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The more insight we gain into the interrelation of phenomena, the easier it will be 

to free ourselves from the misconception that not all branches of the natural 

sciences, be they the observing and describing branches, the investigation of 

chemical components, of the exploration of the everywhere existing physical 

forces of matter, are of equal importance for the culture and prosperity of 

mankind. 

Alexander von Humboldt 

Kosmos I, 1845 
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PREFACE 

The northern Indian Ocean spanning from 30°E to 120 °E longitude and -30 °N to 

30°N latitude including Bay of Bengal, Arabian Sea and southern Indian Ocean 

has been chosen for investigating the estimation of marine mixed layer depth by 

1-Dimensional model and its variability by using remote sensing observations. 

The Indian Ocean is a unique environment for studying the forced upper ocean 

response with distinct atmospheric forcing of characteristic monsoonal cycles 

with reversing winds and transition periods. The transition periods are 

characterized by week winds, enhanced evaporative rate and heat fluxes. The 

strong seasonal cycle in surface forcing over the Arabian Sea leads to seasonal 

circulation along the Somalia coast. Normally, Arabian Sea saltier than rest of the 

Indian Ocean, while large run off draining the Indian subcontinent makes the Bay 

of Bengal significantly fresher. 

The progress of oceanographic and Meteorological research and operations 

heavily relies upon a variety of oceanic observations. The in-situ measurements 

are hindered because of the natural and obvious difficulties. Mixed layer depth 

(the depth of quasi-homogeneous/homogeneous physical properties of the upper 

ocean from the surface) is one such parameter; to understand its dynamical 

behavior large amount of in-situ data collection at subsurface level over temporal 

and spatial resolution are needed. 
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On the other hand satellite sensors (operating in optical, thermal, and microwave 

channel) are capable of delivering many of the sea surface parameters, for eg. 

chlorophyll concentration, suspended sediment, yellow substances, sea surface 

temperature, wind speed, sea surface height, wave height, water vapor, and many 

other on synoptic and temporal coverage with retrieval accuracy. These modern 

observational tools significantly helped in overcoming the difficulty of sparse sea 

truth measurements. Microwave sensors have become indispensable part of 

remote sensing platforms particularly over tropical regions because of frequent 

cloud coverage. 

However for getting subsurface information of ocean parameters is not possible 

from satellite platform. Often the ocean modelers, model the ocean with initial 

subsurface ocean state along with sea surface parameters. Satellite remote sensing 

and numerical ocean modeling has significantly helped in overcoming these 

difficulties and in enriching the understanding of oceanic features even at 

subsurface levels. 

The various surface forcing and different methods of mixed layer modeling are 

explained under three major classifications in chapter 2. The relative comparisons 

of each model in-terms of its computational requirement and advantages are also 

explained. 
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The present analysis is initiated keeping in mind to identify various forcing 

parameters on marine mixed layer (which are space based observation or 

derivable from them) and its nature of spatio-temporal variability. And 

subsequently parameterize them into a 1-Dimensional marine mixed layer model 

with climatic temperature and salinity profile as initial subsurface fields. Sea 

surface temperature (SST), sea surface height (SSH), wind speed (WS), net heat 

gain (NHG), and evaporation minus precipitation (EMP) are analyzed for this 

purpose. The spatio-temporal variability of these surface parameters and relative 

variability with climatic mixed layer depth is explained in chapter 3. The criterion 

for mixed layer depth estimation and various methods of its estimation is given in 

appendix. 

The 1-Dimensional mixed layer model of Price, Weller, and Pinkle (PWP, the 

model equations are diurnal in nature) is initiated with yearlong observations over 

61.5 °E, 15.5°N (October 1994 to October 1995) to explore the feasibility of 

incorporating remote sensing/re-analysis observations for mixed layer depth 

computation. The model equations and sensitivity to surface forcing is explained 

in chapter 4. The sensitivity study reveals that the wind speed is dominating the 

model performance compare surface total heat loss and radiation. 

The following objectives are investigated and incorporated in order to model the 

mixed layer depth over northern Indian Ocean with satellite/re-analysis 

observations over spatial and temporal resolutions. They are; 
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(1). Quantification of model diurnal heating at the ocean surface 

(2). Assimilation of surface forcing parameters from satellite derived/re-analysis 

parameters 

(3). Seawater classification based on chlorophyll concentration 

(4). Seasonal variability of model derived mixed layer depth. 

The diurnal solar heating over the sea surface is modeled with average incoming 

shortwave radiation and total heat loss from surface. The method and its 

validation for the computation of shortwave radiation at a given model time step 

is explained in chapter 4. The diurnal variability of wind speed and total heat loss 

are assumed to daily average values to force the model. 

Most of the ocean models treat ocean waters as type-1, open ocean waters. 

However the seasonal chlorophyll observations obtained from the coastal zone 

color scanner shows spatial and seasonal biological variability even incase of 

open, deep oceanic regions. Here a methodology is devised for classifying waters 

with the help of satellite derived chlorophyll concentration up to five water types, 

the details are explained in chapter 4. 

The analysis of model performance for the year 1990 — 1996 studied with climatic 

temperature and salinity profiles. ERS scatterometer winds, comprehensive 

oceanic and atmospheric data sets total heat loss, and coastal zone color scanner 

seasonal chlorophyll concentration also used. Here the influence of chlorophyll 

concentration on mixed layer depth termed as biological heating. The model 
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results are compared with yearlong observations over central Arabian Sea and 

also with available conductivity temperature depth (CTD) observations from the 

Arabian Sea during the period 1994 - 1995. 

The seasonal behavior of the mixed layer depth over Arabian Sea and Bay of 

Bengal is studied using the model derived mixed layer depth and empirical 

orthogonal function (EOF). The details of the data preparation and theory of 

empirical orthogonal function technique is given in chapter 5. 

Chapter 6 elucidates overall outcome of the present work, limitations of the 

present methodology and scope of improvement as the future work in mixed layer 

modeling over Indian Ocean. 

viii 



Contents 

Acknowledgments 

Preface 	 iv 

Contents 	 ix 

List of figures 	 xii 

List of tables 	 xv 

Chapter I 

Introduction 	 1 

1.1 	Background of work 	 1 

1.2 	State of art 	 3 

1.3 	Work proposed 	 5 

1.4 	The study area and its geographical importance 	 5 

Chapter II 

Basics and modeling aspects of mixed layer 	 8 

2.1 	Definition 	 8 

2.2 Upper Ocean Structure 	 8 

2.3 	Forcing on marine mixed layer 	 10 

2.3.1 Radiative forcing 	 11 

2.3.2 Wind forcing 	 16 

2.3.3 Solar penetrative profile 	 20 

2.3.4 Evapo-precipitation 	 22 

2.4 	Basic mixing mechanism 	 23 

2.4.1 Radiative mixing 	 23 

2.4.2 Wind mixing 	 26 

2.5 	Mixed layer models 	 28 

2.6 Summery 	 38 

Chapter III 

Spatiotemporal distribution of mixed layer depth and 	41 

forcing parameters 

3.1 	Introduction 	 41 

ix 



3.2 	Spatiotemporal distribution of mixed layer depth 	 41 

3.3 	Spatiotemporal distribution of wind speed 	 46 

3.4 	Spatiotemporal distribution of sea surface height 	 50 

3.5 	Spatiotemporal distribution of net heat gain 	 54 

3.6 	Spatiotemporal distribution of sea surface temperature 	58 

3.7 	Spatiotemporal distribution of evaporation minus precipitation 63 

3.8 	Temporal variability of parameters at selected locations 	66 

Chapter IV 

One-dimensional model and parameterization 	 70 

4.1 	Mixed layer model 	 70 

4.1.1 The model equations 	 70 

4.1.2 Mixing 	 72 

4.2 	Sensitivity analysis 	 73 

4.2.1 Model sensitivity with surface forcing 	 73 

4.2.2 Model sensitivity to ability of solar penetration 	 77 

4.3 	Yearlong model computation and comparison with in-situ 	79 

observations 

4.3.1 Over view of atmospheric data 	 79 

4.3.2 Over view of oceanic response and mixed layer 	 83 

4.3.3 Model performance with in-situ observations 	 86 

4.4 	Remote sensing parameters in mixed layer computation 	87 

4.4.1 Diurnal variation of model forcing parameters 	 87 

4.4.2 Parameterization of radiative forcing 	 88 

4.4.3 Validation of noon radiation 	 90 

4.4.4 Parameterization of ocean turbidity 	 92 

4.5 	Seasonal variation of attenuation coefficient and chlorophyll 	93 

concentration over Indian ocean 

4.6 	Model run with constant and variable biology 	 97 

4.7 	Validation of ERS scatterometer wind 	 98 

4.8 	Analysis of the model simulations 	 99 

x 



4.9 	Evolution of MLD in the central Arabian Sea 	 100 

4.10 Summary 	 105 

Chapter V 

Seasonal variability of mixed layer depth 	 107 

5.1 	Introduction 	 107 

5.2 	Havmoller diagram of mixed layer depth 	 109 

5.3 	EOF analysis of MLD 	 111 

5.3.1 EOF over Arabian Sea 	 114 

5.3.2 EOF over Bay of Bengal 	 117 

5.4 Summary 	 120 

Conclusion 	 122 

Reference 	 129 

Annexure 	 148 

xi 



List of figures 

Fig. 1 	Area of study 	 6 

Fig. 2.1 	Typical mean temperature/depth profiles for the open ocean 	9 

Fig. 2.2 	A typical structure of the layers in the upper ocean 	 25 

Fig. 2.3 	The schematic diagram of wind force mixing in marine mixed 	27 

layer 

Fig. 2.4 	Contributors to mixing the upper ocean 	 39 

Fig. 3.1a 	Spatial distribution of marine mixed layer depth 	 44 

Fig. 3.1b 	Continuation ... 	 45 

Fig. 3.2a 	Mean monthly distribution of wind speed 	 48 

Fig. 3.2b 	Continuation ... 	 49 

Fig. 3.3a 	Monthly mean distribution of sea surface height anomaly 	52 

Fig. 3.3b 	Continuation ... 	 53 

Fig. 3.4a 	Monthly mean distribution of net heat gain 	 55 

Fig. 3.4b 	Continuation ... 	 56 

Fig. 3.5a 	Monthly mean distribution of sea surface temperature 	59 

Fig. 3.5b 	Continuation ... 	 60 

Fig. 3.6a 	Monthly mean distribution of evaporation minus precipitation 	64 

Fig. 3.6b 	Continuation ... 	 65 

Fig. 3.7 	Temporal variation of parameters 	 68 

Fig. 4.1 	Geo-location of surface mooring 	 74 

Fig. 4.2 	Model sensitivity curves 	 75 

Fig. 4.3 	Path length of solar radiation in different water type 	 78 

Fig. 4.4 	Measured radiative flux observations over the buoy time span 	80 

Fig. 4.5 	Meteorological observation over the buoy time span 	 82 

Fig. 4.6 	Upper ocean thermal and density distribution over surface 	84 

mooring 

Fig. 4.7 	Estimated MLD and the parameter concerned for its variation 	85 

Fig. 4.8 	Comparison of model with buoy observations MLD 	 86 

xii 



Fig. 4.9 	Typical one day diurnal cycle of the radiative and wind forcing 88 

to the model 

Fig. 4.10 	Model solar cycle 	 89 

Fig. 4.11 	Comparison of solar cycles 	 89 

Fig. 4.12 	Comparison of in-situ noon radiation 	 91 

Fig. 4.13a Seasonal distribution of chlOrophyll concentration, and short- 	95 

wave extinction coefficient 

Fig. 4.13b Continuation ... 	 96 

Fig. 4.14 	Time series of the daily averaged ERS scatterometer wind 	98 

speed and observed daily averaged wind speed at the mooring 

site 

Fig. 4.15 	Scatter plot of MLD simulated with variable biology versus 	100 

observed MLD from CTD observations 

Fig. 4.16 (a) Annual changes of MLD at the central Arabian Sea 102 

simulated from model with constant and varying biology, and 

MLD from in situ observations. Time series of (b) wind (ms -1) 

and (c) extinction depth (meters). 

Fig. 4.17 	Monthly averaged mixed layer depth at the central Arabian Sea 103 

simulated from model with constant and varying biology. Also 

shown is the MLD from in-situ observations. 

Fig. 4.18 	Distribution of difference of the two MLDs (simulated using 105 

constant and varying biology) over the study area during 

January, May, August, and November of 1994. 

Fig. 5.1 	Havmoller plot of MLD over Arabian Sea and Bay of Bengal 110 

along 15 °  N 

Fig. 5.2 	The time filter used to smooth the high frequency and delete the 114 

low frequency components in the data 

Fig. 5.3 	EOF over Arabian Sea 	 116 

Fig. 5.4 	EOF over Bay of Bengal 	 119 



Fig. app. 	Time series of MLD (meters) computed with density (dashed - 150 

line) and temperature (solid line) criteria at the data buoy 

location in central Arabian Sea 

xiv 



List of tables 

Table 4.1a Percentage reduction of model MLD: with constant noon 	76 

radiation and wind speed and for varying total heat loss 

Table 	Percentage reduction of model MLD: with constant total 	76 

4.1b 	heat loss, wind speed and for varying noon radiation 

Table 4.1 c Percentage reduction of model MLD: with constant total 	77 

heat loss, noon radiation and for varying wind speed 

Table 4.2 Model computed result under unified forcing condition in 	79 

different water types 

xv 



Chapter I 
Introduction 



1.1 Background of work 

The vertical temperature structure in the ocean is generally divided into three 

zones. There is an upper layer of the ocean (Om-200m) with fairly uniform 

temperatures similar to those at the sea surface. The thermocline is the zone below 

the mixed layer up to approximately 500m in which the temperature gradient (rate 

of change of temperature with depth) is at maximum. Below the thermocline is a 

deep zone in which temperature changes slowly. The depths of these features vary 

with time and geographic location. The upper layer of the ocean exhibits a surface 

Mixed Layer (ML), whose thickness vary by tens of meters over a diurnal cycle 

(Price et al., 1986; Denman and Gargett, 1988; Schneider and Muller, 1990) and 

by 100m over an annual cycle (Dodimead et al., 1963; Sprintall and Roemmich, 

1999; Pickard, 1982). The ocean mixed layer is generally considered a quasi-

homogeneous region in the upper ocean where there is little variation in 

temperature or density with depth. This definition is based on profiles from in-situ 

data that clearly reveal the presence of approximately uniform vertical regions of 

temperature and salinity starting at the ocean surfaces or at some shallow depth 

below (eg. Roden, 1979; Pickard and Emery, 1990; Monterey and Levitus, 1997). 

These regions of vertical uniformity owe their existence to turbulent mixing 

generated from the energy input by the action of wind stress and heat fluxes at the 

ocean surface, there by this layer possesses a homogeneous/quasi-homogeneous 

properties. The depth of the upper ocean from the surface, up to which the 

physical properties are nearly homogeneous, is called Mixed Layer Depth (MLD). 
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The heat capacity of the top two and one-half meter of the ocean equals that of the 

whole column of air above it. Thus, ocean essentially acts as a "thermal flywheel" 

for the climate system. Knowledge of the seasonal and maximum annual depth of 

the thermocline is of importance for heat storage in the Ocean (White et al., 1998; 

Gallimore and Houghton, 1987; Meehl, 1984; Stevenson and Niiler, 1983). The 

ocean's effect on weather and climate is governed largely by processes (upper 

ocean mixing, wave braking, ocean circulation and bio-geochemical cycle) 

occurring in the few ten meters of water bordering at the ocean surface. For 

example, water warmed at the surface on a sunny afternoon may remain available 

to warm the atmosphere that evening, or it may be mixed deeper into the ocean 

not be emerge for many years, depending on near-surface mixing processes. Local 

mixing of the upper ocean is predominantly forced from the state of the 

atmosphere directly above it. The daily cycle of heating, cooling, wind, rain, 

changes in temperature and humidity associated with mesoscale weather feature 

produce a hierarchy of physical processes that interact to stir the upper ocean. 

The response of the upper ocean to diurnal variations of solar heating has a long 

research history (Defant, 1961). Interest in the subject has revived in recent years 

as climatologists have realized that failure to resolve or adequately parameterize 

the diurnal cycle of mixing in the upper ocean. This leads to systematic errors in 

the seasonal and longer-term temperature and depth of the mixed layer (Woods, 

1984). Sea surface and mixed layer processes also play a vital role in the 

exchange of gases such as 0 2  and CO 2  between the atmosphere and the ocean. The 
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exchange occurs by diffusion across the sea surface and bubbles created by 

breaking waves (eg. Wanninkhof, 1992). CO 2  is taken up in the surface layers of 

the ocean by growing phytoplankton, with the growth rate depending upon the 

availability of nutrients that are entrained from below to the base of the mixed 

layer. The average light intensity to which the phytoplankton are exposed is also 

critical and this becomes insufficient for further growth if the depth over which 

the phytoplankton are mixed becomes too great (Denman and Gargett, 1995). The 

physics of this surface mixed layer presents a variety of fascinating fluid 

dynamical problems, and is of great importance for a wide variety of problems 

arising in studies of climate, air-sea interaction, biological productivity, under 

water acoustic propagation and marine population. Hence, the study of the mixed 

layer and its variability has more importance. 

