inferred that the only possible

origin of anthropogenic aerosols was long-range transport from the neigh-

boring continent. Examination of back-trajectories revealed prominent

advection from the open SO region, while strong winds in this region

might be able to transport dust particles for longer distances from the west-

ern African continent lying in closest proximity. Thus, due to the action of

strong winds, these long-range advected dust particles are most likely to

be in fine-mode (Menon et al., 2015; Murphy et al., 1998; O'Dowd et al.,

1997). This increases the possibility for higher suspension and residence

time of these aerosols. Moreover, the higher near-surface mass concentra-

tion of BC aerosols was most likely advected from the Kerguelen Island

(49.50°S, 69.50°E), being in the closest proximity to PF (Srivastava et al.,

2021). However, in addition to long-range transport, the pertinent factor
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for such an enormous dust loading was the thermodynamic properties of

low-level MABL.

Firstly, this region experienced strong winds due to the polar jet stream.

The polar jet stream typically witnessed in the proximity of 60°S induces

strong winds wherein the intensities are dependent upon factors such as the

location of high and low-pressure systems, development of warm and cold

fronts, and seasonal changes (Nakamura et al., 2004). This intense wind rap-

idly mixes air masses of distinct properties. Hence, a strong temperature-

pressure gradient was built that separated these air masses. As a result,

baroclinic instability occurred at shorter distances in the atmosphere

(Moore et al., 1999; Reed, 1979). Any small fraction of aerosols (dust, BC,

and other anthropogenic aerosols) advected or (marine aerosols) produced

in this region were forced into these thermal boundaries by high-speed

gusty winds. Once trapped, themeteorological conditions of freezing temper-

atures, decreasedMSLP, highestRH, and continuousflowof colder airmasses

accounted for the confinement of these aerosols within the atmosphere.

The meteorological conditions were also conducive to forming numer-

ous intensified mid-latitude cyclonic systems (Carleton and Song, 1997;

Field and Wood, 2007; Irving et al., 2010). These cyclonic cores also ac-

counted for enhanced trapping and, thereby, decreased the dispersion of

these aerosols. The coupled role of these two dynamics specific to PF ac-

counted for higher confinement and accumulation, thus, increasing the res-

idence time of aerosols over the PF.

Regions North of PF (NSTF and SAF): The subtropical frontal regions

(NSTF and SAF) showed prominence of marine aerosols in the low-level at-

mosphere, while some fraction of continental origin aerosols were noticed

at higher altitudes (>3500 m). Also, a moderate concentration of near-

surface BC aerosols and AOD were observed in this region. Thus, the clear

sky DARF in this region was governed by naturally originated aerosols

and, to a lesser extent, by anthropogenically produced aerosols. Due to

this, the clear sky DARF and atmospheric HR were less in this region

compared to the PF. In this region, marine aerosols comprised sea salt par-

ticles produced in-situ from sea spray, bubble bursting, or wave breaking

induced by surface winds, as well as other organic particles produced by

conversion from gas to particles (O'Dowd et al., 1997). The origin of these

aerosols, when traced by back-trajectories, indicated their long-range trans-

port from the open SO region to the lower atmosphere. However, at higher

altitudes (>3500 m), anthropogenic aerosols comprised particles of pol-

luted dust and elevated smoke, which were long-range advected from the

western South African continent. Interestingly, a higher loading of marine

aerosols was observed in the NSTF region, while relatively negligible aero-

sols were observed in the SAF region.

Although both regions represented a high-pressure zone where strong

subsidence was a prominent dynamic feature, the influence of strong subsi-

dence was evident over NSTF. It accounted for a higher accumulation of

aerosols in the lower atmosphere, similar to the results over land from Hu

et al. (2021). These aerosols were strongly mixed and confined well within

a mixed layer capped by a stronger temperature inversion that prevented

further dispersion of aerosols in altitudes above this inversion (Prasad

et al., 2021). However, over SAF, the occurrence of subsidence was weak-

ened by strong convection in the lower atmosphere. This convection was

induced by ARC (Lutjeharms and Ansorge, 2001; Lutjeharms and Gordon,

1987). The effect of strongest convection was evident in the atmospheric

column evident with uniform mixing that formed a well-evolved deeper

mixed layer over SAF. Hence, a convective updraft of air mass has

accounted for the higher dispersion of low-lying aerosols. This may have

led to reduced suspension and accumulation of aerosols in the SAF region.

4.2. Regions south of PF (SACCF, SB, and CA)

Over SACCF, the distinct atmospheric condition included forming an

intensified low-pressure mesoscale cyclonic system regulated by the

Fig. 7.Aerosol measurements carried along the forward cruise track of the Xth Indian Expedition to the Southern Ocean (SOE-X) from 35°S to 66°S along 56°E to 76°E. Along

this cruise track, a 2D variation of (a) mass concentration of black carbon (BC) aerosols, (b) aerosol optical depth (AOD), and (c) total shortwave clear sky direct aerosol

radiative forcing (DARF) was observed at the surface (SFC in red), top of atmosphere (TOA in black), and atmosphere (ATM in blue) are depicted. Approximate locations

of oceanic fronts are acquired from Belkin and Gordon (1996) and Anilkumar et al. (2015) (grey dotted lines).
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convergence of air mass of varying properties of winds from different direc-

tions. The intensification of this system was supported by the lowest tem-

peratures and atmospheric pressure conditions. These cyclonic systems

were responsible for significant precipitation leading to snowfall or foggy

conditions, followed by clouds nearer to the surface. These clouds were

low-level multi-layered SLW/ICE. In contrast to PF, distinct lower aerosol

variability was observed. Here the aerosol concentrations were negligible

throughout the vertical column of the atmosphere compared to those

over PF. A small fraction of in-situ produced marine aerosols advected

from the open SO and dust advected from active research stations in eastern

Antarctica were observed in the lower atmosphere. At the same time, a

clean maritime air mass was prominently seen at different altitudes. Also,

a reduction in the surface concentration of BC aerosols and AOD were no-

ticed. Because of the lower aerosol loading, clear sky DARF and HR were

also lower than that in the PF. Thus, probing the reason for such a distinct

aerosol variability in SACCF, despite similar meteorology as that of PF

could be attributed to the weakening of westerly winds (5.01 m s−1). As

a result, this has ultimately decreased the temperature-pressure gradient,

eroding the baroclinic boundaries' intensity throughout the atmospheric

column over SACCF. The likelihood of higher aerosol dispersion was

high, thus preventing any aerosol accumulation. It can also be noted that

a small fraction of aerosols confined in the lower atmosphere was mainly

within the convergence over the mesoscale cyclonic core.