1.2 State of Art 

The conventional way of studying the mixed layer depth is from temperature/ 

density profiles. Having such profiles all over the study region with desirable 

temporal resolution is not possible. To overcome these difficulties a number of 

previous investigators have developed the oceanic mixed layer model to study the 

upper ocean dynamics and the processes of air-sea interactions (Kraus and Turner, 

1967; Denman, 1973; Mellor and Yamada, 1982; Niiler and Kraus, 1977; Clancy 

and Pollack, 1983; Price et al., 1987; Stull and Kraus, 1987). Various algorithms 

have been used to analyze the in-situ surface and subsurface temperature 

variations. All these method needs heat flux and turbulent flux at the sea surface, 
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which varies the temperature and mixed layer thickness. Thus all the models 

determine mixed layer thickness at each model time step with reference to its 

initial state parameters. 

An analytical mixed layer thermal inertia model based on remote sensing data is 

investigated by Yan et al., (1989a, b, 1991) to estimate the diurnal mixed layer 

thickness and the thermal inertia of the mixed layer, with the assumptions that the 

horizontal advection and horizontal diffusion are less. Chu et al., (1999, 2000) 

used a parametric model (based on the layered structure of the upper ocean 

temperature) for determining subsurface thermal structure from satellite sea 

surface temperature observations. Ravindran et al., (1999) modulated energy 

conservation equation in estimation of mixed layer depth and sea surface 

temperature for the ocean weather station papa. In regions such as the equatorial 

oceans, shear-induced mixing at the thermocline base can play an important role 

in deepening the mixed layer. Further to account this effect, Chen et al., (1994) 

have developed a hybrid-mixing scheme in which the evaluation of the mixed 

layer is described using the Kraus and Turner formulation (Kraus and Turner, 

1967), and the evaluation of the thermocline is described using the vertical mixing 

scheme of Price et al., (1986), which is based on the critical Richardson number 

criterion. Review of marine mixed layer modeling is given in chapter 2. 
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1.3 Work proposed 

A 1-Dimensional mixed layer model of Price et al., (1986) is used for the 

investigation of upper ocean dynamics (along with satellite derived geo-physical 

surface parameters), which accounts for the diurnal heating and wind mixing 

process over the Pacific Ocean region. Fischer, (1997, 2000) used this model to 

study the upper ocean response to the Indian Ocean monsoon over the central 

Arabian Sea at the US Data Buoy location (61.5 °E; 15.5°N). However, in the 

present study, the mixed layer depth estimation and its variability have been 

studied in detail over the entire north Indian Ocean using remote sensing and re-

analysis observations. 

1.4 Study area and its geographical importance 

The north Indian Ocean spanning from -30 °N to 30°N latitude and 30°E to 120°E 

longitude including the Bay of Bengal (BOB), Arabian Sea (AS), and Southern 

Indian Ocean (SIO) has been chosen for investigation. Figure 1 shows the study 

region. The upper ocean thermal structure and stability to uphold the mixing in the 

ocean interior over the Indian Ocean differs significantly from that in the other 

two basins (Pacific and Atlantic ocean). Indian Ocean is a unique environment for 

studying the forced upper ocean response, with strong and distinct atmospheric 

forcing regimes, and a clear separation in the time domain between mesoscale 

oceanic variability and variability in the atmospheric forcing. It is influenced by a 

unique monsoonal cycle, with reversing wind forcing, an evaporative fresh water 

flux over most of the basin, and an annual mean net heat gain. 
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30 35 40 45 50 55 60 65 70 75 80 95 90 95 100 105 110 115 120 

Longitude °E 

Fig. 1: Area of study spanning longitudinally from 30 °E to 120°E and along latitudinal 
direction from -30°N to 30°N, consisting of Arabian Sea, Bay of Bengal, and southern 
Indian Ocean (referred to Indian Ocean from equator to -30 °N). 

However, compared to the tropical Pacific or the north Atlantic, the role of the 

Indian Ocean is very little understood. The Tropical Indian Ocean is one of the 

essential regions where El Nino southern oscillation in the Tropical Pacific Ocean 

and the Asian monsoon system interact (Webster and Yang, 1992). The 

wintertime northeast monsoon (NEM, from December to February) is 

characterized by mild to moderate wind stress and an oceanic heat loss leading to 

a destabilizing surface buoyancy flux for the ocean leading to convective mixing 

(deepening of MLD). The southwest monsoon (SWM, from June to August) 

brings strong surface wind forcing across the central Arabian Sea in the form of 

the Findlater jet (Findlater, 1969), and a neutral to strong stabilizing surface 
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buoyancy flux, again deepening the mixed layer depth due to turbulence. The two 

transition periods are characterized by weak wind forcing and large evaporative 

and heat fluxes. Excess evaporation makes the upper ocean, Arabian Sea, saltier 

than rest of the Indian Ocean, while large run off from rivers draining the Indian 

subcontinent makes the eastern part, the Bay of Bengal, significantly fresher. The 

marked seasonal cycle in the surface forcing over the Arabian Sea leads to a 

strong seasonal cycle in the circulation of the Arabian Sea along the Somalia 

coast. The Somalia current in the western boundary peaks up to 3.7 ms -1  during 

the southwest monsoon (Schott, 1983). Observations also have found a vigorous 

mesoscale eddy features in the Arabian Sea (Molinari et al., 1990; Flagg and Kim, 

1998; Kim et al., 2001). The southwest monsoon wind field causes upwelling 

along the Arabian coast. All these intra-seasonal atmospheric and oceanic process 

have significant role on upper ocean dynamics and hence mixed layer depth 

variations. 
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Chapter II 
Basics and modeling aspects of mixed 

layer 



2.1 	Definition 

Action of wind, wave and radiation induces vertical mixing in the upper columnar 

water of the ocean. Mixed layer is that portion of the upper ocean where 

significant physical, chemical and biological activities are taking place. This layer 

is well mixed by wind and waves and hence it possess homogeneous/quasi-

homogeneous properties like temperature, salinity and density and is known as 

mixed layer depth and it is confined to a depth of 20m — 150m in the Indian 

Ocean. 

2.2 Upper Ocean Structure 

The salient feature of the oceanic thermal structure is a remarkably shallow 

thermocline, especially in the tropics and subtropics. Which factors determine its 

depth? The oceanic circulation that maintains this thermal structure has two main 

components, a shallow wind-driven circulation and a deep thermohaline 

circulation. Theories for the deep thermohaline circulation provide an answer that 

depends on oceanic diffusivity (but they deny the surface winds an explicit role). 

Theories for the shallow ventilated thermocline take into account the influence of 

the wind explicitly. To complete and marry the existing theories, for the oceanic 

thermal structure Giulio et al., 2004, proposed a balanced heat budget for the 

ocean. According to his theory, oceanic heat gain occurs primarily in the 

upwelling zones of the tropics and subtropics and depends strongly on oceanic 

conditions, specifically the depth of the thermocline. The heat gain is large when 

the thermocline is shallow but is small when the thermocline is deep. Therefore, 
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an increase in heat loss in high latitudes can result deepening the thermocline and 

decrease in heat loss can cause shoaling of the tropical thermocline. 

Based on thermal property of ocean, it is divided into three zones. There is an 

upper zone from surface to 200m depth, and a zone below this extending to 500m 

(thermocline) and a deep zone. The temperature in the upper layer shows seasonal 

variations, particularly in middle latitudes. Over the mid-latitude oceans, at winter 

season sea surface temperature is low and the mixed layer is deep and may extend 

to the main thermocline (-150m from surface) and during summer season surface 

temperature rises and a seasonal thermocline often develops in the upper ocean. 

Figure 2.1 shows the thermal structure of the ocean at low, mid, and high 

latitudes. 

Depth 
(m) 	1000 

2000 

Temperature 
10 	20 	30 

Mixed Layer 

Main 
thermocline 
Layer 

Deep 
Layer 

Temperature °C 	Temperature °C 
10 	20 	 10  

1 	1 	I 
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Low Latitudes 
Tropical Zone 

Winter 1 : 	..r 

1P\ 
Seasonal 
Thermocline 
(Summer) 

Mid Latitudes 
Temperate Zone 

I 

Dicothennel 
Layer 

I 
1 

— r 
1 
1 

1 

High Latitudes 
Polar Zone 

Fig. 2.1: Typical mean temperature/depth profiles for the open ocean. (Adapted from 
Pickard and Emery, 1982) 
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2.3 Forcing on marine Mixed Layer 

The different physical processes that control the change in physical and chemical 

properties of the upper ocean are called the atmosphere-ocean exchange processes 

and which are divided into four parts; 

Radiative forcing 

Wind forcing 

Penetration of solar radiation 

Evapo-precipitation 

The radiative forcing plays a vital role in vertical convective processes rather than 

horizontal advection in the upper ocean. As a result the vertical process has 

significant role than the horizontal one in changing the upper ocean properties at 

any given time. For example, the gradient in the seawater temperature has a 

significant variation of nearly 30m depth whereas on horizontal direction, similar 

variation can be observed over a distance of 1000m or so. Also, convection is 

aided by wind forcing, in part because winds help to disrupt the viscous sub-layers 

at the sea surface, permitting more rapid transport of heat through the surface. 

However the action of wind on the surface layer enhances advection. To quantify 

the different energy fluxes exchanged through the ocean-atmosphere interface, 

an empirical formulae based on available observations were established 

(Coantic, 1974). 
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2.3.1 Radiative forcing 

Radiative forcing over the sea surface comprises of incoming shortwave radiation 

Qs, and outgoing longwave radiation Q L . Q L  consists of infrared radiation (Black 

body radiation), QB, sensible heat QH, and latent heat QE. 

Shortwave radiation Q s  

The largest term in the heat balance and the only one of global consequence that is 

positive is Qs, the incoming shortwave radiation. The direct solar energy reaching 

the sea surface is centered in the band of wavelength from 0.5µm - 1 pt m, between 

the visible and infrared portions of the electromagnetic spectrum. The actual 

amount of solar energy E 0, integrated over the entire electromagnetic spectrum, ' 

that falls on a disk centered at the mean Earth-Sun distance and having a radius to 

the radius of the Earth is about 1390Wm' 2 , and is called the solar constant. Since, 

the disk has an area of 7C R2 , where R is the radius of the Earth, and the sphere has 

a surface area 47r/?2 , then the globally averaged value of solar energy falling on 

the Earth at the top of the atmosphere is just So = 	, or about 347.5Wm'2 . 

Since the Earth is not a perfect absorber, the solar energy So  reaching the top of 

the atmosphere is immediately reflected back into space. A measure of the amount 

of energy reflected back into space is called the albedo ( a ). The amount of solar 

energy entering the top of the atmosphere is then S = So  (1 - a) = 222Wm-2 , 

where Earth's average albedo a is about 0.3. From this total amount, the clouds 

absorb a fraction of the energy before reaching the sea surface, and the remaining 
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is absorbed by atmospheric dust, ozone, and water vapor in the atmosphere. The 

result is a global average of about I SOW& of solar energy that actually reaches 

the sea surface. 

Infrared radiation  QB 

Earth radiates energy in the infrared portion of the spectrum, which results in a 

globally averaged loss of heat (QB ) of about 50Wm -2  over the oceans. The amount 

of heat radiates from the sea surface in this fashion can be estimated from the 

Stefan-Boltzmann relation; 

4 	4 
QB  = em 6B  (Ts  —Tref  ) 

where, em  is emissivity of the sea surface, o-B  is Stefan-Boltzmann constant, Ts is 

Surface temperature, and Tref. is characteristic radiative temperature at cloud 

bottoms. 

More often we express this temperature T„f  based on the air temperature Ta  by 

using the relation: 

T„f =Ta - AL I  

where, AT,„ is the difference in temperature between the cloud bottom and the 

oceanic atmospheric layer. 

Sensible heat flux  QH 

Normally the ocean and atmosphere are at different temperatures, there will be a 

flux of heat between them in order to attain a state of thermal equilibrium. This 
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heat flux is called sensible heat, or conductive heat flux (QH). This heat flux 

corresponds to a loss or gain of energy by the sea, depending on the sign of the 

temperature difference (Ts-T,). The physical method by which the heat it 

transferred between the atmosphere and ocean is quite complicated and depends 

on the temperature difference, relative humidity, wind speed, and a number of 

other environmental parameters. It is possible to gain a simple understanding of 

heat transfer process between ocean and atmosphere by considering the 

temperature gradient denoted by aVaz  , where T is temperature. We can anticipate 

that, in the absence of other factors, a gradient such as this would result in 

diffusion of the property T in the directions of decreasing T. As the gradient 

increases or decreases, it is expected the diffusive flux of T would increase or 

decrease correspondingly. We can state in this case the flux of T is proportional to 

the gradient of T, or F , — _K OT  _, where the minus sign denotes the fact that the — az 

flux is in the opposite direction to the gradient, and the constant of proportionality 

K ' known as the diffusivity. Diverse formulae used operationally are derived 

from different meteorological parameters. For example, citing the semi-empirical 

form of Coantic, (1974): 

QH = pa  Cp  CH (71, - Ts) 

where, pa  is air density, Cp  is the specific heat capacity at constant pressure, and 

CH is heat transfer coefficient. 
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Latent heat flux Q L  

Since the atmosphere directly above the ocean is usually not saturated with 

moisture (i.e., the relative humidity <100%), there will be a tendency for 

evaporation from the sea surface in order to increase the moisture content of air. 

The energy required for evaporation is called latent heat of evaporation. Normally 

this energy is taken from the ocean surface and thus it consequently cools the sea 

surface; this amount of heat energy can be calculated by using the formula given 

below. 

QL  = ov L, C (Ps - Pa)/P, 

where, p, is density of water vapor, L is latent heat of vaporization, C e  is 

evaporation coefficient, P, and Pa  are vapor pressures at temperature T s  and Ta . 

Advective heat Qv 

Ocean cannot transport any net heat on a globally averaged basis, but advective 

heat fluxes between ocean basins or within a basin are quite possible. If the ocean 

is truly in thermal equilibrium and we neglect the geothermal heating (benthic 

heating), then we can write that 

QSURF + QV 

where, Qv is the advective heat transport by the ocean. Since QSURF  represents a 

flux of heat through the sea surface, and Qv  represents an internal flux of heat 

through the ocean, integral over a region of ocean to find that 

A, 	0 

JQSURI; 	 dcD = — 	5Q,,d2 dz 
21)(1, 0 	 20 -H 
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This equation implies that if there is a net loss of heat through the surface of the 

ocean in some region, then there must be some net advection of heat into that 

region by the ocean circulation in order to maintain thermal equilibrium. 

To generalize, the advective heat flux Q v  is proportional to both the velocity of 

the ocean circulation V and the temperature of the water; 7'. thus we can 

parameterize Qv  as 

VT = pCVT 

where, p is seawater density and C is the heat capacity of seawater. Advective 

flux is a vector quantity, since it depends on both the magnitude and direction of 

V. 

Heat balance QT 

Shortwave radiation and latent heat loss are the dominant terms in the heat 

balance (Oberhuber, 1988; da Silva et al., 1994). The conservation of heat in a 

medium is called heat balance or heat budget. This quantifies source and sink 

terms of the heat in all directions. Generally, the heat budget of the oceanic 

component of the Earth can be written as 

QT = 4,Q 
	

QB + QH + QE 	+T QG 

where, QT is net heat flux into the Earth (OWm -2 ), Qs  is direct solar input 

(150Wm-2), QB is black body radiation (-50Wm.2), QH is sensible heat loss (- 

10Wm-2), QE is evaporative heat transfer (-90Wm .2), Q v  is advective heat transfer 

(0Wm.2), and QG is geothermal heating (-10 -2Wm-2 ). 
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These are the major terms with approximate global average values are given 

inside the parentheses. It is assumed in this formulation that the Earth is presently 

in thermal equilibrium: the heat lost equals the heat gained. If these are indeed a 

global warming (or global cooling) underway, then QT is not zero; however, 

nearly all contemporary attempts to deduce a value for QT yields a result that 

smaller than the errors in the determination. Thus, now QT = 0 to within our 

ability to measure it. The terms in the right side are individually somewhat known 

on a global average; with arrow headed upward, implying a net heat gain by the 

Earth and down headed arrow denotes a net heat loss. The advective heat transfer, 

Q v, must equal to zero on a global average basis since the ocean cannot, on a net 

basis, create any heat by advection. The geothermal heating term, QG, is small 

enough to be considered and negligible with respect of the other terms, but it may 

have a major impact on the circulation of the deep sea, where the direct heat flux 

from the sea surface is small. 

2.3.2. Wind forcing 

The momentum transferred by sea surface winds to ocean surface influence the 

upper ocean properties such as currents, temperature/salinity to change via a 

mechanism called wind stirring, this impact also felt on the evolution of biology 

and bio-geochemical processes. Generally surface winds are represented by wind 

stress and empirically given as; 

rs = 
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where, pa  is air density, Co the drag coefficient and W sea surface wind 

represented as vector. 

Breaking waves  

Large scale breaking of waves evidenced at the surface by white-capping and 

surface foam disrupts the ocean's cool skin. Small scale breaking, which has no 

visible signature, also disrupts the ocean's cool skin. Turbulence observations in 

the surface layer under a variety of conditions have indicated that at times 

(generally lower winds and simpler wave states) the turbulence dissipation rate 

(and presumably other turbulence quantities including fluxes) behave in accord 

with simple wall-layer scaling and is in this way similar to the atmospheric 

surface layer. However, under higher winds, and perhaps more complicated wave 

states, turbulence dissipation rates greatly exceed those predicted by wall-layer 

scaling. This is a problem of great importance in determining both transfer rates 

across the air-sea interface to the mixed layer below and the evolution of the 

mixed layer itself. It is at times when turbulence is most intense that most of the 

air-sea transfers and most of the mixed layer modification occur. 

Langmuir circulation 

The Langmuir circulations are coherent structure within the mixed layer that 

produces counter-rotating vortices with axes aligned parallel to the wind. Their 

surface signature is familiar as windrows: lines of bubbles and surface debris 

aligned with the wind that marks the convergence zones between the vortices. 
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These convergence zones enhance gas exchange rates with the atmosphere. 

Langmuir circulations appear to be intimately related to the Stokes drift, a small 

net current parallel to the direction of wave propagation, generated by wave 

motions. Stokes drift is concentrated at the surface and is thus vertically sheared. 

Small perturbations in the wind-driven surface current generate vertical vorticity, 

which is tilted toward the horizontal (downwind) direction by the shear of the 

Stokes drift. It is the convergence associated with these vortices that concentrates 

the wind-driven surface current into jets. Langmuir cells thus grow by a process of 

positive feedback. Ongoing acceleration of the surface current by the wind, 

together with convergence of the surface current by the Langmuir cells, provides a 

continuous source of coherent vertical vorticity. Maximum observed velocities are 

located well below the sea surface but also well above the mixed layer base. 

Langmuir circulations are capable of rapidly moving fluid vertically, thereby 

enhancing and advecting the turbulence necessary to mix the weak, near-surface 

stratification, which forms in response to daytime heating. However, this 

mechanism does not seem to contribute significantly to mixing the base of the 

deeper mixed layer, which is influenced more by storms and strong cooling 

events. In contrast, penetration of the deep mixed layer base during convection 

(driven by the conversion of potential energy of dense fluid plumes created by 

surface cooling/evaporation to kinetic energy and turbulence) is believed to be an 

important means of deepening the mixed layer. 
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Wind-Driven shear 

Wind-driven shear erodes the thermocline at the mixed layer base. Wind-driven 

currents often veer with depth due to planetary rotation. Fluctuations in wind 

speed and direction result in persistent oscillations at near-inertial frequencies. 

Such oscillation are observed almost everywhere in the upper ocean, and 

dominate the horizontal velocity component of the inertial wave field. Because 

near-inertial waves dominate the vertical shear, they are believed to be important 

sources of mixing at the base of the mixed layer. In the upper ocean, near-inertial 

waves are generally assumed to be the result of wind forcing. Rapid diffusion of 

momentum through the mixed layer tends to concentrate shear at the mixed layer 

base. This concentration increases the probability of small-scale instability. The 

tendency toward instability is quantified by the Richardson number, R, = 	2 3  

where N 2  = 
	

)p z , represents the stability of the water column, and shear, S, 

represents an energy source for instability. Small values of Ri (<1/4) are 

associated with Kelvin-Helmholtz instability. Through this instability, the inertial 

shear is concentrated into discrete vortices (Kelvin-Helmholtz billows) with axes 

aligned horizontally and perpendicular to the current. Ultimately, the billows 

overturn and generate small-scale turbulence and mixing. Some of the energy 

released by the instabilities propagates along the stratified layer as high frequency 

internal gravity waves. The mixing of fluid from below the mixed layer by inertial 

shear contributes to increasing the density of the mixed layer and to mixed layer 

deepening. 
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Temperature ramps  

Another form of coherent structure in the upper ocean has been observed in both 

stable and unstable conditions. In the upper few meters temperature ramps, 

aligned with the wind and marked by horizontal temperature changes of 0.1K in 

0.1m, indicate the upward transport of cool/warm fluid during stable/unstable 

conditions. This transport is driven by instability triggered by the wind and 

perhaps similar to the Kelvin-Helmholtz instability discussed above. 

2.3.3. Solar penetrative profile. 

Seawater properties will change under the accumulation of hydrosols (suspended 

particles, and yellow sediments), which attenuates the penetrated solar radiation. 

Normally the long-wave component of the solar radiation of the visible spectrum 

(300nm - 700nm) being absorbed in the top few centimeters and the remaining 

component of the radiation penetrates up to a depth of 20m — 40m. This 

characteristic depth of penetration may change depending on the constituents in 

the ocean waters. 

At the depth h, the effect of solar radiation having penetrated the mass of water 

above is generally expresses as a function of radiative flux through the surface A 

and of the extinction coefficient ics (h). So, we write the solar radiation penetration 

to the depth h; 

h 
S(h)=0 exp { — f k (z) dz } 

0 	0 s 

20 



The extinction coefficient is often considered as constant. Then we simply have: 

S(h)= c0  exp Ks  h ) 

so, at depth h, the energy acquired from solar radiation is written: 

as 
R(h)= 	h  = K 	exp - 

az 

Attenuation of solar radiation in the water bodies is of great interest for both 

marine optics and biology. A reduction of solar radiation occurs by penetrating in 

the ocean water, caused by a mixture of particle of different composition, 

increases with decreasing wavelength (Kirth, 1985). Though the scattering 

depends weakly (for large particles) on wavelength, the effect of selectivity is 

largely caused by absorption. 

It is known that, the useful wave band of light for photosynthesis is from 350nm 

to 700nm (Dera, 1992). As far as the suitability of light for photosynthesis is 

concerned, the end of the useful wave band is not irreversibly fixed in the 

literature, as the influence of light on photosynthesis is complicated. Often the 

useful range of light is taken to be the visible wave band, 400-700nm. Since 

ultraviolet is strongly observed in the water, the energy differences in the water 

depth ensuing from such shifts in the endpoints of the wave band concerned are 

small, around 1% (Dera, 1992). Accordingly, most of the Photo-synthetically 

Active Radiation (PAR) wave band sensors measure in the range 360nm-700nm. 
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2.3.4. Evapo-precipitation 

Evaporation minus precipitation is the mass transfer quantity at the air-sea 

interface. The increase in one quantity will lead to decrease the other quantity. 

Here the evaporative term is an outgoing mass quantity, and the other is the 

condensation term, which is entering as fresh water at the air-sea interface. 

Outgoing mass term (evaporation) induces instability in the upper ocean by 

increasing the density. Thereby it makes a shift in halocline profile. If this 

discontinuity is not balanced by thermal shift, a diurnal pycnocline starts forming 

between the upper layer and the permanent thermocline or halocline. On the other 

hand the incoming fresh water mass makes the upper ocean to a less dens and 

hence it becomes more stable. A temporary thermocline can be seen in the form of 

an inversion to the normal profile. Rainfall on the sea surface can catalyze several 

important processes that act to both accentuate and reduce upper ocean mixing. 

Drops falling on the surface disrupt the viscous boundary layer, and may carry air 

into the water by forming bubbles. Rain is commonly said to 'knock down the 

seas.' The evidence for this is the reduction in breaking wave intensity and white 

capping at the sea surface. Smaller waves (<20cm wavelength) may be damped by 

surface turbulence as heavy rainfall acts to transport momentum vertically, 

causing drag on the waves. The reduced roughness of the small-scale waves 

reduces the probability of the waves exciting flow separation on the crests of the 

long waves, and hence reduces the tendency of the long waves to break. While 

storm winds generate intense turbulence near the surface, associated rainfall can 

confine this turbulence to the upper few meters, effectively insulating the water 
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below from surface forcing. This is due to the low density of fresh rainwater 

relative to the saltier ocean water due to evaporation. Turbulence must work 

against gravity to mix the surface water downward, and turbulence mixing is 

therefore suppressed. So long as vertical mixing is inhibited, fluid heated during 

the day will be trapped near the sea surface. Preexisting turbulence below the 

surface will continue to mix fluid in the absence of direct surface forcing, until it 

decays due to viscous dissipation plus mixing, typically over the time scale of a 

buoyancy period, K'. 

2.4. Basic Mixing Mechanism 

Two types of physical mechanisms are governing the evolution of marine mixed 

layer; namely the radiative mixing and the wind mixing. 

2.4.1 Radiative mixing 

Solar heating has a profound effect on the depth of convection because it is 

concentrated close to the surface. Half of the solar energy is abserved in the top 

meter of the ocean. For several hours centered at noon each day at most locations 

around the world, the oceanic heat gain from the sun is more than double the loss 

to the atmosphere. Late evening and before noon of the next day sea surface cools 

and this cold dense fluid, which later sink to a depth determined by the local 

stratification in a convective process. Cooling occurs almost every night and 

sometimes during daytime in association with local weather systems such as cold 

air outbreaks from continental landmasses. Convection may also be caused by an 

23 



excess of evaporation over precipitation, which increases salinity, and hence 

density, at the surface. Winds aid convection by a variety of mechanism, which 

agitates the sea surface, thereby disrupting the viscous sub-layer and permitting 

rapid transfer of heat through the surface. Convection in the ocean is analogous to 

that found in the daytime atmosphere boundary layers, which are heated from 

below. Retrospective studies of atmospheric convection have helped in 

understanding the ocean's behavior. The depth of convection is then less than one 

meter, regardless, of the depth of the turbocline (where the vertical gradient of 

turbulence is large), the later normally being much more than a-meter. At night, 

the heat loss to the atmosphere is supplied convectively from heat storage during 

the day and, in the winter season, during earlier days. The depth of convection 

then nearly reaches the turbocline defining the bottom of the mixed layer. Surface 

tension and viscous forces initially prevent dense, surface fluid parcels from 

sinking. Once the fluid becomes sufficiently dense, however, these forces are 

overcome and fluid parcel sinks - this process is called convective plumes. The 

relative motions of the plumes help to generate small-scale turbulence, resulting in 

a turbulent field encompassing a range of scales from the depth of the mixed 

layer. The depth of convection is limited by the local thermocline. Mixing due to 

penetrative convection in to the thermocline represents another source of cooling 

of the mixed layer above. Within the convective layer, there is an approximate 

balance between buoyant production of turbulent kinetic energy and viscous 

dissipation. 
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At the top of the convective layer in which the fluid parcel/sea water vertical 

motion takes place due to density variation (Fig. 2.2). Convective process takes 

place when the seawater instability occurs due to solar heating and action of wind 

at the surface. It is embedded in the mixed layer, which is conventionally 

turbulent. The bottom of the mixed layer is defied by the turbocline (the layer in 

which the turbulent process occurs) below which turbulence is interminent and an 

average very much weaker. The diurnal (the hourly variation) pycnocline lies 

between the turbocline and the top of the seasonal pycnocline that extends down 

to the top of the permanent pycnocline. The diurnal pycnocline disappear every 

night and the seasonal pycnocline every 

Fig. 2.2. A typical structure of the layers in the upper ocean defined based on density 
profile. The mixed layer defined here with uniform density values. Pycnocline region is 
divided according to the nature of persistence, namely diurnal pycnocline, seasonal 
pycnocline, and permanent pycnocline. (Adopted from Woods and Barkmann, 1986). 
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winter; the permanent pycnocline is always present. The water column is statically 

unstable (Brunt-Vaisala frequency N is negative) in the convective layer (0< Z < 

C) and statically stable (N2>0) in the rest of the mixed layer (C< Z<II). In the 

diurnal pycnocline (H < Z < Hmax), the seasonal pycnocline (Hmax < Z <D) and 

the permanent pycnocline (Z>D) the water masses are statically stable (N2  > 0). 

2.4.2. Wind mixing 

Convection is aided by wind forcing because winds help to disrupt the viscous 

sub-layer at the sea surface by permitting rapid transport of heat. Atmospheric 

forcing of the upper-Ocean Boundary Layer (OBL) plays a fundamental role in 

regulating the sea surface temperature of the world's ocean (Eric et al., 2000). The 

most direct influence of the atmosphere is through surface fluxes of latent and 

sensible heat. During conditions of strong surface heat loss and weak forcing, the 

Ocean boundary layer behaves much like a well-mixed, convective boundary 

layer with turbulent fluxes that are in agreement with Monin-Obukhov similarity 

theory near the surface and a mixed layer structure that scales with the surface 

buoyancy flux (Shay and Gregg, 1986; Lombardo and Gregg, 1989). Often 

however, upper Ocean mixing is driven by wind and surface wave forcing, with 

entrainment flux at the mixed layer base dominating the Ocean boundary layer 

heat budget and the surface heat flux having a secondary role. Therefore, the 

Ocean boundary layer behaves more like a stratified boundary layer and cannot be 

easily described through classical boundary layer theory (Mahrt, 1999). Build up 

of momentum in the Ocean boundary layer through inertial resonance has been 
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well documented through observation and one-dimensional modeling studies 

(Crawford and Large, 1996; Large and Crawford, 1995). What has been 

thoroughly explained is how the upper ocean currents create and interact with 

turbulence and the stratified pycnocline at the boundary layer base. A schematic 

diagram, figure 2.3, shows the pathways that wind energy follows in driving 

inertial currents and turbulence. In the Ocean boundary layer, energy provided by 

M Sea surface 

 

 

Fig. 2.3: The schematic diagram of wind force mixing in marine mixed layer. (After Eric 
et al., 2000) 

the wind is partitioned between the mean current and turbulence generated by 

shear production and wave-current interaction (Stokes production). Some fraction 

of this energy is removed through turbulent dissipation, s . Another portion goes 

into vertical mixing of thermocline water, thereby reducing the Ocean boundary 

layer temperature and increasing wave energy is generated at the mixed layer base 

through the shear of the mean inertial current. Energy from this process is also 
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used to mix thermocline water and is dissipated through friction and internal wave 

propagation. 

2.5 Mixed-Layer Models 

Given the inputs of heat, fresh water, and momentum from the atmosphere, a one-

dimensional mixed layer model predicts the depth of the mixed layer and in some 

models the shape of the mixed layer base as a function of time. There are three 

basic families of mixed layer models: the "bulk Turbulent Kinetic Energy (TKE)" 

models, the "shear instability" models, and the "turbulent closure" models 

(Martin, 1985, 1986; Niiler and Kraus, 1977). The assumed physical mechanisms 

by which entrainment occurs differ fundamentally among the three families, but 

all are reasonably successful at predicting the observed depth of the mixed layer. 

Integrated TKE, or "Bulk", models  

The so-called bulk turbulent kinetic energy model, initially formulated by Kraus 

and Turner, (1967), treats mixing based on a budget for the integrated turbulent 

kinetic energy of the surface ocean. A fundamental assumption of this model is 

that the mixed layer is completely homogeneous in the various state variables 

(temperature, salinity, surface current, turbulent kinetic energy, solutes, etc.). This 

assumption appears to be well founded in most parts of the surface ocean (Price et 

al., 1986; Martin, 1986). A heat balance is constructed which accounts for 

exchange with the atmosphere and fluxes by radiative transfer, and cooling caused 
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by entrainment of colder water from below (as the mixed layer depth, h, changes 

with time): 

	

h  dT, 	dh AT  
- 	e -fi` - Q B  - E - H) 

	

dt 	dt 	pCp  
(1) 

where, 

= 0 , if f(dh, dt) < 0 

and 

A= 1 , 	0 

dt 

Ts  is the sea surface temperature, and AT is the temperature difference across the 

mixed layer base. 