Further, towards the SB and CA regions, minimum aerosol loading was

observed. The predominant aerosols were naturally produced marine aero-

sols andmore likely naturally or anthropogenically produced dust aerosols.

Dust aerosols and a small amount of BC aerosols were advected from long

range transport from active research stations in Antarctica (Srivastava

et al., 2021). However, the atmospheric dynamics specific to this region

have accounted for lower accumulation and higher dispersion of advected

aerosols. The warming of Antarctic waters controlled these dynamics due

to strong convective activities occurring over the Weddell Sea gyre and

Prydz Bay gyre (Smith et al., 1984). The proximity forming low-pressure cy-

clonic systems was the least, indicating less probability of an increase in

aerosols within the cyclonic cores. However, shallow convection spreads

aerosols in this region. Thus, in resonating with such atmospheric dynamics,

the formation of clouds was inhibited, leading to clear sky/cloud-free condi-

tions. However, convective instability induced a single low-level inversion

that restricted the convective updrafts above MABL in these regions.

5. Conclusions

This study provides a novel set of measurements presenting the first-time

understanding of the effect of oceanic fronts in shaping the vertical thermody-

namic structure of MABL and its role in regulating aerosol dynamics and

associated clear sky DARF and HR in the ISSO region. A combination of in-

situ, re-analysis, and remote sensing data of meteorological parameters and

aerosols were used to achieve the objectives of this study. It revealed a signif-

icant accumulation of dust and BC aerosols over the PF and resulted in higher

estimates of clear sky DARF and HR. The long-range transport of aerosols

(from continent) associated with baroclinic instability and intense mid-

latitude cyclonic system were the primary cause of aerosol loading over PF.

Much of the atmospheric column over the Antarctic coast was pristine, and

the lowest clear sky DARF and HR were recorded. However, there was evi-

dence of long range transport of dust and BC aerosols in small fractions

over the Antarctic coast, where shallow convection enhanced the spread of

aerosols at low altitudes. An extreme contrast in aerosol loading and thermo-

dynamic state was observed in the subtropical frontal regions. Over NSTF,

higher loading of marine aerosols at low altitudes significantly contributed

to DARF and HR, while negligible aerosol loading over SAF1 was associated

with the strong convective updrafts by ARC and reduced DARF and HR.

6. Implications

There was considerable loading of continental aerosols over the PF, and

two scenarios can be implied based on the results. In the first scenario,

hygroscopic growth of dust aerosols can potentially serve as cloud conden-

sation nuclei/ice nucleating particles, i.e., (CCN/INP), and initiate excess

cloud formation, resulting in anomalous cloud coverage. Secondly, an

increase in dust and BC aerosols increases the absorption of shortwave radi-

ation (its optical property) and may enhance HR. Both scenarios are also

applicable to Antarctic coast, where small fraction of dust and BC aerosols

were also deposited by long range transport. It alters DARF and HR locally

but affects Earth's climate and radiative balance on a large-scale.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.scitotenv.2022.159770.
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A B S T R A C T   

The study addresses the aerosol distribution, boundary layer dynamics and associated shortwave radiative 
forcing over the Tropical Indian Ocean. The observations were carried out onboard Ocean Research Vessel Sagar 
Nidhi in December 2015 as a part of the International Indian Ocean Expedition-II (IIOE-II). The dominance of 
continentally originated aerosols was observed near the coast because of northeasterly winds, while marine 
aerosols abounded offshore. The uneven distribution of aerosols in the study region was due to varying atmo-
spheric conditions triggered by various convective processes, wherein the convective available potential energy 
and convective inhibition energy ranged between 0.0274 and 2535.2 J kg− 1 and 0 and -387.5 J kg− 1, respec-
tively. The atmospheric forcing varied in tandem with aerosol loading. It was evident from the high forcing 
values (17.98 W m− 2) and corresponding heating rate of 0.504 K day− 1 observed near the coast. The average 
heating rate in the far offshore (stations 6–10) region was 0.063 ± 0.017 K day− 1, which amounted to an ~87% 
decrease from the coastal location.   

1. Introduction 

Aerosols play a significant role in the atmospheric heat budget 
through direct and indirect effects. Based on the theory of conservation 
of energy, the radiation budget represents the net between incoming and 
outgoing radiation (Charlson et al., 1992; IPCC, 2007). The deficit or 
surplus energy can decrease or increase atmospheric temperature, 
eventually affecting the climate (Ramanathan et al., 1992). Various 
hybrid aerosol structures, such as externally mixed, internally mixed, 
and coated particles, are present in the atmosphere (Ramanathan et al., 
2001). Unlike greenhouse gases, the spatial heterogeneity and the 
associated aerosol radiative forcing are one of the uncertainties in 
climate prediction (Hansen et al., 1997). It is observed that about 
one-third of the aerosol flux is of marine origin (Prospero et al., 1983), 
which strongly influences the local and regional climate (Prospero, 
2002). The aerosols trapped in the lowermost layer of the atmosphere 
(Wilcox et al., 2016) modulate near-surface energy and moisture flux to 
the free atmosphere through convective transfer mechanisms (Pyatt 
et al., 2005; Sun and Zhao, 2020; Chen et al., 2022). 

An increased input of absorbing aerosol does have detrimental 

effects on the environment, e.g., melting of polar ice, depletion of the 
ozone layer, and changing cloud radiative effects (Wielicki et al., 1995; 
Garrett and Zhao, 2006; IPCC, 2007). Black carbon aerosol (BC), emitted 
during the incomplete combustion of fossil fuels and biomass burning 
(forest fires), has significant control over the local and regional climate, 
as it absorbs the insolation (Ramanathan and Carmichael, 2008). BC 
from biomass burning exhibits light absorbance at shorter wavelengths 
(ultraviolet), whereas BC from fossil fuel absorbs more light at longer 
wavelengths (infrared) (Sandradewi et al., 2008). IPCC (2014) detailed 
the increased atmospheric warming due to anthropogenic aerosols 
emitted during the industrial period. BC impacts the radiative forcing of 
the atmosphere. Its presence in the marine atmospheric boundary layer 
(MABL) plays a crucial role in marine ecosystems, even over far ocean 
regions (Bao et al., 2017). Therefore, aerosol observations from various 
platforms are necessary to reduce the uncertainties in climate modelling. 

The aerosols exhibit significant spatiotemporal heterogeneity over 
the tropical and subtropical regions of the Indian Ocean due to their 
proximity to the Asian and African continents (Ramachandran and 
Jayaraman, 2002; Kumar et al., 2012). The heterogeneity is due to the 
presence of marine (sea salt and DMS) and anthropogenically originated 

Peer review under responsibility of Turkish National Committee for Air Pollution Research and Control. 
* Corresponding author. Remote Sensing Laboratory, Goa University, 403206, India. 

E-mail address: hbmenon@unigoa.ac.in (H.B. Menon).  

Contents lists available at ScienceDirect 

Atmospheric Pollution Research 

journal homepage: www.elsevier.com/locate/apr 

https://doi.org/10.1016/j.apr.2023.101797 
Received 18 February 2023; Received in revised form 10 May 2023; Accepted 12 May 2023   

mailto:hbmenon@unigoa.ac.in
www.sciencedirect.com/science/journal/13091042
https://www.elsevier.com/locate/apr
https://doi.org/10.1016/j.apr.2023.101797
https://doi.org/10.1016/j.apr.2023.101797
https://doi.org/10.1016/j.apr.2023.101797
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apr.2023.101797&domain=pdf


Atmospheric Pollution Research 14 (2023) 101797

2

aerosols from these continents. Several region-specific campaigns have 
been carried out over the years to better understand the region’s aerosol 
dynamics. The Indian Ocean Experiment (INDOEX) (Ramanathan et al., 
2001; Rasch et al., 2001) investigated the large-scale effects of conti-
nental emissions over Indian Ocean and accessed their impact on global 
climate through an integrated approach of in-situ observations and 
satellite data. North-south gradient of aerosol loading with lower con-
centrations south of Inter Tropical Convergence Zone (ITCZ) was 
observed, with sub-micron size particles being higher over the Arabian 
Sea (~20–50 μg m− 3). Similar gradients were seen for NOx and CO, 
which were four-fold more amplified in the north of ITCZ than in the 
south (Mitra, 2004). BC, which accounted for 10–14% of the total 
aerosol mass during INDOEX, are potential absorbers of sunlight 
responsible for decreasing the earth’s albedo and a foremost contributor 
to global warming. Tropospheric Aerosol Radiative Forcing Observa-
tional Experiment (TARFOX) (Russell et al., 1999) and Aerosol Char-
acterization Experiment (ACE) 1 and 2 (Covert et al., 1998; Huebert 
et al., 1998; Quinn et al., 1998; Collins et al., 2000; Durkee et al., 2000; 
Livingstone et al., 2000; Neusüß et al., 2000; Putaud et al., 2000; Russell 
and Heintzenberg, 2000; Schmid et al., 2000) were also undertaken to 
understand the in-situ aerosol over this region. The results obtained 
during these expeditions are directly applicable to aerosol radiative 
assessments. Aircraft-based measurements were also adopted to study 
elevated aerosol layers well above the boundary layer over the Tropical 
Indian Ocean (TIO). 

Integrated Campaign for Aerosols Gases and Radiation Budget 
(ICARB) (Moorthy et al., 2008; Kumar et al., 2015) carried out extensive 
studies over the Arabian Sea, the Indian mainland, and the Bay of Bengal 
(BoB). ICARB provided vital information on aerosol microphysics over 
the Indian Ocean region, providing a better insight into aerosols’ tem-
poral and spatial variability, origin, and long-range transport. The 
variability in cloud coverage depends on the constantly varying aerosol 
concentrations acting as cloud condensation nuclei. This leads to spatial 
and temporal variability in radiative forcing (Hansen et al., 1997). 
Kumar et al. (2012) did a chemical characterization of aerosols during 
winter (December 2007) and reported that the Arabian Sea received 
substantially high aerosol mass loading. The winter campaign of 
ICARB-2018 conducted till 2 ◦ S, revealed the heavy continental outflow 
of anthropogenic aerosols over the marine atmosphere. Total aerosol 
mass loading varied between 13 and 84 μg m− 3, mainly dominated by 
accumulation mode aerosols (>60%) (Aswini et al., 2020). An intense 
pollution plume over the southeast coastal Arabian Sea is dominated by 
anthropogenic aerosols (73%). Further, heavy metals, such as Zn, Cu, 
Pb, and Mn, were also reported to dominate the region (Gogoi et al., 
2019). In TIO, the observations conducted are mostly limited to the 
north of ITCZ. 

2. Study area 

The observations were carried out onboard the Ocean Research 
Vessel (ORV) Sagar Nidhi during the IIOE-II. The expedition flagged from 
Mormugao Port, Goa (15.45 ◦ N) on the December 4, 2015 and culmi-
nated at Port Louis, Mauritius (20.16 ◦ S) on the December 22, 2015 
(Fig. 1). The measurements were conducted between 6th and December 
21, 2015, from 67 ◦ E to 61 ◦ N, and 13 ◦ N to15 ◦ S. 