The two-degree of freedom in equation (1) are sea surface temperature and the 

depth of the mixed layer; another independent equation is necessary to close the 

system. The requisite constraint is based on a kinetic energy budget. The source of 

turbulent kinetic energy is the wind stress (a scaling coefficient, m, times the 

"friction velocity" of the wind, U.3 ) and the sink is dissipation (D). The residual 

kinetic energy (the difference between input and dissipation) is transformed into 

potential energy by mechanical mixing of cold water into the mixed layer (also, 

the average TKE of the mixed layer decreases as quieter water is entrained): 

1 dT 
 h 2  + AATh —

dh 
rnU - D 

2 dt 	dt 

Since (Kraus and Turner, 1967), many other workers have used models based on 

this formulation, and much of the work has centered on the dissipation of 
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turbulence (Stevenson, 1979). The generation and dissipation of turbulence is the 

greatest weakness of this type of model; in the case of dissipation in particular, the 

link between the model and the actual physics is week. Some authors scale 

turbulent kinetic energy dissipation as a constant loss rate times the mixed layer 

depth (Kim, 1976; Niiler and Kraus, 1977). Others calculate the dissipation rate as 

a function of the total amount of mixed layer turbulent kinetic energy, the Coriolis 

parameter (Grawood, 1977) and/or the Monin-Obukhov length scale for 

turbulence (Gasper, 1988).To simulate the mixed layer response to hurricanes, 

(Elsberry et al., 1976) used a parameterization for dissipation as a fraction of 

surface input of turbulent kinetic energy that increases with increasing mixed 

layer depth. 

The other weakness of the bulk turbulent kinetic energy family of models is the 

generation of turbulent kinetic energy (calculated as a constant, m, times the wind 

stress). The value of m is "tuned" to fit the model predictions to observed data, 

and the best value for m tends to vary with location and conditions (ranging from 

0.1 to 0.39 (Martin, 1985), 0.3 to 0.9 (Price et al., 1978) and 0.4 to 0.5 (Davis et 

al., 1981)). The instability of m and the uncertainty about turbulent kinetic energy 

dissipation certainly detract from the predictive ability of the bulk turbulent 

kinetic energy type model. 
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Shear Instability models  

Another potential source of turbulent kinetic energy, not considered in the original 

Kraus-Turner formulation, is the generation of turbulence by current shear. 

Although the only source of energy to the mixed layer is input by wind, in the 

shear models this energy is assumed to generate mean flow rather than turbulent 

energy, and the flow is converted to turbulence at the base of the mixed layer 

(Gargett et al., 1979). 

Formulation  

Mixing in a stratified fluid is governed by the gradient of velocity with depth 

(shear) and the density stratification (Ellison and Turner, 1959). The relevant non-

dimensional parameter is calculated as the ratio so these quantities (from Price et 

al., 1986), 

ap  

Rg = 
(au  ` 2 

 and is called the gradient Richardson number. 

Po (vz 

The Richardson number used in most mixed layer models is defined somewhat 

differently. The mixed layer is viewed as a slab, with uniform velocity and 

ap 
density. Instead of the differential quantities — and 

au
—

' 
 the differences 

AP/ arid AV are used, where 5p and Au are the changes in density and velocity 

across the mixed layer base. The length scale is the thickness of the mixed layer, 

h, rather than a scale associated with the thickness of the mixed layer base. The 
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gAph  
dimensionless number thus defined, R b  -= 	is called the bulk Richardson 

po(Au) 2 i  

number (Pollard et al., 1973; Price et al., 1986). In the shear models, mixing is 

assumed to begin when Rb falls below a critical value, and water is entrained until 

Rb reaches the critical value once again. Models based on the bulk Richardson 

number predict mixed layer variations quite well, and the only potential "tunable" 

parameter is the critical Richardson number, which appears to be stable 

throughout a variety of locations and chemical conditions (Price et al., 1978; Price 

et al., 1986). Theoretical justification for use of bulk, rather than the gradient, 

Richardson number for these models is still a matter of discussion (Pollard et al., 

1973; Price et al., 1978). 

The shear instability model of (Price et al., 1986) uses both Rb and Rg  to determine 

mixing. The model is used to simulate detailed diurnal fluctuations in the mixed 

layer depth and current profiles from the subtropical Pacific. In the model, the 

heat fluxes (except penetrating solar radiation) and the wind stress are applied to 

the mixed layer. The bulk Richardson number at the base of the surface box is 

calculated, and if the shear is greater than the density stratification necessary to 

support it (Rb < 0.65), then the properties of the two adjacent boxes are averaged 

(the boxes are mixed). This process continues downward until Rb > 0.65. The 

mixed layer is considered homogeneous for momentum and density, as it is in the 

bulk turbulent kinetic energy formulations considered above. The density 

transition at the mixed layer base is smoothed using the gradient Richardson 

number. If Rg  between two adjacent boxes is smaller than a critical value (Rg  < 
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0.25), the adjacent boxes are partially mixed until the shear becomes sub-critical 

again, and the process is repeated until Rg  is greater than or equal to the critical 

value throughout the water column. Thus, there is a region of partial mixing 

below the completely mixed zone. The model also includes convective 

entrainment driven by surface cooling. 

Behaviour  

A model in which the generation of turbulence scales with the Richardson number 

behaves differently from a model, which scales the turbulence directly with wind 

stress (Price et al., 1978). This is largely because of the rotation of an inertial 

current to the surface of the earth (the Coriolis effect). In the presence of steady, 

non-rotating wind forcing, a natural limit is imposed on the current velocity by the 

"inertial" rotational frequency (the value for which varies as a function of 

latitude). The advantage of scaling entrainment to the current velocity, as opposed 

to scaling with the wind stress directly, is that the current velocity is limited by the 

rotational frequency, and no artificial dissipation term is required to limit the 

steady-state mixed layer. (With constant wind forcing and no dissipation term, a 

turbulent kinetic energy model would entrain forever). Treatment of dissipation is 

one of the major weaknesses in the turbulent kinetic energy model formulation. 

Also, the value of the critical Rb required to simulate oceanographic data using a 

shear instability mixed layer model is fairly constant throughout a range of 

climatic conditions (Price et al., 1978; Pollard et al., 1973; Price et al., 1986). This 

can be contrasted with the wind-scaling coefficient used in the turbulent kinetic 
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energy model, which must be tuned to simulate data from different locations or 

climatic regimes. 

Turbulence closure models  

The third family of upper ocean mixing models is the most general, the most 

complicated, and the most stringently founded in the theoretical and empirical 

properties of fluid turbulence. These are the "turbulence closure" models, first 

introduced into the mainstream oceanography literature by Mellor, 1973 (also 

Mellor and Yamada, 1974, 1982; Mellor and Durbin, 1975). Turbulence closure 

models were originally constructed for use in the atmospheric boundary layer. In 

the oceans, Mellor's model is general enough to be applied to special cases like 

the equator, where the equatorial undercurrent produces regions of extremely high 

shear and to a system of estuarine circulation, spanning the benthic boundary 

layer, the highly stratified shear flow between the saline and fresh waters, and the 

surface boundary layer. 

Formulations  

The physical foundation for the turbulence closure models begins with the 

Reynold's equations for momentum and heat (from Mellor and Yamada, 1974): 

au 
+U.VU + f xU =VP— gfi0+vV 2 U and 

ao +v.uo=aV 2 0 at 

at 
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where, U is velocity, 9 is temperature, f is Coriolis parameter, P is pressure, g is 

the acceleration due to gravity, v is the molecular viscosity, a is the thermal 

diffusivity, and ,6 is the thermal expansion coefficient. The equations for the 

mean flow and temperature can be found by decomposing the total velocity and 

temperature fields into mean and fluctuating components and averaging: 

au +U.VU + f xU =Vp- 	+ vV 2 U -V. u u and 

ae +v.ue=a\7 2 9-V.u9 
at — 

the terms u u and u9 represent the effect of the turbulent fluctuations on the 

mean velocity and temperature (the Reynolds stress and "eddy diffusion"). 

Finding analytical expressions for these terms is the problem at the heart of the 

turbulence closure models. 

Derivation of expressions for these terms begins with these two sets of equations, 

and incorporates several empirical simplifying relationships based on laboratory 

data (Mellor and Yamada, 1974). The salient point to understand about the 

derivation is that the solutions contain several empirical constants, which are fit to 

laboratory data from neutral (de-stratified) flows. Mellor and Yamada, (1982) 

showed the surprising result that the model, using these constants, is also able to 

predict laboratory data for stratified flow, flow in a pipe, and flow over a curved 

surface. Some of the terms in the equations also require a constant with units of 

length to maintain dimensional homogeneity. Mellor assumes that the length 

scales are all proportional to a single "mixing length scale" (/). This assumption, 

at 
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and the derivation of a number for 1, is considered a weak link in the turbulent 

closure scheme. The choice of / is crucial; the levels 2 and 2.5 models supply 

eddy diffusion coefficients that scale directly to 1. 

The mixing coefficient predicted by the model turns out to be a function of the 

local gradient Richardson number (Niiler and Kraus, 1977; Mellor and Durbin, 

1975); above Rg  = 0.23, no mixing at all is predicted. This is similar to the Price 

model, in which mixing takes place until a critical Rg > 0.25 is attained. The level 

2.5 model has been used in a global ocean model that focuses on the surface ocean 

and the sea surface temperature (Rosati and Miyakoda, 1988). 

Behaviour 

The turbulence closure models are more difficult to understand in an intuitive way 

than the other models. Insight can be gained by comparing the behavior of the 

model with those of the bulk turbulent kinetic energy and shear models described 

above. 

One obvious distinction is the degree of mixing in the turbulence closure model 

mixed layer. Whereas the other formulations assume homogeneity of all 

properties within the mixed layer, the turbulence models predict high but finite 

mixing coefficients within this zone. Under conditions of deep convective mixing, 

the "bulk" assumption (that the mixed layer is completely homogeneous in all 

properties) is probably inadequate, but under conditions of shallower, wind-driven 
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mixing, the "bulk" approximation may be closer to reality than the output of the 

turbulence models (Martin, 1986). 

The fundamental distinction between the bulk and shear models presented earlier 

is the source of the turbulent energy for entrainment: from wind stress directly or 

from current shear. The main source of entrainment energy in the turbulence 

closure models is difficult to judge from first principles. For the primary source of 

turbulence to be generation at the surface, the rate of transport of turbulent energy 

through the mixed layer must be greater than the rate of generation of turbulence 

by shear at the mixed layer base. In the level-2 model, transport of turbulence 

does not occur; all turbulence is dissipated locally. Numerical experiments using 

level-2.5 and higher have shown that the transport flux of turbulent energy from 

the surface zone in these models is also small relative to the generation of 

turbulence by shear (Klein and Coantic, 1981; Martin, 1986). Thus the turbulence 

closure models appear to function primarily as shear instability models. 

Computational efficiency 

Martin, 1986 also compared the computation time required by the different types 

of models. As written, the bulk model is the fastest. The Price shear-driven model 

is significantly slower, mainly because of calculations involved in maintenance of 

the partially mixed zone beneath the mixed layer (based on Rg, explained above), 

which can be eliminated (Archer et al., 1993). The turbulence models are the 

slowest, because of their complexity and the higher temporal and spatial 
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resolution required. Turbulence models are the most suitable for use in a 

vectorized or parallel computer architecture, which would reduce somewhat the 

computation disparity between the model types. 

2.6 Summary 

Mixed layer is a region of stable stratification that partially insulates the upper 

ocean from the ocean interior. Heat, momentum, and chemical species exchanged 

between the atmosphere and the ocean interior must traverse the centimeters thick 

cool skin at the very surface, the surface layer, and the mixed layer to modify the 

stable layer below. These vertical transports are governed by a combination of 

processes, including those that affect only the surface itself (rainfall, breaking 

surface gravity waves), those that communicate directly from the surface 

throughout the entire mixed layer (convective plumes) or a good portion of it 

(Langmuir circulations) and also those processes that are forced at the surface but 

have effects concentrated at the mixed-layer base (inertia shear, Kelvin-Helmholtz 

instability, propagating internal gravity waves). Several of these processes are 

represented in schematic form in figure 2.4. 

All of the models can adequately predict observed fluctuations in the mixed layer 

depth of the ocean, under most conditions. There may be situations (for example, 

the equatorial undercurrent, or regions near a western boundary current), which 

are more complicated and these will probably be better handled by the turbulence 

closure scheme. A criterion for comparison of the model formulations is the 
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quantity and stability of the empirical parameters required for oceanic simulation. 

The bulk turbulent kinetic energy models appear to be weakest in this respect in 

that the coefficient which predicts turbulent kinetic energy flux into 

Fig. 2.4: Contributors to mixing the upper ocean, courtesy to Mown and Symth, 2001: 
Diagram showing processes that have been identified by a wide range of observational 
techniques as important contributors to mixing the upper ocean in association with 
surface cooling and winds. The temperature (8) profiles shown here have the adiabatic 
temperature (that due to compression of fluid parcels with depth) removed; this is termed 
potential temperature. The profile of velocity shear (vertical gradient of horizontal 
velocity) indicates no shear in the mixed layer and nonzero shear above. The form of the 
shear in the surface layer is a current area of research. Shear-induced turbulence near the 
surface may be responsible for temperature ramps observed from highly resolved 
horizontal measurements. Convective plumes and Langmuir circulations both act to 
redistribute fluid parcels vertically; during convection, they tend to move cool fluid 
downward. Wind-driven shear concentrated at the mixed-layer base (thermocline) may 
be sufficient to allow instabilities to grow, from which internal gravity waves propagate 
and turbulence is generated. At the surface, breaking waves inject bubbles and highly 
energetic turbulence beneath the sea surface and disrupt the ocean's cool skin, clearing a 
pathway for more rapid heat transfer into the ocean. 

the mixed layer based on the wind stress seems to vary as a function of climatic 

conditions. The empirical parameters used by the shear instability models are the 

critical Richardson numbers Rb and Rg, which do not vary in this way (Price et al., 
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1978). The constants in the turbulence closure models were determined from 

laboratory experiments, and appear to be adequate for oceanic use (Rosati and 

Miyakoda, 1988). The detailed comparisons of each model in terms its ability, to 

simulate the ocean state, is given by Martin, (1985; 1986). The latter study is an 

extension of the former, with the inclusion of the (Price et al., 1986) model and a 

turbulence closure scheme other than Mellor's (Therry and Lacarrere, 1983). 

The conclusions are the following. First, the turbulence closure schemes are 

essentially Richardson number driven models, and the main differences among 

them (and the Price et al., 1986 model) are the exact value of the critical 

Richardson number at which mixing commences. Second, the bulk turbulent 

kinetic energy models do not attempt to simulate partial mixing at the base of the 

mixed layer, as do the Price model and the turbulence closure schemes. For this 

reason, the bulk turbulent kinetic energy model mixed layer base is unrealistic. 

Third, the turbulence models predict a greater gradient of momentum and density 

through the mixed layer than is observed (Price et al., 1986); apparently, some 

mechanism for mixing exists (such as Langmuir circulation) that is not included in 

the 1-Dimensional turbulence closure model formulation. Finally, under some 

circumstances, each of the models predicts mixed layer depths that deviate 

somewhat form the observed data. 
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Chapter III 
Spatiotemporal distribution of mixed 

layer depth and forcing parameters 



3.1 Introduction 

This chapter is anticipated to explain, the spatial and temporal distribution of 

monthly mixed layer depth and forcing parameters, which enhances its variability 

over the study region. As such there are many parameters involved in changing 

the mixed layer's physical and chemical properties. Few of them are chosen 

(namely wind speed, net heat gain, sea surface temperature, evaporation minus 

precipitation, and sea surface height), since they are available either from satellite 

platforms or re-analysis. Subsequent pages explain the spatiotemporal variability 

of forcing parameters and mixed layer depth. 

3.2 Spatiotemporal Distribution of Mixed Layer Depth 

Climatic mean monthly temperature and salinity profiles of Levitus, (1994) are 

used for the description of spatiotemporal distribution of mixed layer depth. These 

profiles are at 1 °  x 1 °  (longitude x latitude) grids. Density profile is constructed by 

applying Gill, 1981 approximation on salinity and temperature fields at each 

depth; later mixed layer depth is estimated using the above density profile by 

adopting Levitus, (1982) criterion with the view that the mixed layer is the region 

just below the ocean surface where the temperature or density is approximately 

uniform. The depth where the density is greater than the surface value by 0.125kg 

M-3  is defined as mixed layer depth. Henceforth for estimating the mixed layer 

depth this criterion is adopted. Validation of this method is given in appendix. 
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Climatic monthly distribution of mixed layer depth is shown in figure 3.1. During 

the winter season almost the entire Indian subcontinent and enclosed ocean 

experiences cold weather condition. The Arabian Sea experiences augmented 

northeast monsoon effect in January with strengthening of winds (8ms -1 ) off 

Somalia, and western Sri Lankan coast. In response to surface cooling, mixed 

layer depth deepens considerably over northern Arabian Sea through 

entertainment owing to convective mixing. Analysis of Rao et al., (1989; 1991) 

also showed wintertime, mixed layer depth is of the order of 100m. There is, 

however, little indication of such thick mixed layer in synoptic observations from 

Bay of Bengal. Instead, there is a fresh, surface layer caused by intense rainfall 

and river runoff from earlier in the year, and there can be temperature inversions 

across the layer. The resulting large density difference across the base of the 

mixed layer inhibits entertainment. Because of the heat input and following mixed 

layer stratification, the mixed layer depth in Arabian Sea shoals from March to 

May. June onwards, mixed layer depth starts deepening in association with 

strengthened monsoonal wind and decreased solar insolation due to cloud cover. 