During the study period, ITCZ was situated approximately between 4 
◦ S and 6 ◦ S (Fig. 1). Superimposed on the cruise track are surface-level 
averaged winds (1000 hPa). The wind speeds were between 6 and 14 m 
s− 1, and the atmospheric temperature was ~28 ◦ C (Table 1). 

3. Data and methodology 

3.1. Aerosol optical depth (AOD) 

MICROTOPS II Sunphotometer (Solar light Co) was used to obtain 
aerosol optical depth (AOD) at five wavelengths 380 nm, 440 nm, 500 

nm, 675 nm, and 870 nm. The instrument comprises of a narrow-band 
interface and a photodiode suitable for these bands. It had five aligned 
optical collimators with a field of view of 2.5 ◦. A quartz window pro-
vides access to collimator tubes. The AOD was computed internally from 
the spectral measurements of direct solar flux using internal calibration 
coefficients following the principle of Lambert-Beer law (Morys et al., 
2001). Observation coordinates obtained from the Global Position Sys-
tem (GPS) were provided to the sunphotometer. The scans were made 
under clear sky conditions avoiding the ship’s exhaust interference. 

3.2. Black carbon mass concentration 

Near-surface BC mass concentrations (ng m− 3) were estimated using 
an automated seven-band Aethalometer (M/s Magee Scientific, model 
AE-42) operating at 370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm, 
and 950 nm. BC mass concentration is estimated at 880 nm using the 
factory-set wavelength-dependent calibration factors and optical trans-
mission techniques (Hansen et al., 1984). The air particles were aspi-
rated through an inlet pipe placed at the height of about 12 m above sea 
level at the ship’s bow, avoiding contamination due to ship exhausts and 

Fig. 1. Study area showing ORV Sagar Nidhi’s cruise tracks during IIOE-II with 
synoptic winds at 1000 hPa that are averaged over the study period (6th − 21st 
December 2015). 

Table 1 
Represents thermodynamic conditions of the atmosphere at different latitudes; it 
contains convective available potential energy (CAPE), convective inhibition 
energy (CINE), precipitable water vapour (PWV) and marine atmospheric 
boundary layer (MABL) height.  

Latitude 
(◦S) 

Longitude 
(◦E) 

CAPE (J 
kg− 1) 

CINE (J 
kg− 1) 

PWV 
(mm) 

MABL 
(km) 

12.0 67.0 105.75 − 73.89 53.7 0.788 
9.0 67.0 3.37 − 237.8 52.12 0.793 
6.0 67.0 0.76 − 248 48.15 0.77 
4.0 67.0 1387.9 − 19.19 45.12 1.461 
2.0 67.0 0.247 − 387.5 43.63 1.251 
0.0 67.0 306.3 − 126.5 49.11 1.033 
− 2.0 67.0 1057.4 − 91.82 51.32 0.955 
− 4.0 66.0 1946.7 − 26.42 62.06 1.776 
− 6.0 65.1 2535.2 0 56.9 0.62 
− 9.0 64.0 920.47 0 58.59 1.083 
− 12.0 62.5 7.27 − 155.2 37.12 0.808  
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fumes. A heated sample line was connected to the inlet, maintaining a 
constant relative humidity of 60%. The instrument was continuously 
operated along the cruise track at 5 min intervals with a flow rate of 5 L 
per minute. 

3.3. Vertical profiles of aerosol subtypes 

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) 
sensor onboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observations (CALIPSO) platform was used to obtain CALIOP level-2 
version 4.20 (V4) vertical feature mask and aerosol subtype data prod-
ucts. The CALIOP V4 tropospheric aerosol classification algorithm 
identifies seven aerosol subtypes based on estimated particulate depo-
larization ratio (δest

p ), integrated attenuated backscatter, altitude, and 
surface type (Kim et al., 2018). The CALIOP V4 aerosol subtypes are 
clean marine, dust, polluted continental/smoke, clean continental, 
polluted dust, elevated smoke, and dusty marine; the same details are 
available in Kim et al. (2018). 

3.4. Local and synoptic meteorology and active fire count 

Understanding the role of local and synoptic meteorology is essential 
to study aerosol generation and transportation over a geographical 
scale. The onboard Vaisala AWS was used to measure the local meteo-
rological parameters like pressure, temperature, wind speed, and rela-
tive humidity (Table S1). To study the long-range transport of aerosols, 
seven-day air-mass backward trajectories (AMBT) were computed at 20 
and 1500 m altitude, respectively, using the Hybrid Single Particle 
Lagrangian Integrated Trajectory (HYSPLIT, version 4). NCEP Global 
Data Assimilation System (GDAS) meteorological data from the data 
archives of the National Oceanic and Atmospheric Administration- Air 
Resources Laboratory (NOAA-ARL) was provided to the model (Draxler 
and Rolph, 2003; Stein et al., 2015). Hourly reanalysis data of u and v 
components of surface wind were obtained from European Centre for 
Medium-Range Weather Forecasts (ECMWF) ERA5 to compute the wind 
vector, which was averaged over the study period (Hellerman and 
Rosenstein, 1983). 

The active fire count data for December 2015 was obtained from 
Visible Infrared Imaging Radiometer Suite (VIIRS) 375 m thermal 
anomalies and active fire product (Fig. 5). The VIIRS sensor is installed 
aboard the Suomi National Polar-orbiting Partnership (Suomi-NPP) 
satellite. The active fire counts were obtained to locate regions with a 
high density of actively burning fires to identify the source of biomass 
burning BC. 

3.5. Estimation of biomass burning percentage (BB %) 

The spectral absorption of light by the aethalometer is used to 
compare the percentage of biomass burning to that of fossil fuel. The 
spectral aerosol absorption coefficient (βabs) is proportional to λ− α, 
where λ is the wavelength and α is the absorption Ångström exponent 
(Srivastava et al., 2021). Based on the values reported earlier, we have 
considered αBB and αFF as 2.0 and 1.1, respectively (Sandradewi et al., 
2008; Fuller et al., 2014). The total absorption at a wavelength (βabs(λ)) 
is the sum of the absorption due to biomass burning (βabs,BB(λ)) and that 
due to fossil fuel (βabs,FF(λ)) (Sandradewi et al., 2008), and can be rep-
resented as 

βabs(λ)= βabs,BB(λ) + βabs,FF(λ) (1) 

The relation between βabs,BB, βabs,FF, αBB, and αFF at 470 and 950 nm 
wavelengths are given by, 

βabs,BB(470 nm)

βabs,BB(950 nm)
=

(
470
950

)− αBB

(2)  

βabs,FF(470 nm)

βabs,FF(950 nm)
=

(
470
950

)− αFF

(3) 

Hence BB% is given by, 

BB%=
βabs,BB(950 nm)

βabs(950 nm)
× 100 (4)  

3.6. Estimation of the thermodynamic parameters 

3.6.1. Marine atmospheric boundary layer 
The MABL height was estimated using the virtual temperature and 

specific humidity gradient method (Stull, 1988). The individual profiles 
were screened to identify the height of the capping inversion, which was 
marked as the top of MABL height. 

3.6.2. Convective available potential energy (CAPE) 
CAPE indicates the amount of energy available during convection. It 

is estimated by integrating the local buoyancy of the parcel vertically 
from the Level of Free Convection (LFC) to the Equilibrium Level (EL). 

CAPE =

∫ zn

zf

g
(Tvparcel − Tvenv

Tvenv

)

d z (5)  

where, zf is the altitude of LFC and zn is the altitude of the EL, Tvparcel is the 
virtual temperature of the parcel, Tvenv is the virtual temperature of 
environment, g is the acceleration due to gravity (Moncrieff and Miller, 
1976; Doswell and Rasmussen, 1994). 

3.6.3. Convective inhibition energy (CINE) 
CINE is the amount of energy used to prevent an air parcel from 

rising above the surface to LFC. 

CINE =

∫ ztop

zbottom

g
(Tvparcel − Tvenv

Tvenv

)

dz (6)  

where, zbottom is the altitude of the ground surface and ztop is the altitude 
of the LFC (Colby, 1984). 

3.6.4. Precipitable water vapour (PWV) 
It is atmosphericwater vapour in a vertical column of a unit cross- 

sectional area extending between the surface and the upper layer (3 km). 
Mathematically, ifx(p) is the mixing ratio at the pressure level, p, 

then the precipitable water vapour, W, contained in a layer bounded by 
pressures p1 and p2is given by 

W =
1
pg

∫ p2

p1
xdp (7)  

where,ρ represents the density of water and g is the acceleration due to 
gravity. In actual rainstorms, particularly thunderstorms, amounts of 
rain often exceeds the total precipitable water vapour of the overlying 
atmosphere (Showalter, 1954). PWV results from the converging of 
large amounts of water vapour surrounding the area. 

3.7. Direct aerosol radiative forcing (DARF) and atmospheric heating rate 
(HR) 

Radiative forcing (ΔF) of the atmosphere due to aerosols is defined as 
the net flux change at the top of the atmosphere (TOA) and Surface 
(SUR) with and without the effect of aerosols. The clear sky direct 
aerosol radiative forcing (DARF) was estimated using the model Santa 
Barbara DISORT (DIScrete Ordinate Radiative Transfer) Atmospheric 
Radiative Transfer (SBDART) (Ricchiazzi et al., 1998) for shortwave 
radiation (0.25–4 μm). The input parameters required for running 
SBDART are solar zenith angle, surface albedo (ocean water), atmo-
spheric profile (tropical), sunphotometer measured spectral AOD, single 

A.A. Shaikh et al.                                                                                                                                                                                                                               



Atmospheric Pollution Research 14 (2023) 101797

4

scattering albedo (SSA), and asymmetry parameter (ASY). SSA and ASY 
are obtained using the Optical Properties of Aerosols and Clouds (OPAC) 
model by Hess et al. (1998). In the present study, for the estimation of 
SSA and ASY, the number concentrations of total water-soluble com-
ponents, soot, sea salt (accumulation), sea salt (coarse), and sulphate 
were given as inputs to the OPAC model, along with the vertical dis-
tribution of aerosols and relative humidity as described by Hess et al. 
(1998). As OPAC allows us to define the aerosol mixture, the 
aethalometer-measured soot (BC) was kept constant. In contrast, the 
concentrations of the other aerosol types mentioned above were 
adjusted until the simulated AOD spectra corroborated (±0.005) with 
the sunphotometer-measured AOD spectra. 

Hence to estimate the clear sky DARF, the values of downwelling 
irradiance at TOA (FTOA 

↓), upwelling irradiance at TOA (FTOA
↑ ), down-

welling irradiance at SUR (FSUR 
↓), and upwelling radiance from SUR 

(FSUR 
↑) in the presence (A) and absence (NA) of aerosols were obtained 

as outputs of SBDART. The net flux at the TOA and SUR is given by, 
(
FNA/A

)
TOA/SUR= F

TOA/SUR
↓ − FTOA/SUR̂( ↑ ) (8)  

(ΔF)TOA/SUR =(FNA)TOA/SUR − (FA)TOA/SUR
(9) 

FNA and FA are the fluxes estimated respectively under aerosols’ 
presence and absence (control). Hence, the atmospheric forcing (ATM) 
is, 

ΔFATM =ΔFTOA − ΔFSFC (10) 

Clear sky DARF signifies the amount of energy trapped in the at-
mosphere due to aerosols for the shortwave spectra, which results in the 
heating of the atmosphere. The atmospheric heating rate (HR) is given 
as, 

∂T
∂t

=
g
cp

[
ΔFATM

△P

]

×(hr / day) × 3600 (sec / hr) (11)  

where, ∂T/∂t is the heating rate (K day− 1), g is the acceleration due to 
gravity (m s− 2), cp is the specific heat capacity of air at constant pressure 
(1006 J kg− 1 K− 1), and ΔP is the pressure difference between the top and 
bottom layers of the atmosphere. In the current study, ΔP, i.e., the 
pressure difference between the surface and 3 km has been considered to 
be 300 hPa, since maximum concentrations of atmospheric aerosols are 
up to 3 km altitude in the atmosphere (Ramachandran and Kedia, 2010; 
Kaskaoutis et al., 2013; Singh et al., 2016). 