The mixed layer depth deepens markedly in the interior of the Arabian Sea to 

more than 110m due to Ekman convergence (McCreary et al., 1993). The region 

of shallow mixed layer depth in May along the 10 °N has intensified and 

broadened from 40m to 60m. As the monsoon ceases, mixed layer depth shoals 

from September to November attains minimum in November following an 

increasing maximum till February of the next year. Thus Arabian Sea experiences 
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bimodal oscillation of mixed layer depth, one during northeast monsoon (due to 

convective mixing) and the other during southwest monsoon (due to wind mixing). 

Though the variations of mixed layer depth over Bay of Bengal is similar to 

Arabian Sea, the mixed layer depth variation in Bay of Bengal is less influenced 

by the winter monsoon. In May, the shallowing of mixed layer depth south of 

India (extends from 65 °E to 90°E) and over west coast of India is found owing to 

Ekman pumping driven by positive wind stress curl (McCreary et al., 1993). In 

July, small changes that have occurred in Bay of Bengal are most visible in the 

structure of mixed layer depth, which shows further shallowing along the east 

coast of India and deepening along the eastern boundary of the bay. The northeast 

monsoon weakened considerably at this time, and most of the circulation in the 

northern ocean is remnants of flows that are generated earlier (McCreary et al., 

1993). 

Southern Indian Ocean is not covered by land, except eastern and western sides, 

and hence the upper ocean dynamics and the variability of mixed layer depth can 

be attributed to air-sea interaction and sub-surface processes. Two physical 

processes, both of which began in April and May, contribute to near-equatorial 

changes of mixed layer depth. One is local forcing by wind stress curl, a process 

that is strongest in the southwestern Bay of Bengal which forces mixed layer 

depth to shallow north of the wind axis (as in May) and to deepen south of it; in 

consisting with geostrophy 
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Fig. 3.1a: Spatial distribution of marine mixed layer depth, the units are in meters. 
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Fig. 3.1b: Continuation ... 

an eastward current is generated in the region, and a westward current is produced 

along the southern portion of the region of deeper mixed layer depth. Similar to 
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Arabian Sea higher winds and deepening of mixed layer depth is observed during 

the southwest monsoon season. The other process is the westward propagation of 

the region of increased mixed layer depth (McCreary et al., 1993). The southwest 

monsoon collapses in October, and at that time the strongest winds anywhere in 

the northern ocean are westerly located near and just north of the equator between 

60°E and 90°E. The north easterlies are not yet strong enough, nor have they been 

blowing enough, to modify the circulation in any obvious manner during northeast 

monsoon season (McCreary et al., 1993). 

3.3. Spatiotemporal distribution of wind speed 

ERS 1 / 2 scatterometer derived winds for the years 1990 — 2000 is used to 

produce mean monthly distribution of wind charts over the study region. Spatial 

distribution of wind speed and wind direction is shown in figure 3.2 on monthly 

basis. Over Arabian Sea winds are northerly during northeast monsoon and 

maximum winds higher than 6.5ms-1  are found during January over the Somali 

basin. This northerly wind reduces gradually till April with mean winds of 4ms -1 . 

At early stage of south west monsoon, reversal of wind pattern from northeasterly 

to southwesterly takes place and subsequently magnify to low-level Somali jet 

with average wind speed varies from 4ms -1  to 6ms-1 . This low-level Somali Jet 

system investigated in detail by Findlater, 1969. The jet system moves toward the 

African coast and shifts northward following the general advancement of the 

southeast trade winds. By May, the jet flows across the coastline, blocked by the 

highlands, and run parallel to them. This jet related activity of the surface wind 
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field and intense flow near the western boundary of the Indian Ocean is an 

important consequence for the oceanic response and current system. Synoptic 

observations further suggest that at the early stage of south west monsoon the 

Somali current retroflects just north of the equator, with part of the retroflected 

water re-circulate south of the equator to form a closed gyre, generally known as 

'Southern Gyre' (Bruce, 1973; Swallow et al., 1983). As the southwest monsoon 

advances from June to August, the wind speed get intensified, figure 3.2 shows 

maximum wind speed variation of 7ms -1  to 14ms-1  and peak in July. The transition 

season follows southwest monsoon with low wind speed of 3ms -1  during October 

and at end of the calendar year and the wind organizes into northerly with 

maximum winds of 8ms -1 . 

Ocean basins of Indian subcontinent (AS and BOB) are identical over wind 

patterns during January with mean northerly winds of 3.5ms -1  and the southern 

central Bay of Bengal resembles with high winds of 6.5ms -1 . Till April steady and 

moderate winds of 3ms -1  exists over Bay of Bengal. At early stage of southwest 

monsoon reversal of wind pattern from northeasterly to southwesterly takes place 

and subsequently intensify to 7ms -1  in May. During southwest monsoon average 

wind intensify to 8ms -1 , which is 3ms-1  — 4ms' lesser than Arabian Sea. The 

transition season follows southwest monsoon with low wind speed of 3ms -1 

 during October and at the end of the calendar year, the wind organizes into 

northerly with maximum winds of 5ms -1  in December over southern central Bay 

of Bengal. 
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Fig. 3.2b: Continuation ... 

The January chart shows a wintertime high-pressure zone over southern Asia. 

Northerly or northeasterly wind flow reaches across the northern Indian Ocean 

and convergence with the southeast trade winds at 20 °S to 10°S. At this season the 

Tropical Indian Ocean (TIO) looks most like the other two oceans (Pacific and 
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Atlantic) in terms of surface wind patterns (Knox, 1987); two trade wind systems, 

each with a significant easterly component in much of the tropical oceans. As the 

year progresses the high pressure center over Asia weakens, the north east 

monsoon decay, Southern hemisphere high pressure center intensifies and moves 

northward, and the southeast trades penetrate further northward leading to the 

onset of south west monsoon. By July the southwest monsoon is fully develops. 

South easterlies from the southern hemisphere high pressure reach across the 

equator as southerlies or south westerlies. During the monsoon transition period 

wind becomes westerly and increases in strength over near-equatorial regions. 

3.4 Spatiotemporal Distribution of Sea Surface Height anomaly 

In the absence of the geoid (an euipotential surface that would be attained by 

motionless uniform ocean on a rotating earth) information obtaining about 

absolute sea surface height from altimeters to the required accuracy is not 

possible. Hence sea surface height variability alone can be studied by taking long-

term time series observations. Hence the altimeter observations are always 

referred with respect to a long-term mean or with respect to a reference pass (Ali 

et al., 1998; Miller and Cheney, 1990). These variations are called sea surface 

height anomalies. Monthly mean sea surface height anomaly (here after sea 

surface height, SSH) derived from TOPEX (topography experiment) altimeter for 

the seven-year period (1992-1999) over the northern Indian Ocean has shown in 

figure 3.3. 
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A negative sea surface height described over Arabian Sea during winter season 

ranges from -20cm to -7cm. This low sea surface height anomaly indicates the 

presence of a cyclonic gyre covering the entire basin. The cyclonic/anti-cyclonic 

circulation patterns can be readily delineated from observations of sea surface 

height anomaly (Ali et al., 1998b). From February onwards the negative sea 

surface height high over Somalia region (-6cm) starts strengthening with the 

advent of the increasing temperature and substantial thermal expansion. Sea 

surface height over Arabian Sea starts increasing to positive values during the 

later period of March. During May and June, entire Arabian Sea experiences 

positive sea surface height with maximum value (-12 cm) at Somali coast. This 

may be due to the twin-gyre system, which dominates the Arabian Sea circulation 

at early stage of monsoon. Brown et al., (1980) also described the transition of a 

one-gyre system late in August. However, over the coastal regions, negative sea 

surface height found well before August. 

The seas around southwest of India, sea surface height shows high positive value 

in January. This could be due to the strong north equatorial current near 70 °E 

(Rao et al., 1991). Subsequently from February to April the positive sea surface 

height anomaly extends towards southwest, but with reduced intensity. The 

southwest spread in the sea surface height from January to April is due to 

northeasterly winds, similar pattern is also observed by Tapley et al., (1994) with 

TOPEX, altimeter data. 

358 
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Fig. 3.3a: Monthly mean distribution of sea surface height anomaly. 
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Fig. 3.3b: Continuation ... 

During January to March, negative sea surface height (-7cm to -12cm) is observed 

along the coast of Sumatra, with a basin wide anticyclonic circulation, which may 

be due to the western boundary current starting at the east coast of India and 

flowing along the coast. This coastal current pushes the water to right side of the 
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flow. This gyre shifts towards west in the following months till April, with 

breaking up into two eddies in March, and then translates into cyclonic gyre from 

September onwards. 

All through December and January the south Indian Ocean covered with sea 

surface height ranging from -5cm to 5cm, the lower sea surface height (-7cm to - 

12cm) is observed along the coast of Sumatra, with a basin wide anticyclonic 

circulation. This gyre shifts towards west in the subsequent months till April with 

further reduction of sea surface height to -15cm. From May to August, most of the 

south equatorial Indian Ocean is dominated by positive sea surface height values. 

The eastern equatorial Indian Ocean characterized with negative sea surface 

height of -12cm though the entire south equatorial Indian Ocean are covered with 

positive sea surface height. From September to December, positive sea surface 

height dominates the south Indian Ocean. 

3.5 Spatiotemporal Distribution of Net Heat Gain 

The heat flux across the air-sea interface is an important link between the Ocean 

and Atmosphere. Net  heat gain is the sum of incoming and outgoing radiation that 

determines the net heating or cooling according to its individual magnitude. The 

current trend of Ocean General Circulation Models is to use heat fluxes on 

seasonal scale (Semtner and Chervin, 1992). European center for medium rang 

weather forecast net heat gain for the years 1990 — 2000 are used for generating 
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the mean monthly charts. Its distribution over the study region is shown in figure 

3.4. 
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Fig. 3.4a: Monthly mean distribution of net heat gain. 
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Fig. 3.4b: Continuation . . . 

The net heat gain over Arabian Sea has a bi-modal distribution of maximum 

during monsoon transition periods and minimum through monsoon seasons. Most 

of the incoming solar radiation in summer is utilized in raising the water 

temperature and thereby developing a strong summer thermocline at surface level. 
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The maximum net heat gain is found in May with mean value of 250Wm -2 . The 

cooling and cloud cover due to the advancement in summer monsoon reveal 

reduction of net heat gain from 250Wm -2  to 50Wm-2  during August. Summer 

cooling is supported by horizontal advection of cold waters and coastal upwelling 

along the Somali and the Arabian coast (Wooster et al., 1967; Colborn, 1971; 

1975) with characteristic net heat gain of 55Wm -2 . The net surface heat loss in the 

western regions of the Arabian Sea reaches its maximum towards end of June, 

while in the eastern Arabian Sea, the maximum loss of heat occurs around July. 

The net heat gain increases from August onwards and mean value reaches to 

about 120Wm -2 , which is 52% lower than May values. The surface layers once 

again starts cooling from December due to reduction of net heat gain. 

Like Arabian Sea, Bay of Bengal has a bi-modal distribution with maximum 

during monsoon transition periods and minimum through monsoon seasons with 

respect to net heat gain. The maximum net heat gain during summer season is 

150Wm-2  and found in April. Over Bay of Bengal cooling starts much early to 

Arabian Sea and the mean value of net heat gain is 10Wm -2  in June. The net 

surface heat loss in the entire Bay of Bengal reaches peak towards the end of June 

and early July. The net heat gain increases from August onwards and mean value 

reaches to about 80Wm -2 , which is 47% lower than April values. The net heat gain 

reduces from December onwards. 
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The net heat gain over southern Indian Ocean has a uni-modal distribution with 

single maximum during austral summer (November-January) and minimum 

(May-July) through austral winter season. The maximum net heat gain is found in 

December with mean value of 200Wm -2  over western region of southern Indian 

Ocean and an asymmetric distribution over eastern southern Indian Ocean with 

75Wm-2 . The minimum values during austral winter season are predominant to 

that of northern hemispheric oceans. The lowest values are found during June-July 

(-200Wm-2). 

3.6 Spatiotemporal Distribution Sea Surface Temperature 

The surface value of Levitus, (1994) climatic data set is assigned as sea surface 

temperature in order to explain spatial distribution. The distribution of sea surface 

temperature is shown in figure 3.5. The sea surface temperature of the Arabian 

Sea has a bimodal distribution, which differs from the usual pattern of a single 

maximum at the end of summer season and minimum at the end of winter season. 

Most of the incoming solar radiation in summer is utilized in raising the water 

temperature and thereby developing a strong seasonal thermocline. With the 

advance of the summer monsoon, predominant cooling takes place through (Rao 

et al., 1976; Ramesh Babu and Sastry, 1984): 

(1) Advection of cold water from the African Coast, 

(2) Increased heat flux to the atmosphere, 

(3) The reduction in the incoming solar radiation, and 

(4) Entrainment of the cold subsurface waters into the surface layer. 
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Fig. 3.5a: Monthly mean distribution of sea surface temperature. 
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Fig. 3.5b: Continuation ... 

thermocline, the Arabian Sea exhibits the characteristic of subtropical waters 

(Colborn, 1975). The net surface heat loss in the western regions of the Arabian 

Sea reaches maximum at the end of June, while in the eastern Arabian Sea, the 
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maximum heat loss occurs around August because of the four processes 

mentioned above. The secondary maximum in the water temperature occurs after 

the cessation of the southwest monsoon with the decrease in cloudiness and 

consequent increase in the incoming solar radiation and reduction in evaporation. 

However, temperature is as low as 14 °C off Somali coast and this feature is 

reported to occur in July (Bruce, 1968; 1970). 

Ramesh Babu and Sastry, (1984) investigated the various mechanisms responsible 

for the lowering of water temperature in the upper layers in the eastern Arabian 

Sea during the southwest monsoon of 1979. They concluded that this lowering of 

the temperature is primarily due to downward transfer of heat, which accounts 

55% of the heat loss in the upper layers, while 45% of heat to the atmosphere. 

From September onwards the water temperature increases and reaches to 29 °C 

over most parts of the Arabian Sea by November and remains steady over the 

entire region. The surface layers once again starts cooling from December. This 

cooling first sets in the western and central regions while the eastern parts 

maintain relatively higher temperature. By January, the surface temperature is 

around 25 °C north of 10°N and west of 65 °E. The Central and eastern regions do 

not cool significantly and the temperature remains around 27 °C this cooling 

process ceases by February and warming starts thereafter. In this region, 

maximum temperature is recorded in August unlike in the rest of the Arabian Sea 

(Wyrtki, 1971). 
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A Bimodal distribution of sea surface temperature observed in central Bay of 

Bengal is similar to Arabian Sea. During the peak of southwest monsoon the sea 

surface temperature drops to 28 °C along the coastal boundary. This is partly due 

to the effect of mild upwelling in response to the monsoonal winds. The 

maximum temperature is observed during May and June. Second sea surface 

temperature maxima attains during September and October. The gain in 

temperature is more in the northern Bay than in the southern Bay. The sea surface 

temperature rises to 27 °C by October and is fairly uniform over the entire Bay. 

During winter the sea surface temperature falls rapidly to as low as 24 °C in the 

northern Bay. After February the surface warming begins and reaches a maximum 

up to 30°C by May aided by the latitudinal variation of solar radiation. The 

temperature distribution along the coastal areas is influenced by the river 

discharges (Ganapati and Murty, 1954). The distribution pattern changes 

considerably during southwest monsoon period. The net surface heat exchange 

from the Bay of Bengal is generally low (Colborn, 1975). 

The sea surface temperatures in the equatorial regions are high around 29 °C and 

fairly steady throughout the year. The temperature distribution in the area south of 

10°S is zonal. During June-September, the period of southern winter, lowest 

surface temperature of 12 °C -13 °C is observed around the southern regions of the 

Indian Ocean (30°S). The sea surface temperature in the southern region starts 

warming up from September and reaches a maximum of about 15 °C by 
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December. The annual march of the sun does not show any impact on the surface 

temperature in the equatorial regions. Off southeastern coast of Africa the 

temperature varies from 24 °C to 28 °C and off southwestern coast it varies from 

17° C to 21 °C annually. 