4. Results 

4.1. Columnar aerosol optical depth 

The spatial variation of the sunphotometer measured AOD500 is 
presented in Fig. 2a. AOD500 at 12.97 ◦ N, near the Indian subcontinent, 
was maximum (0.630) and decreased towards the southern TIO region. 
AOD500 at 9.12 ◦ N was 0.119, which increased to 0.180 at 2.39 ◦ N and 
decreased at − 1.34 ◦ S (0.116). Due to cloud cover at the time of ob-
servations, data could not be generated between 1.4 ◦ S and 12 ◦ S. The 
mean value of AOD500, i.e., 0.134 ± 0.018, was observed between 12 ◦ S 
to 15 ◦ S. The sunphotometer measured AOD spectra (380 nm–870 nm) 
for station 1 (Fig. 2b, Table S1) followed Junge’s power law (Junge, 
1955). However, it did not follow the same in the open ocean region 
(station 2 to station 10). AOD in the open ocean was flat and did not 
exhibit much spectral variation from 380 nm to 870 nm, a typical feature 
of the oceanic region. The flat spectra result from lower loading of 
continentally derived accumulation mode aerosols and an increased 
contribution of wind-generated coarse mode aerosols (sea salt) (Chau-
bey et al., 2013). However, a slight dip was observed at 440 nm in the 
spectra. AOD increased towards the longer wavelength from station 6 to 
station 10, where AOD870 was greater than AOD380 as coarse-mode 
marine aerosols dominate the open ocean region. 

4.2. BC mass concentration and biomass burning percentage 

BC mass concentration was 1382.21 ± 209.10 ng m− 3 and 1290.83 
± 176.87 ng m− 3 (Fig. 3a) at 14 ◦ N and 13 ◦ N, respectively, near the 
Indian subcontinent. It further decreased to 990.95 ± 184.79 ng m− 3 at 
11 ◦ N as we moved towards the open ocean region and had an average 
of 224.07 ± 58.52 ng m− 3 in the TIO to the north of ITCZ. BC mass 
concentration was high between 2 ◦ N and 0.5 ◦ N, with an average of 
368.68 ± 45.67 ng m− 3. BC mass concentration decreased drastically to 
the south of ITCZ, and an average value of 39.63 ± 14.40 ng m− 3 was 

Fig. 2. Depicts the (a) spatial distribution of AOD500 and (b) spectral distri-
bution of AOD (380 nm–870 nm) for all 10 stations (Stn). 

Fig. 3. (a) Latitudinal variability of BC mass concentrations, and (b) mean BB 
% along with standard deviations. 
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observed. 
The BB% was averaged for every 2◦ (Fig. 3b); the BB% was 17% near 

the Indian continent and decreased offshore. At 2◦ N, with an increase in 
BC mass concentration, a high BB% (18%) was observed. Higher values 
of BB% (>15%) were seen between 12 ◦ S to 16 ◦ S towards the African 
continent. 

4.3. Vertical distribution of aerosols 

The CALIOP vertical feature mask (Fig. S1) and aerosol subtype 
(Fig. 4) products were shown for selected days to investigate the 
columnar aerosol loading during IIOE-II. The vertical feature mask 
profiles identify aerosol layers reaching up to ~10 km from the surface. 
The composition of the aerosol layers was investigated through the 
aerosol subtype plots. Dusty marine and polluted continental/smoke 
aerosols were abundant from the sea surface up to 2.5 km. The naturally 
predominant marine aerosols mixing with the dust transported near the 
sea surface lead to the dusty marine subtype. More dust and elevated 
smoke layers were present throughout the atmospheric column reaching 
up to 10 km altitude. The mixing of the dust and the elevated smoke 
gives rise to the polluted dust subtype, which was present at high alti-
tudes (3–8 km). Dust layers were present, from near the sea surface to 
altitudes of ~10 km in small quantities. Most of the aerosol layers were 
majorly up to ~3 km. The maximum vertical distribution of different 
aerosol subtypes was observed around 6 ◦ S. 

4.4. Thermodynamic conditions of the atmosphere 

The boundary layer dynamics play an essential role in the transport 
of aerosols and their vertical distribution (Stull, 1988; Behrendt et al., 
2011; Pal et al., 2012, 2013). The higher values of CAPE and low values 
of CINE depict a largely unstable atmosphere due to the enhanced 
convective activities resulting in increased updraft motion of the air 
causing intense mixing (Stull, 1988). Lower CAPE and higher CINE 
values were observed at 12 ◦ N, 9 ◦ N 6 ◦ N, and the equator indicated a 
largely stable atmosphere with significantly less convective energy 
available for updraft motion (Table 1) (Hess, 1979). 

At 4 ◦ N, the value of CAPE increased to 1387.9 J kg− 1, and CINE 
decreased to − 19.19 J kg− 1, pointing towards an enhanced convective 
updraft prevailing within the air column. The conditions observed at 2 ◦

N indicate a nearly stable atmosphere with low CAPE (0.247 J kg− 1) and 
the highest CIN (− 387.5 J kg− 1). The highly convective conditions with 
increased moisture content observed at 6 ◦ S can be attributed to the 
presence of ITCZ, with a maximum CAPE value of 2535.2 J kg− 1 and 0 J 
kg− 1 CINE values. Below 6 ◦ S, the convective atmosphere approaches 
nearly stable conditions with low CAPE values (Hess, 1979). 

5. Discussion 

5.1. Aerosol distribution over the tropical Indian ocean 

High AOD500 at 12.96 ◦ N (Fig. 2a) resulted from the advection of 
polluted continental aerosols over the Arabian Sea. The aerosols are 
advected from the subcontinent as a result of northeasterly winds 
blowing during the winter monsoon season (Moorthy et al., 2001; Gogoi 
et al., 2019; Aswini et al., 2020). This was further evident from the 
CALIOP aerosol subtype, which showed the presence of dusty marine 
and polluted continental/smoke over the region (Fig. 4a). The seven-day 
backward HYSPLIT trajectories also supplement the argument (Fig. 5). 
Stable atmospheric conditions with lower CAPE (Table 1) add to the 
higher aerosols over the region, as it reduces the vertical dispersion of 
aerosols. Moreover, higher surface winds (9.69 m s− 1) generate in-situ 
aerosols due to entrainment (Table S1) (Moorthy and Satheesh, 2000). 
High AOD values near the Indian coastal region were also observed by 
Krishna Moorthy et al. (1997), Krishnamurti et al. (1998), and Satheesh 
et al. (1999). 

High AOD500 was observed under stable atmospheric conditions at 
2.36 ◦ N (0.180) and 0.46 ◦ N (0.169), due to high wind speed (⁓10 m 
s− 1), and advection of anthropogenic aerosols from the highly polluted 
Indian subcontinent (Prospero, 1981; Kamra et al., 2003; Aswini et al., 
2020) during the winter monsoon season. Many polluted continental/ 
smoke and dusty marine aerosol layers were also seen between 5 ◦ N and 
the equator. The maximum vertical distribution of aerosols (10 km) 
observed near 6 ◦ S is due to the presence of ITCZ, where the maximum 

Fig. 4. CALIOP data (a–f) representing vertical distribution of aerosol subtypes on selected days during IIOE-II.  
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Fig. 5. Seven-day backward wind trajectories at 20 m (blue) and 1500 m (white) from AOD measurement stations along the cruise track, along with the number of 
open fire events in India and east Africa during December 2015. 

Fig. 6. The spatial distribution of (a) direct aerosol radiative forcing and (b) atmospheric heating rate.  
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vertical updraft is supported by the highest CAPE (2535.2 J kg− 1) and 0 
J kg− 1 CINE. Increased AOD500 at 12 ◦ S is due to in-situ produced 
aerosols, resulting from high winds (14 m s− 1). Aerosol subtype data 
showed the region being dominated by clean marine aerosols (Fig. 4f). 
The atmospheric conditions are also stable with low CAPE values, 
minimizing aerosol dispersion and leading to an increase in their con-
centrations. Lower values of PWV at 4 ◦ N (45.12 mm), 2 ◦ N (43.63 
mm), and 12 ◦ S (37.12 mm) can be the reason for higher AOD500, as a 
consequence of negligible wet deposition in the area (Moorthy et al., 
2001). From station 6 to station 10, AOD870 was greater than AOD380 

The BC mass concentrations in the open ocean to the north of ITCZ 
are around six times higher compared to the south of ITCZ. Higher BC 
mass concentrations observed to the north of ITCZ are due to the 
northeasterly winds prevailing over the region (Gogoi et al., 2019; 
Hulswar et al., 2020). The higher concentrations of BC near the coast are 
due to anthropogenic aerosols advected from the continent (Gogoi et al., 
2019). According to Lelieveld et al. (2001), the aerosol loading over the 
northern Indian Ocean is comparable to the suburban air pollution in 
Europe and North America. Their study further concluded that fossil fuel 
combustion and biomass burning lead to the outflow of both organic 
carbon and BC over the northern Arabian Sea. The highest BB% 
observed during the expedition was 18%, indicating that the atmosphere 
is loaded with anthropogenically produced Fossil Fuel BC (~85%). The 
BB% was 17% near the continent and decreased further as the average 
lifetime of biomass burning BC is short compared to fossil fuel BC, as the 
former are larger and are more likely to undergo dry deposition via 
gravitational settling or wet removal processes (Schwarz et al., 2008; 
Gogoi et al., 2019). The HYSPLIT trajectories (Fig. 5) and the synoptic 
wind regime (Fig. 1) confirm the possibility of the advection of BC from 
the Indian subcontinent. The increase in BC mass concentrations be-
tween 4 ◦ N and 0.5 ◦ N is also a result of the aerosols advected from the 
Indian Subcontinent (Fig. 6). Decreased ambient BC mass concentration 
beyond the equator may also be due to the significant positive CAPE and 
negligible CINE (Table 1) available for supporting the convective motion 
of the air, which might have resulted in increased mixing and dispersion 
of aerosols. 

Further, the BC mass concentration (39.63 ± 14.40 ng m− 3) to the 
south of ITCZ was negligible. The density of forest fires is maximum in 
east Africa during December (Roberts et al., 2009), resulting in the 
emission of large quantities of biomass burning BC. The higher BB% 
between 12 ◦ S to 16 ◦ S may be because the cruise track was near the 
African coast, which may have caused the higher sampling of biomass 
burning BC as a subsequent result of the African forest fires. 