3.7 Spatiotemporal Distribution of evaporation minus precipitation 

Figure 3.6 shows the spatial distribution of evaporation minus precipitation over 

the Indian Ocean. The Mean monthly evaporation minus precipitation is 

constructed for the years 1990 — 2000 from reanalysis pentad fields of Hamburg 

Ocean-Atmosphere Parameters and Fluxes from Satellite Data (HOAPS) by 

Grassl et al., 2000. This data set covers 12.5 years from the beginning of the 

Special Sensor Microwave/Imager (SSM/I) data record (July 1987 to December 

1998). 

The most striking characteristic of the rainfall distribution over the Indian Ocean 

is the anomalous difference between the eastern and western regions in the north. 

Annual mean precipitation varies between 10cm per year in the west (on the 

Arabian coast) and 300cm per year or more in the east (near Sumatra and over the 

Andaman Sea). This is the reverse of the situation usually encountered in the 

subtropics, where the Trades bring dry continental air over the sea in the east and 

rain to the western coast. The normal situation of little rain in the east and high 

rainfall in the west prevails in the southern Indian Ocean; western Australia 

receives less than 50cm per year but Madagascar some 200cm per year. 
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Fig. 3. 6a: Monthly mean distribution of evaporation minus precipitation. 
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Fig. 3. 6b: Continuation ... 

makes evaporation minus precipitation to decline to 0.4 - 0.6mm day -1 . During 

July a higher evaporation occurs in the central Arabian Sea in compare to the 

other months. Later a uniform distribution is observed all over the region. Almost 

all the time, the western boundary of the Arabian Sea shows higher evaporation 

compared to the eastern boundary. Given the small variation of evaporation over 
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the region, the evaporation-precipitation balance reflects the rainfall distribution 

closely. The change from zonal to meridional direction of the evaporation minus 

precipitation gradient occurs near 10°S in the west and closer to the equator in the 

east. The continuation of the Pacific inter-tropical convergence zone (ITCZ) and 

associated rainfall region into the Indian Ocean along 5°S brings rain to the seas 

west of Sumatra throughout the year; it dominates the annual mean distribution 

between 10°S and the equator. North of the equator the annual mean rainfall is a 

poor representation of the actual situation. Evaporation minus precipitation values 

varies from -1.64mm day -1  along the western Indian coast (in the figure the 

negative values are not visible) and in the eastern Bay of Bengal during the 

Summer Monsoon to 0.41mm day-1  during the Winter Monsoon. As with the 

winds and the currents, the Summer Monsoon produces the stronger signal and 

dominates the annual mean evaporation minus precipitation distribution, which 

shows the eastern Bay of Bengal as a region of freshwater gain comparable in 

importance to the Inter-tropical Convergence Zone. 

3.8 Temporal variability of parameters at selected locations 

Four different locations are chosen to see the monthly variation of different 

parameters whose spatial variability is explained above in this chapter. The 

chosen locations are (a) central Arabian Sea (61.5 °  E; 16.5 °  N), central Bay of 

Bengal (88.5 °  E; 16.5 °  N), (c) west equatorial region (91.5 °  E; 1.5 °  N), and east 

equatorial region (49.5 ° E; 1.5 ° N) the results are depicted in figure 3.7. 
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Figure 3.7 (a) shows a bimodal distribution in mixed layer depth, and sea surface 

temperature. At this location, sea surface temperature and mixed layer depth are 

anti-correlated. The first peak in mixed layer depth occurs during winter season 

and the second one in July. Highest winds of 11ms -1  persist from June to August 

and in winter season. The first maximum of evaporation minus precipitation 

occurs in June and the next in November. Sea surface height values started 

increasing from May to mid-June, which declines later. Sea surface temperature 

and net heat gain has similar patterns, with a time delay of nearly one month 

(visual interpretation). 

In the central Bay of Bengal, yearly twice deepening in mixed layer depth is 

observed (Fig. 3.7b). The extent of deepening is more in the winter season than 

during the southwest monsoon time, thus indicating the less influence of 

southwest monsoon effect on Bay of Bengal. Winter season sea surface 

temperature is 26 °C; the second minimum is not as prominent as in Arabian Sea. 

During the summer monsoon net heat gain shows a minimum value: the patterns 

look similar to Arabian Sea. Winds are higher during June to August, and in 

December. Evaporation minus precipitation effect dominates this region during 

the month of May. 
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Variability in mixed layer depth is least near the east equatorial region compared 

to the central Arabian Sea and Bay of Bengal (Fig. 3.7c). Twice deepening in 

mixed layer depth is observed at this location, one in December and other in June. 

A maximum of 65m deepening of mixed layer is observed in the months of May 

and June. Elevated sea surface height is found during summer months. Variation 

in evaporation minus precipitation at the equatorial region is minimal; this may be 

because of consistence of precipitation and cloud cover. Due to the convergence 

of winds at the equatorial belt the variations in the wind are less in comparison to 

other regions. 

Unlike east equatorial Indian Ocean, prominent mixed layer depth variability is 

found at western equatorial Ocean (Fig. 3.7d) that resembles with that of central 

Arabian Sea. The magnitude of convective deepening of mixed layer depth is less 

(40m). This oceanic region is characterized with bi-modal distribution of sea 

surface height. Variation in evaporation minus precipitation at the equatorial 

region is minimal owing to the consistence of precipitation and cloud cover and 

variation of wind speed is less. 
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Chapter IV 
One-dimensional model and 

parameterization 



This chapter leads an insight to 1-Dimensional model of Price Weller and Pinkel 

popularly known as PWP model (Price et al., 1986) and its parameterization. 

Also, the model description, sensitivity, and model performance with different 

water types are explained in this chapter. 

4.1 Mixed Layer Model 

4.1.1 The Model equation 

The model equations are diurnal in nature and are modeled as a vertical wind 

mixing and radiation process driven by the local surface fluxes of heat and 

momentum (Niiler and Kraus, 1977). The conservation equations of heat, salt, and 

momentum are their one-dimensional form and are as follows; 

aT 	-1 aF 
at 	po  c az 

as = _aE 
at 	az 

av 1  a c 
— - f x V - 

at 	po  az 

where, the profiles of solar flux (F), evaporation minus precipitation (E), and 

wind stress (G) are to be determined. The surface values are presumed to be 

known; like F(0) = Q, the air-sea heat flux, positively downward; E(0) = S(E—P), 

the freshwater flux times the surface salinity; and G(0) = r, the wind stress. 

The heat loss is presumed to leave directly from the sea surface, while solar 

insolation is absorbed within the water column with double exponential depth 

dependence (Kraus, 1972) as given below. The 1-Dimensional equations 

(4.1) 

(4.2) 

(4.3) 
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implicitly assume a horizontal homogeneity, since they predict the horizontal 

velocity at the single point but ignoring the implications of the velocity in 

carrying horizontal gradients of properties. Thus the missing terms from a full 

(hydrostatic and Boussinesq) oceanic evolution equations are turbulent flux, 

momentum forces due to horizontal pressure gradients, and horizontal momentum 

advection, heat, salt, and the vertical advection of the same. 

The penetrative solar flux, which is modeled as a two-component exponential 

decay is as, 

( 

/(z) = /(0) /1  exp(-
- 

) + 12  exp(-
- 

) 
Ai 	/12 i 

(4.4) 

the subscripts 1 and 2 refer to the red and blue-green components of the 

penetrating solar insolation, and z is positive downward with z = 0 being the sea 

surface. In the above equation, h, h, Al , and )2  are biologically dependent 

attenuation parameters. The following parameters are typical of water type-1A 

(open ocean, hereafter type-1) of Jerlov, (1968) water classification: 

I I  = 0.62; 	 k i  = 0.6m 

1 2 = 1-0.62; 
	

k 2= 20m 

thus about half of the solar insolation incident on the ocean surface is absorbed 

within the uppermost meter of the water column. The remaining short-wave 

radiation, principally the blue-green light, is absorbed with the attenuation length 

scale of 20m. Paulson and Simpson, (1977) provided the attenuation parameters 

of equation 4.4 for a wide range of ocean waters. 
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At each time step the density profile is calculated from a liner state equation by 

taking the temperature and salinity profile into account, 

p = po  + a ( T - To  ) + 0 ( S - S 0 ) 	 (4.5) 

where, in this case Po  = 1025 Kg m-3 , To  the sea surface temperature, a= -0.23 Kg 

1113 °C-I , So  the sea surface salinity value, 16 = 0.76 Kg m -3ppf 1 . 

4.1.2 Mixing 

The only artful part of such a model is its parameterization to wind mixing. This 

model is essentially the dynamic instability mixed layer model of Price et al., 

(1978), which was modified including a mixing process in the stratified fluid 

below the mixed layer (Price at al., 1986). Vertical mixing occurs in this model in 

order to satisfy stability criteria, which require that 

aP > o 
az 

for static stability, 

gAph  
Rb = 	 0.65 

Po (AV) 2  

for mixed layer stability, and 

R = 	
gap / az 	

0.25 
g  Po (aV/az) 2  

for shear flow stability. 

In the mixed-layer criterion (Equ. 4.7), h is the mixed layer depth, and d() takes 

the difference between the mixed layer and the level just beneath. The first one 

(Equ. 4.7), a condition for static stability that models convection, and the second, 

(4.6) 

(4.7) 

(4.8) 

72 



a condition for mixed layer stability, is mean to emulate the entrainment process. 

These two conditions create a slab-like mixed layer with a sharp discontinuity at 

its base. The last condition is for shear-flow stability, and the resulting jump at the 

mixed layer is gradually partially mixed until this condition is satisfied. This 

creates a transition layer beneath the mixed layer connecting it to the ocean 

interior. 

4.2 	Sensitivity Analysis 

4.2.1 Model sensitivity with surface forcing 

Sensitivity of model to different atmospheric forcing is carried out for the water 

type-I, since yearlong model run has performed with in-situ forcing parameters 

obtained from US data buoy (explained later part of this chapter) deployed by 

Woods Hole Oceanographic Institution in deep, type-1 water, the geo-location is 

shown in fig. 4.1. 

Wide ranges of forcing parameter are considered for sensitivity analysis. For 

example wind speed varied from 3ms -1  to 12ms-1  in steps of lms-1 , Total heat loss 

(Tloss) from -120Wm -2  to -30Wm-2  in steps of 10Wm-2, and the noon radiation 

(Prad) from 400Wm -2 to 1000Wm-2  with an increment of 50Wm -2 . Assuming that, 
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Fig. 4.1: Geo-location of the surface mooring is indicated by shaded triangle. Deployed 
off the coast of Oman along the climatological axis of the Findlater Jet from October 
1994 to October 1995. 

this parameter range covers the dynamic range over the study region. Figure 4.2 

shows the sensitivity analysis results (Fig. 4.2a for wind speed, Fig. 4.2b for 

Tloss, and Fig. 4.2c for noon radiation). The values assigned for the biologically 

dependent attenuation parameters (dimensionless constants, long-wave, and short-

wave extinction coefficients) are 0.62, 0.6 m, and 20 m. The changes in mixed 

layer depth found high (10m — 40m) for wind speed (3ms' — 12ms -1 ), also for this 

parameter the mixed layer depth showed a positive and linear response (Fig. 4.2a). 

In case of noon radiation mixed layer depth ranges from 45m to 50m and its 

response is slightly negative for this parameter. A less variation (39m — 43m) of 

mixed layer depth with a positive response is observed in case of total heat loss. 

Table 4.1 shows the percentage reduction of mixed layer depth with these 

parameters. The percentage reduction is calculated as follows; 
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Fig. 4.2: Model sensitivity curves: variation of MLD with varying Wind speed (a), total 
heat loss (b), and noon radiation (c). 

Percentage reduction =( ( (ref _val -Value)/ 
ref _val)*100 (4.9) 

The ref val is the model mixed layer depth derived for the noon radiation, total 

heat loss, and wind speed forcing of values 1000Wm -2, -120Wm -2, and 12ms -I 

 respectively. The model results with different forcing conditions are tabulated in 

table 4.1a, b, c namely for varying total heat loss, noon radiation and wind speed 

by assigning fixed values to the remaining parameters. The fractional reduction of 

mixed layer depth found to be more for wind speed (77.35%); negative correlated 

for noon radiation (-13.59%) and total heat loss (11.38%). 
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Table 4.1a: Percentage reduction of model MLD: with constant noon radiation and wind 
speed and for var in total heat loss. 

Wind Speed 

(ms 1) 

Noon radiation 

(Wm-2  ) 

Total heat loss 

(W/ 

Model MLD Percentage 

reduction (%) (m) 

12 1000 -120 44.2 Ref val 

12 1000 -110 43.9 0.68 

12 1000 -100 43.3 2.03 

12 1000 -90 42.7 3.39 

12 1000 -80 42.3 4.30 

12 1000 -70 41.0 7.24 

12 1000 -60 41.0 7.24 

12 1000 -50 40.83 7.62 

12 1000 -40 39.87 9.80 

12 1000 -30 39.17 11.38 

Table 4.1b: Percentage reduction of model MLD: with constant total heat loss, wind 
speed and for varying noon radiation. 

Wind Speed 
(ms-1) 

Noon radiation 
(Wm-2) 

Total heat loss 
(Wm 2) 

Modeled MLD Percentage 
reduction (%) (m) 

12 1000 -120 44.2 Ref val 

12 950 -120 46.88 -6.060 

12 900 -120 47.29 -6.990 

12 850 -120 43.75 1.010 

12 800 -120 47.08 -6.510 

12 750 -120 44.58 -1.000 

12 700 -120 45.63 -3.240 

12 650 -120 46.04 -4.160 

12 600 -120 43.54 1.500 

12 550 -120 48.75 -10.30 

12 500 -120 47.92 -8.420 

12 450 -120 49.16 -11.22 

12 400 -120 50.21 -13.59 
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Table 4.1e: Percentage reduction of model MLD: with constant total heat loss, noon 
radiation and for vareinQ wind speed. 

Wind Speed 
(ms-1 ) 

Noon radiation 
(Wm.2) 

Total heat loss 
(Wm 2) 

Modeled MLD 
(m) 

Percentage 
reduction (%) 

12 1000 -120 44.2 Ref val 

11 1000 -120 42.08 4.80 

10 1000 -120 34.58 21.76 

09 1000 -120 30.42 31.18 

08 1000 -120 27.08 38.73 

07 1000 -120 23.96 45.79 

06 1000 -120 19.37 56.18 

05 1000 -120 15.21 65.60 

04 1000 -120 12.50 71.72 

03 1000 -120 10.01 77.35 

4.2.2 Sensitivity to ability of solar penetration 

Just like the atmosphere, seawater simultaneously absorbs and scatters solar 

radiation. Absorption mainly consists of conservation of radiant energy into heat, 

the remaining part of the absorbed energy being involved in chemical reactions; 

however this part is of the order of 0.1% (Alexandre, 1977). It has been 

recognized that absorption of solar radiation and the resulting local heating within 

the upper ocean are strongly influenced by chlorophyll concentration (e.g. 

Ivanoff, 1977; Simpson and Dickey, 1981a,b; Simonot et al., 1988; Lewis et al., 

1990; Large et al., 1994; Morel and Antoine, 1994). Sathyendrahath et al., (1991) 

demonstrated a significant biological impact on the Arabian Sea's sea surface 

temperature. Figure 4.3 shows the theoretical path-length of solar radiation for 

Jerlov waters and computed by using equation 4.4. 
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In case of type-1 water the solar radiation penetrates to a greater extent, even 1% 

of irradiance value has found at 200m depth or so (the depth scale is truncated to 

55m). For the other water types the irradiance attenuates to a shallower depth and 

thus affecting the nature of thermocline. Hence keeping the penetrative profile of 

solar radiation to constant path-length (traced in type-1) will create more error in 

the temperature, density and the model computed mixed layer depth. 

Value of irradiance (lad 

Fig. 4.3: Path length of solar radiation in different water type. Numbers represents in 
corresponding to those given in table 4.2. 

The effect of change in water type on heating of model mixed layer with varying 

water types, whose values of dimensional constant, coefficient of shortwave 

extinction and longwave extinction are given in table 4.2. The surface 

meteorological conditions are kept constant, the noon radiation to 1000Wm -2 , the 

total heat loss to -120Wm -2, and wind speed to 12ms -1 . This sensitivity analysis 

for reduced surface forcing conditions is not carried, since the realistic situation 
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may corresponds to winter condition in case of radiation fields for Indian Ocean. 

In this season, the convective mixing dominates the mixed layer deepening and 

also the depth of convection is greater than the depth of biological heating. To an 

outcome, the highest mixed layer depth (46.88m) is found for water type-1, and 

lowest is noticed for water type-1 (B). The table 4.2 depicts the result. 

Table 4.2: Model computed result under unified forcing condition in different water 
types. 

Water type 
Dimensional 
constant R 

Longwave extinction 
coefficient 4-1  (m) 

Shortwave 
extinction 

coefficient 4-2  (m) 
MLD (m) 

I (1) 0.58 0.35 23 46.88 
IA (2) 0.62 0.60 20 42.71 
IB (3) 0.67 1.00 17 41.67 
II (4) 0.77 1.50 14 43.54 
III (5) 0.78 1.40 7.9 42.50 

4.3 Yearlong model computation and comparison with in-situ 

observations 

Yearlong hourly data sets of both the atmospheric as well as the oceanographic 

data collected from US data buoy by Woods Hole Oceanographic Institution 

during October 1994 — October 1995 is used to investigate the model 

performance. The accuracy of the parameter was reported by Weller et al., (1998). 

4.3.1. Overview of Atmospheric data 

The buoy atmospheric observations over central Arabian Sea are shown in figure 

4.4. The mooring was deployed long before the start of the winter northeast 

monsoon. The dominance of two monsoon seasons over the site can be 

demarcated well from the observations, each with dramatically different forcing. 
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After an initial storm in late October (which is noted by spikes in the wind speed 

and in solar radiation) the first few months of the deployment are dominated 
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Fig. 4.4: Measured radiative flux observations over the buoy time span. 

monsoon. Wind speed is moderately strong (from 5ms -I  to 10ms-1 ) during this 

period. But they were not completely steady, showing variations, with periods of 
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higher winds lasting about five days appearing approximately every 15 - 20 days. 

Though the recorded sea surface temperature dominated over air temperature, the 

air temperature and sea surface temperature both dropped during northeast 

monsoon. The solar radiation slightly reduced due primarily to the winter season 

and finally the reduced levels of downwelling longwave radiation are in keeping 

with the low cloud cover and relatively low moisture in the atmosphere. From 

February through May 1995, the air temperature and sea surface temperature both 

scaled-up, with evidence of strong diurnal heating. The southwest monsoon 

dominated the record from May through the end of September 1995, although the 

starting date of the southwest monsoon is difficult to restrain, certainly at the 

beginning of May, the stronger (up to 10ms -1 ) and steady southwesterly direction 

of the winds prevailed. By the second week of June, however, the southwest 

monsoon has reestablished itself, and does not relinquish its hold until end of 

September. Wind speeds were strong, ranging from 10ms -1  to 15ms-1 , with gusts 

up to 18ms-1 . The air temperature and sea surface temperature again drops. The 

sea surface temperature is much colder than the air temperature over this period. 

The incoming solar radiation record is sharply reduced, in part due to the natural 

yearly cycle, which has two peaks in the tropics, but primarily showing influence 

of clouds. The record ends going into another inter-monsoon period with relaxed 

wind, and repeating the cyclic nature of air and sea surface temperature record. 

The daily averages of air-sea heat flux and momentum are shown in figure 4.5. 
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Fig 4.5: Meteorological observation over the buoy time span. 

During the northeast monsoon, a combination of factors led to a net heat loss from 

the Ocean. Possibly due to the strongest latent heat loses driven by the moderate 

flow of dry air over the sea surface, the net shortwave heat flux is weak and the 

strong net longwave heat flux. The heat loss may be modulated with the 

characteristic modulation of wind speed. This can also clearly be seen in the wind 
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stress record, as broad peak of wind stress approaching 0.2Nnf 2  are following by 

periods of reduced wind stress. As mentioned before, a net heat loss at this site 

has been reported during the southwest monsoon (Hastenrath and Lamb, 1979), 

although this is disputed by other climatologies. The record shows that at the 

mooring site, the net heat flux stays positive for the majority of the southwest 

monsoon season. 

4.3.2. Over view of oceanic response and Mixed Layer Depth 

Resembling the atmospheric record, the density and temperature records over 

depth are dominated by the two monsoon seasons. The dominant signal in the 

mixed layer is the twice-annual cycle of deepening and shoaling. This striking 

feature of the upper ocean deepening and cooling of the mixed layer over the 

central Arabian Sea during southwest and northeast monsoon seasons is unique 

among the world oceans (Rao et al., 1989). Owing to the combined action of cold 

continental air blow over the sea surface and positive wind stress curl (during 

January 1994 and beginning of April 1995), which favors convective, overturning 

of surface waters with water beneath the surface, the characteristic water 

temperature up to 120m depth get adjusted between 24 °C to 26°C and 

corresponding density is ranging from 23 to 25 in o scale (Fig. 4.6). Subsequently 

quashes the seasonal thermocline in each winter season with permanent 

thermocline. Intense solar heating and moderate surface wind forcing 
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Fig. 4.6: Upper ocean thermal and density response to surface forcing. 

during summer season favors for the formation of seasonal thermocline during 

austral spring season. During the observational period the seasonal thermocline 

with unified water temperature of 30 °C - 32°C is observed at the bulk level of 30m 

— 40m depth. The seasonal thermocline region characterized with density of 

23.5 at . The magnified winds over Arabian Sea strengthen the mixing and mixed 

layer depth further deepens. The mixed layer depth computed from the density 

profile is near about 80m (Fig. 4.7). An alternate explanation for the deepening of 

mixed layer depth during this period had given by Bauer et al., (1991), who 
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Fig. 4.7: Estimated MLD and the parameter concerned for its variation. 

proposed that shoreward of Findlater jet pulls the thermocline closer to surface 

leading to open-ocean upwelling, and shallower mixed layers, while on the 

offshore side wind stress curl-driven downwelling leading to deepen the mixed 

layers. 
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4.3.3 Model performance for these observations 

The model forcing parameters are averaged on daily basis, which is in identical to 

the model run with satellite winds/reanalysis fields for the years 1990 - 1996. In 

the model, all the input parameters are linearly interpolated to model time step (15 

minutes) and the radiation input in accordance to equation 4.10. The initial 

temperature and salinity profile are taken from Levitus climatology and the model 

is initialized at the beginning of each month. The biological dependent 

coefficients are considered to type-1 ocean waters. The model output and in-situ 

mixed layer depth are averaged on daily basis. Figure 4.8 shows both the model 

derived and observed mixed layer depth over the site. Both the observation and 

model results captured the twice-yearly deepening of mixed layer to the surface 

forcing. Model trend matches well with in-situ values during the initial period of 

Fig.4.8: Comparison of model with buoy observations MLD. Solid line corresponds to 
the buoy observation, and the dashed line corresponds to model output. 

deployment up to December-1994 and subsequently model mixed layer depth 

deepens, but deepening is less compared with observations till third week of 

March. The second deepening of model mixed layer depth follows in agreement 
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to in-situ mixed layer depth with bias of —10m. During second and third weeks of 

August the bias is increased nearly to 40m - 60m. 

4.4. Remote sensing parameters in Mixed Layer computation 

Few assumptions were made to quantify remote sensing/re-analysis parameters 

into the model computation. They are; 

(1) The solar heating on the sea surface follows a cosine pattern 

(2) Wind speed is constant over a day 

(3) Total heat loss from the surface is uniform throughout a day 

(4) Classification of water type based on chlorophyll concentration. Thus 

the above classified oceanic region is assumed for the treatment of 

seawater turbidity, suspended sediments, and biodegraded yellow 

substances 

4.4.1. Diurnal variation of model forcing parameters 

One-day profile of diurnal variation of the surface radiative forcing and wind 

speed is given in the figure 4.9 for the day (20 th  October 1994). Of these the 

surface ranges from -400Wm -2  to -350Wm-2, maximum heat loss observed at the 

middle of the day. Neglecting this part it may be concluded that total loss is 

uniform in a diurnal cycle. Wind speed shows a minimum value towards the 

beginning of the solar cycle, 2.5ms -I , and maximum in night, 5ms -1 . For further 

model investigation only daily winds were considered, even though it has a 

significant variation in diurnal cycle. Since most of these parameters are available 

from remote sensing platforms/re-analyzed fields it is possible to assume the 
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Fig. 4.9: Typical one-day diurnal cycle of the radiative and wind forcing to the model. 
parameters only solar radiation had large variations with time. Total heat loss at 

4.4.2. Parameterization of radiative forcing 

Solar irradiance at the ocean surface at a particular time step of the model run is 

computed by fitting a cosine curve over time with noon radiation as amplitude 

factor (Fig. 4.10). Thus one day solar cycle corresponds to one cosine curve, 

keeping the first and last quadrant fit for duration of sunshine hours, the remaining 

part is assigned to night and is equated to zero (since direct solar heating from 

upper hemisphere is negligible). 
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The radiation I at the surface is computed by using equation 4.10 for a particular 

time t, by considering the noon radiation I. 

I = Io  cos 
( 211 t 

(4.10) 

 

T 

where T corresponds to 24 hours. 

N  

18 

Q max 

 

0 
12 

  

Fig. 4.10: Model solar cycle. 

Using the noon radiation on 20th October 2004 and hourly observations of 

incoming shortwave radiation for that day verify the equation 4.10. The result is 

shown in Figure 4.11. The solid line represents the observed incoming shortwave 

Fig. 4.11: Comparison of solar cycles. 
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radiation, where as the dotted line represents the derived value by using equation 

4.10. On comparison day the observed noon radiation is 1018 Wm -2 . 

Using the day average of shortwave radiation over the sea surface a solution for 

obtaining the noon solar insolation, the radiation at the ocean surface when the 

sun is at 90°  with respect to the sea surface, is given below. 

where, Ar is the average solar radiation over 24 hours. Dsh is the duration of 

sunshine hours and I°  corresponds to the noon solar insolation. 

4.4.3. Validation of noon radiation 

The above formula is (Equ. 4.11) verified with the buoy observations. The 

comparison between the in-situ and the estimated noon radiation is represented in 

figure 4.12. To better appreciate the results are shown on monthly basis. 

The over all performance shows computation is under estimating with respect to 

the actual values. The one-to-one agreement found for the months April and May 

and relation is poor for the months December, January and February in addition 

they possess nearly similar distribution. The root mean square error cited in the 

plot signifies after removal of bias. The maximum root mean square error is 

(>50Wm-2) found for the months April, July, August and October. Root mean 

square error is least during May. 
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Fig. 4.12: A comparison of in-situ noon radiation over the ocean surface to the noon 
Radiation computed from equation 4.11 using daily averaged radiation value. 

Note: CC refers to Correlation coefficient. 
Rmse refers to root mean square error after bias removal. 
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4.4.4 Parameterization of ocean turbidity 

Knowledge of the vertical distribution of solar radiation in the upper ocean is 

important for modeling the physical, the chemical and the biological processes. 

The principal physical application is modeling the heating of the upper layers by 

absorption of solar radiation. The assumption often used (eg., Denman, 1973) is 

that the downward irradiance is an exponential function of depth given by 

I = I o  e z i c 	 (4.11) 

Where I, the downward irradiance, is the radiant flux density (energy per unit area 

per unit time) on a horizontal surface due to contribution from the entire upper 

hemisphere, I°  the incident, less reflected and emergent irradiance at the surface, z 

the vertical coordinate positive upward with origin at mean sea level and C the 

attenuation length. Upward irradiance, due to back scattering, ranges from about 

0.3% to 3% of downward irradiance and is neglected assuming that optical 

properties of the upper ocean are independent on depth, a reasonable 

approximation in the surface mixed layer (Denman, 1973). 

The assumption of an exponential decay with depth is a poor approximation in the 

upper 5m of the ocean because of the preferential absorption of the shortwave and 

longwave components of sunlight. Below depth of 10m, however the assumption 

of exponential decay is a good approximation because the preferential absorption 

above left only blue-green light. These facts concerning the distribution of light in 

the upper ocean have long been known (eg., Jerlov, 1968). Another aspect of 

modeling the distribution of solar radiation is the variation of optical 
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characteristics with depth, geographical location and season. As mentioned in the 

earlier an indirect method is attempted in this work to quantify the turbidity of the 

seawater. 

4.5 Seasonal variability in attenuation coefficient and chlorophyll 

concentration over Indian Ocean 

The downwelling solar radiation heats the upper ocean; the degree of heating 

depends on the ability of its penetration or its attenuation with respect to depth. 

The space-borne ocean color sensor has the potential of giving the information on 

chlorophyll distribution. In this analysis chlorophyll concentration is used to 

classify the water type over spatially and temporal (seasonal) basis. Here coastal 

zone color scanner (CZCS) derived chlorophyll concentration used to classify the 

Indian Ocean waters. Coastal zone color scanner was the first flown sensor for the 

monitoring of the above parameter (1978-1986). Watson and Margarita, (2000) 

used Reynolds and Smith, (1994) technique for mapping the chlorophyll over 

global Oceans. In a blending method both the in-situ as well as the satellite 

information is injected inorder to generate seasonal chlorophyll concentration. 

The following pages explain the method of water type classification. 

The extinction length corresponding to blue-green light is derived from 

chlorophyll concentration after following Parsons et al., (1984) method, 

0.04 + 0.0088 chl + 0.0054 chi" 

where, chl is the chlorophyll pigment concentration. 
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The spatial and seasonal variability of chlorophyll pigment concentration (right 

panel) and thus estimated extinction length (lift panel) is shown in the figure 4.13. 

Season 1:  

Season 1 refers to the months January, February, and March. During this period, 

northwestern Arabian Sea depicted with higher concentration (>0.6mg M-3) and 

most of Arabian Sea is covered with 0.2mg m -3 chlorophyll values. The extinction 

length of shortwave component is less in correspondence to higher water 

constituents. The reverse occurs for lower values. Though the solar energy 

observed in a shallower depth, the climatic mixed layer depth maximum values 

are found over this region. Unlike Arabian Sea, Bay of Bengal shows different 

nature for this parameter. Bay of Bengal resembles with low chlorophyll 

concentration and hence higher extinction length for shortwave solar component 

are found those regions. The lowest chlorophyll concentrations are found from 

coastal zone color scanner seasonal data set over the southern Indian Ocean and 

consistent with 0.5mg M-3  and the corresponding 22  were 22m. 

Season 2:  

Season 2 refers to the months April, May, and June. A major change occurs in 

case of Arabian Sea with respect to chlorophyll and water types. The higher 

chlorophyll concentration over northwestern Arabian Sea decreased considerable 

from season 1. As a result, the extension length of shortwave component increases 

from 12m to 20m depth. Almost Arabian Sea depicted with uniform chlorophyll 
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concentration values (approximately 0.1mg m -3). Analogous to Arabian Sea, 

seasonal variability in chlorophyll is very minimal over Bay of Bengal at this 

season while compare to previous season. However there shown an indication for 

increasing chlorophyll value over regions of southern ocean. 
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Fig. 4.13 (a): Seasonal distribution of chlorophyll concentration, and short-wave 
extinction coefficient. 
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Fig. 4.13 (b): Continuation ... 

Season 3:  

The months July, August, and September are referred to season 3. Maximum 

chlorophyll values are observed in this season over Arabian Sea and are maximum 

in annual time frame. The values higher than lmg I11-3  are not shaded. The 

Somalia coast facilitated with intense upwelling and horizontal advection, which 

ultimately favor for chlorophyll growth. The biology of Bay of Bengal changes 

considerable during this season with reference to other seasons. Most part of 

coastal Bay of Bengal covered with higher chlorophyll of concentration >0.6mg 

I11-3 . The waters over southern Sri Lanka also dramatically changed in this period 
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of time. The regions south of 15 °S showed uniformity with 0.1mg m -3  values and 

corresponding k2  were 20m. 

Season 4:  

The months October, November, and December are referred to season 4. This 

season covers post southwest monsoonal and winter monsoonal time frame. The 

high biology growth over south Sri Lanka Sea is changed to normal picture. The 

aerial extent of maximum chlorophyll values over Arabian Seacoasts are 

decreased compared to season 3. Bay of Bengal bounces back to its season 1 

chlorophyll concentration values. The southern ocean regions had 0.1mg M-3  

chlorophyll values. 

4.6 Model run with constant and variable biology 

The track wind data of the ERS scatterometer winds were used to generate daily 

fields. The daily data had many gaps, which were filled in two steps: first by 

performing a 3-day running average and then, in the second stage, by filling the 

residual gaps by an inverse interpolation technique. Seasonal chlorophyll data 

derived from the coastal zone color scanner were used to account for variable 

biology in the present study. Monthly climatological data of heat loss and noon 

solar radiation at the ocean surface are taken from comprehensive oceanographic 

and atmospheric data set of Da Silva et al., (1994). 
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4.7 Validation of ERS Scatterometer Winds 

To examine how well ERS wind speeds replicate the actual winds, comparisons 

made with the surface mooring observations in the Arabian Sea. The ERS winds 

are given at a standard height, 10m, whereas the buoy data is at 3m height from 

the sea surface. Using a logarithmic approach following Mears et al., (2001), the 

data buoy measurements were first converted to 10m neutral stability wind 

speeds. Figure 4.14 shows the daily time series of these two wind products from 

   

	 ERS 	

 BUOY 

Aug Sep Oct 

   

 

NOV Dec Jan Feb Mar Apr May Jun 
1994 	1995 

Jul 

Fig. 4. 14: Time series of the daily averaged ERS scatterometer wind speed (dashed line) 
and observed daily averaged wind speed (solid line) at the mooring site (15.5 ° N and 
61.5 °  E). 
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October 1994 through October 1995. The wind speeds range from 1 to 17ms -1 

 over the period of comparison. During the southwest monsoon season (June 1995 

through August 1995), when the winds are quite strong, the ERS winds are quite 

close to the observed winds. The root-mean-square difference between the two 

series is 1.68ms-1 , with correlation of 0.88. However, there are some isolated 

peaks in both the series. However, overall the ERS wind speeds are close to the 

observations. 