5.2. Clear sky direct aerosol radiative forcing and atmospheric heating 
rate 

In the coastal region at 12.96 ◦ N, the radiative forcing at the surface 
(SUR) (− 73.41 W m− 2) and top of the atmosphere (TOA) (− 55.45 W 
m− 2) were high (Fig. 6a). As a result, the atmospheric forcing due to 
aerosols, i.e., ATM, was 17.98 W m− 2. The high ATM forcing is associ-
ated with the high AOD and BC mass concentration over the region. Dust 
from the Arabian, North African, and Indian region also contributes to 
the aerosol loading over the Arabian Sea and play an essential role in the 
radiative forcing (Tegen et al., 1996; Li et al., 1996) along with the 
anthropogenic aerosols. The ATM forcing drastically decreased south-
wards as the concentration of aerosols decreased. The ATM forcing was 
⁓75% more at 12.96 ◦ N compared to the other stations (Fig. 6a). 
Higher atmospheric forcing at 2.39 ◦ N (3.24 W m− 2) is due to the higher 
concentration of aerosols and the prevailing atmospheric conditions at 
this location. Below 12 ◦ S, despite the AOD being higher, the ATM 
forcing was lower (Figs. 2a & 6a) as the BC mass concentration was low 
(35.75 ± 13.04 ng m− 3), and the region was dominated by clean marine 
aerosols, which are scattering in nature. After station 5 (0.42◦N), the 
AOD increased towards the higher wavelength, representing the domi-
nance of coarse mode aerosol (sea salt), which led to high scattering 

albedo (SSA). The high SSA leads to a low ATM forcing and heating rate, 
as higher values of SSA represent the presence of more scattering 
aerosols (Table S1). 

The atmospheric heating rate at station 12.96◦N was 0.505 K day− 1 

(Fig. 6b) due to anthropogenically derived BC. BC plays a vital role in 
atmospheric forcing, an absorbing type of aerosol. The dominance of 
fine-mode aerosols over the Arabian Sea region leads to enhancement in 
radiative forcing and heating of the atmosphere (Che et al., 2014; Gogoi 
et al., 2019). The mean heating rate for stations 2 to 5 in the open ocean 
was 0.1285 ± 0.033 K day− 1, where we observed aerosol layers of 
polluted continental/smoke and dusty marine, whereas, for stations 6 
to10 it was 0.063 ± 0.017 K day− 1 as it was mainly dominated by 
scattering aerosols. 

6. Conclusion 

The AOD (0.630) and BC mass concentration (1382.21 ± 209.10 ng 
m− 3) were the highest near the continent and decreased drastically to-
wards the open ocean. A higher AOD near the continent was due to the 
presence of continentally advected aerosols during the north-east 
monsoon, also seen from CALIOP aerosol subtype data. Stable atmo-
spheric conditions, supported with lower CAPE (105.75 J kg− 1), add to 
higher aerosol loads over the region as it minimizes their vertical 
dispersion. Significant positive CAPE (2535.2 J kg− 1) and negligible 
CINE (0 J kg− 1) support air’s convective motion, resulting in aerosol 
dispersion even to the free troposphere. In contrast to the atmosphere 
near the continent loaded with continental advected aerosols, the at-
mosphere in the far offshore region was dominated by marine aerosol 
particles. BB% percentage was high near the continent and decreased 
offshore. CALIOP data showed that the aerosols over the TIO in the 
lower atmosphere are mainly dominated by polluted continental/ 
smoke, dusty marine, and clean marine. The DARF (17.98 W m− 2) and 
atmospheric heating rate (0.540 K day− 1) were the highest at Station 1 
and decreased considerably southwards. The heating rate was very low 
for stations 6 to10 compared to stations 2 to 5, despite the AOD values 
being around the same range, due to the former region being dominated 
by scattering aerosols. 
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Noone, K.J., Öström, E., Gassó, S., Hegg, D., Russell, L.M., Bates, T.S., Quinn, P.K., 
2000. Regional aerosol optical depth characteristics from satellite observations: 
ACE-1, TARFOX and ACE-2 results. Tellus Ser. B Chem. Phys. Meteorol. 52, 484–497. 
https://doi.org/10.3402/tellusb.v52i2.16174. 

Fuller, G.W., Tremper, A.H., Baker, T.D., Yttri, K.E., Butterfield, D., 2014. Contribution of 
wood burning to PM10 in London. Atmos. Environ. 87, 87–94. https://doi.org/ 
10.1016/J.ATMOSENV.2013.12.037. 

Garrett, T.J., Zhao, C., 2006. Increased Arctic cloud longwave emissivity associated with 
pollution from mid-latitudes. Nature 440, 787–789. https://doi.org/10.1038/ 
nature04636. 

Gogoi, M.M., Tandule, C.R., V, J., Kompalli, S.K., Nair, V.S., Gopal, K.R., Babu, S.S., 
2019. Spatial gradient of aerosol mass concentrations and size distributions over 
southeastern Arabian Sea and equatorial Indian Ocean during ICARB-2018. Atmos. 
Environ. 213, 727–738. https://doi.org/10.1016/J.ATMOSENV.2019.06.038. 

Hansen, A.D.A., Rosen, H., Novakov, T., 1984. The aethalometer - an instrument for the 
real-time measurement of optical absorption by aerosol particles. Sci. Total Environ. 
36, 191–196. https://doi.org/10.1016/0048-9697(84)90265-1. 

Hansen, J., Sato, M., Ruedy, R., 1997. Radiative forcing and climate response. 
J. Geophys. Res. Atmos. 102, 6831–6864. https://doi.org/10.1029/96JD03436. 

Hellerman, S., Rosenstein, M., 1983. Normal monthly wind stress over the world ocean 
with error estimates. J. Phys. Oceanogr. 13, 1093–1104. https://doi.org/10.1175/ 
1520-0485(1983)013<1093:nmwsot>2.0.co;2. 

Hess, M., Koepke, P., Schult, I., 1998. Optical properties of aerosols and clouds: the 
software package OPAC. Bull. Am. Meteorol. Soc. 79, 831–844. https://doi.org/ 
10.1175/1520-0477(1998)079<0831:OPOAAC>2.0.CO;2. 

Hess, S.L., 1979. Introduction To Theoretical meteorology(No. 551.5 HES). 

Huebert, B.J., Howell, S.G., Zhuang, L., Heath, J.A., Litchy, M.R., Wylie, D.J., Kreidler- 
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