4.8 Analysis of the Model Simulations 

The model ran for a period of 2 years (1994-1995), and the density profiles 

obtained were diagnosed to quantify mixed layer depth variability. For the same 

period, the model is also run without including variability in biological heating, 

i.e., with constant extinction depths of 0.6m and 20m for the red and blue-green 

components, respectively, as typical of clear water. In each of the lm layers, 

change in heat is computed from the vertical mixing of heat between adjacent 

layers as well as the solar radiation profile. At each time step (900s), solar 

radiation is absorbed according to equation (4.4) and the heat loss and fresh water 

flux are extracted from the surface. The density profile is then computed and 

adjusted to achieve static stability, if required. From these profiles, using the 

density criterion (mentioned in the previous section), mixed layer depth is 

obtained. Here mixed layer depth with constant biology is denoted by MLDcb, 

which with variable biology by MLDwb and the in-situ (based on ocean 

observations) mixed layer depth by MLDinsitu. 
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During 1994-1995, a large (-700) number of conductivity temperature depth 

observations were collected as part of Joint Global Ocean Flux Studies 

experiment in the Arabian Sea and also by the World Ocean Circulation 

Experiment program. Model results are validated with these observations. There is 

a definite improvement by including biology in to the model. The root mean 

square error reduced from 17m to 14.9m. The scatter between mixed layer depth 

simulated using variable biology and mixed layer depth from in-situ profiles has 

shown in figure 4.15. The coefficient of determination (R 2) is about 0.66. 
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Fig. 4. 15: Scatter plot of MLD simulated with variable biology versus observed MLD 
from CTD observations. 

4.9 Evolution of MLD in the Central Arabian Sea 

Figure 4.16 shows an annual evolution of simulated MLDs (with and without 

biological heating) and the observed mixed layer depth at the mooring location. 
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Also the time series of extinction depth derived from the coastal zone color 

scanner chlorophyll maps and wind speed showed in the same figure. The reason 

for plotting these two parameters is to see the relative importance of biological 

heating and wind speed on mixed layer depth. Mixed layer depth clearly shows a 

semi-annual oscillation: (1) one maxima during January—March due to convective 

mixing because of winter cooling (Shetye, 1986; Rao and Mathew, 1990; Rao and 

Sivakumar, 1998), where there is not much effect of wind and biological heating, 

and (2) a second maxima during July and August, where there is competitive 

effect of high winds and high chlorophyll abundance. The extinction depth is very 

small (12m) during July and August, due to high chlorophyll content. This is in 

agreement with the earlier finding by Sathyendranath et al., (1991). In the Arabian 

Sea, chlorophyll concentration peaks in August (3mg m -3 ) due to the summer 

plankton bloom induced by coastal upwelling. A higher abundance of chlorophyll 

increases the absorption of solar radiation and heating rate in the upper ocean, 

resulting in decreasing the mixed layer thickness (Babu et al., 2003). Although the 

pigment concentration is high during July, the mixed layer depth is deep; this is 

due to the high wind speed leading to higher turbulence and increased mixed layer 

depth. However, during August, due to a drop in wind speed, the effect of 

biological heating overcomes the wind mixing effect, which leads to shallow 

mixed layer depth (Babu et al., 2004). Here, MLD wb values are very close to 

MLD in situ, whereas the same is not brought out in MLD eb . In the month of March, 

there is a large discrepancy between simulated (constant and variable biology) and 

observed mixed layer depth. A sudden deepening in the mixed layer depth 
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Fig. 4. 16: (a) Annual changes of MLD at the central Arabian Sea (15.5 °N and 61.5°E) 
simulated from model with constant (dashed line) and varying biology (solid line), and 
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occurred around mid-March in the observations. MLD, I, becomes deeper, but 

toward the end of the month, whereas MLD eb  remains shallow throughout March. 

This lag of around 15 days in the simulated mixed layer depth with variable 

biology is definitely not due to the chlorophyll effect. Also, the mooring data 

demonstrated that this is not a period of strong advection. It may be that heat flux 

has a role to play here; however, the reason for this lag is not clear. Overall, there 

is a reduction in the root mean square error from about 15m to 12m in mixed layer 

depth at the buoy location after the inclusion of the seasonal chlorophyll data in 

the model run. 

Fig. 4. 17: Monthly averaged mixed layer depth at the central Arabian Sea (15.5 °N and 
61.5°E) simulated from model with constant and varying biology. Also shown is the 
MLD from in-situ observations. 
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Since seasonal mean chlorophyll data were used to model the effect of biological 

heating, it is thought appropriate to compare simulated MLDs with observed 
• 

values on a monthly averaged basis. Figure 4.17 shows the time series of monthly 

averaged MLDinsitu, MLDcb, and MLD Wb . As it can be seen, the maximum 

impact of biological heating is observed during August and September, and 

overall, there is a definite improvement in the model-simulated mixed layer depth 

when variable biology is used. The next section extends the study to the entire 

tropical Indian Ocean by examining the differences in the two simulations 

(MLDcb  and MLDWb). 

In the previous sections it had shown that at the Woods Hole Oceanography 

Institution data buoy location; MLD Wb  is closer to MLD ins itu than MLDcb . For this 

reason, it will be appropriate to investigate the temporal and spatial characteristics 

of the difference between the two mixed layer depth estimates in detail. In Figure 

4.18, we present the difference between the two MLDs for 4 months (January, 

May, August, and November of 1994) representative of the winter, pre-monsoon, 

monsoon, and post-monsoon seasons. The most obvious characteristic is that the 

difference is less than 10 m at most of the places in Tropical Indian Ocean. 

However, an exception to this is the Arabian Sea, where a large difference in the 

two estimates is seen. The differences are seasonally varying, being largest in 

August. During this season, the estimates differ by as much as 40m in the central 

Arabian Sea and also near Somalia. In May also, the two simulated MLDs in the 
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central Arabian Sea show large difference (>10m). This implies that the impact of 

biological 
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Fig. 4.18: Distribution of difference of the two MLDs (simulated using constant and 
varying biology) over the study area during January, May, August, and November of 
1994. 

heating is quite significant in the Arabian Sea. In contrast, relatively small 

differences are obtained for the Bay of Bengal. Probably other processes, in 

particular fresh water discharge, control the mixed layer depth in this region more 

than the heating due to chlorophyll. 

4.7 Summary 

The model is able to estimate the mixed layer depth on the daily averaged surface 

forcing even though the governing equations are of diurnal in nature. Sensitivity 
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analysis of the model shows wind is the most effective parameter in the evolution 

of mixed layer depth. The solar cycle is modeled from the noon radiation. The 

noon solar radiation calculated from the daily averaged net short wave radiation is 

having considerable relation with the observed noon radiation. This information 

can be extracted with the help of the analysis and the other forcing from remote 

sensing observations. 

The Arabian Sea is known as a place of especially high primary productivity, and 

so selecting constants (for Equ. 4.10) for clear water may not be true 

representative. But as the primary concern is with periods of deepening, where the 

mixed layer is generally deep enough to neglect a solar heating flux through its 

base, this is not a major concern (Fischer, 2000). It may become important in 

examining periods of restratification with shallow mixed layers. In the case of 

fairly clear mid-ocean water (type-1), which here assume holds for central 

Arabian Sea during the sensitivity analysis and one-year model computation 

period. The clarity of the ocean water leads to the solar penetration, and hence the 

heating of the upper ocean depends up on the seawater type. The information 

derived from coastal zone color scanner shows a maximum of 12m depth in the 

mixed layer depth estimation with and without the water type classification. 
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Chapter V 
Seasonal variability of mixed layer depth 



5.1 Introduction 

The study region (northern Indian Ocean) is known to be fairly dynamic 

oceanographically (Flagg and Kim, 1998; Kumar et al., 1998). Recent 

publications were concentrated mainly on upwelling during the southwest 

monsoon along the coast of Oman (Quarishee, 1984; Manghnani et al., 1998; Shi 

et al., 2000). Lee et al., (2000) have investigated the seasonal and spatial 

variability of mixed-layer depth in the northern Arabian Sea in response to 

summer (southwest) and winter (northeast) monsoonal forcing. He suggested that 

wind driven entrainment, coastal upwelling, and offshore advection are all 

important factors that determine the ocean response to monsoonal forcing along 

the Omani coast and that Ekman pumping is relatively weak. Satellite data further 

confirm that the northern Arabian Sea and Gulf of Oman are dynamic, and 

dependent, at least to some extent, on the annual monsoon cycle (Stapleton et al., 

2002). However, compared to the tropical Pacific or the North Atlantic, the Indian 

Ocean is very little understood. The tropical Indian Ocean is one of the essential 

regions where El Nino Southern Oscillation in the tropics and the Asian monsoon 

system interact (Webster and Yang, 1992). 

There are many mathematical tools available for separating the seasonal signals 

from a long-term record. Empirical Orthogonal Function (EOF) is often used for 

this purpose in the present study. Like Fourier transforms, EOFs are a mean of 

decomposing a signal into its constituents (orthogonal components). They are also 

a form of Principal Component Analysis (PCA) (Preisendorfer, 1988; Mitchum, 
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1993) of data. The method depends on finding Eigen functions of the covariance 

function of the variable, it is also called proper orthogonal decomposition (POD; 

Lumley, 1971; Berkooz et al., 1993) while Fourier transform uses universal global 

function for decomposition, EOFs use specific basic functions that are unique in 

that particular data set and therefore do not always apply to a different data set. In 

fact, often, small changes in the composition of a data set can cause significant 

change in the EOFs. EOFs constitute the most optimum means of decomposing 

(and reconstructing) a data set, made possible by the fact that they are orthogonal 

to each another. They can also be looked upon as the most efficient way of 

characterizing a time series of data set. The EOFs are an ordered set in that the 

first one contains the most variance, the second one the second most, and so on, so 

that by truncation at a particular level, it is possible to retain only the most 

essential components of the signal (and reconstitute it appropriately). Thus they 

can be used for data compression purpose as well. They are called empirical, since 

they are derived from the data set itself. They are the most efficient approximation 

to a data set possible, in the absence of any a priori knowledge of the actual 

principal components of the data set. As they are not require any a priori 

knowledge on the pattern of variability, examples of application of EOFs to 

oceanic data set Hendricks et al., (1996) and Nerem et al., (1997). EOFs analysis 

is only applicable to the time-dependent spatial fields of a single variable. Theory, 

data preparation and the results are described in the following sections. 
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5.2 Hovmoller diagram of mixed layer depth 

Hovmoller diagram (Space-time) is the best way to infer any propagating features. 

Figure 5.1 shows the zonal section of model derived mixed layer depth at latitude 

of 15°N over a longitude range from 50 °E to 70°E. This section lies in central 

Arabian Sea, which normally under goes most of the dynamic changes due to 

monsoonal wind reversal. Mixed layer depth exhibits bimodal oscillation, two 

maxima and two minima in a year. The first maximum occurs during December-

February, where the mixed layer depth as a result of convective mixing deepens 

more than 95m. However, the inter-annual variations during this time are not 

prominent. This could be due to the stable structure of mixed layer depth, which is 

affected only on a longer time scale. Stating that convective mechanism leading to 

mixing is not the same every year during this time. The second maximum of 

mixed layer depth is observed during southwest monsoon period of wind mixing 

event. One emerging difference of these two maximums is in their spatial extent. 

The first maxima (winter) covers the entire Arabian Sea (50 °E - 70°E), where as 

the second maxima has spatial coverage only up to 57 °E, starting at 70 °E. This 

could be because of the upwelling near west coast of Arabian Sea, which is very 

prominent during southwest monsoon season and leads to shallow mixed layer 

depth. Another important point to note is the merge of two maxima towards 

eastern Arabian Sea. The central Arabian Sea exhibits prominent nature of 

deepening and cooling of mixed layer. Bay of Bengal, on the other hand, also 

shows twice-yearly variations but with lesser values and also with lesser aerial 

coverage. This is because of the complex nature of different forcing, 
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Fig. 5.1: Havmoller plot of MLD over Arabian Sea and Bay of Bengal along 15 °  N. 

which affects the upper ocean thermal structure differently than Arabian Sea. The 

smaller domain of Bay of Bengal along with intense river discharge is few reasons 

for the complexity. The impact of winter cooling is seen over Bay of Bengal, over 
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this region, maximum is observed towards the western side. The second impact of 

maximum mixing is found during the summer monsoon. 

5.3 EOF analyses of MLD 

Any dynamic variable has different spatial and temporal components. The 

dynamical behavior of complex system is often dominated by interactions 

between a few characteristic 'patterns'. Hence it is essential to decompose this 

physical field into few dominant interactive patterns of different time scales. A 

standard strategy is to device a simple analog system from such complex 

dynamical system, which, nonetheless, can capture all the essential properties of 

the full system. The basic technique is: the reduced dynamical model is 

constructed by finding the optimal model, within a given model class, which best 

fits the data in a generalized least square sense. This has been accomplished using 

EOF (Empirical Orthogonal Function). The theory is taken from Hasselmann, 

(1988). 

Theory 

A physical field is described by state variables, which are functions of space and 

time. Let us have a variable X(r,t) with r denoting the spatial point and t the 

time. 

For a large system, dominant normal modes will be hard to extract. Hence, data is 

transformed to EOF space. EOFs are a set of orthonormal functions, which 

111 



completely spans the real space and are time invariant. EOFs are given as the 

eigenvectors of the covariance matrix C. 

For M spatial points, the Eigen values and eigenvector equations of the matrix C 

is written as, 

C a, = f.3i  a, 	 (i=1,2,3, 	M) 	 5.1 

where, 13 are MEigen values and ai  corresponding Eigen vectors. 

Sum of the Eigen values is equal to the total variance of the field X(r,t) ie., 

M 
joi  tr(C) 
	

5.2 
i=1 

tr(C) is the trace of matrix C and is defined as the sum of the diagonal elements of 

matrix C. 

The EOFs are defined as the Eigen vectors (ai's) of the covariance matrix C. 

Hence, the data set X(r, t) may be expanded as, 

M 
X (r ,t) = Efli (t )a ( r ) 

i=1 
5.3 

If now, we truncate EOF-space to n dimensions, (which will preserve most of the 

variance, while removing the noise), 

X (r ,t) ==> x(r ,t) = 	(t )a ( r ) 	 5.4 
i=i 

The Eigen value f3i describes the variance associated with the ith  empirical 

orthogonal function ai. If (Bi, i=1,2,...,n) are arranged in decreasing order, the first 

empirical orthogonal function accounts for most of the total variance, the second 
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empirical orthogonal function accounts for most of the variance in the field 

excluding the first empirical orthogonal function, and so on. An empirical 

orthogonal function gives the description of the space structure of the physical 

field and the corresponding Eigen value indicates how much variance is explained 

by this empirical orthogonal function. 

Data preparation 

Empirical orthogonal function analyses need the data in a specified format. This 

section describes how the data sets have been prepared. Seven years (1990-96) of 

model derived mixed layer depths have been used to extract few dominant 

patterns using empirical orthogonal function technique. The study area is divided 

in to two regions, one in AS and the other in Bay of Bengal. The grid spacing is 1° 

x 1° and 5 days in longitude, latitude and time, respectively. The length of the 

time series is 510 (corresponding to 2550 days with 5-day interval). 

In order to extract oceanic signals of the desired frequencies, the data set is 

filtered. Here the Fourier filtering by finite Fourier transformation (Gallagher et 

al., 1991) used, with defined four filtering parameters P(max), P 1 , P2 and P(min) 

with cosine tails, this reduces the noise level. 

0, 	 if v<vrnax 

(1 +cos[g(v-vi)/(vp-v, n,,)11/2, 	if vmax<v<v1 

G(v) = 1, 	 if v i<v<v2 	 5.5 

(1 -cospz(V- V,n in)/(Vni in -  V2)11/2, 	 if v2<v<vrnin 

113 



0 , 

	 if vmin>v 

where, vinin 1/P _ min , Vmax ----- 1/Pmax, 

The time filter to smoothen MLDs has shown schematically in figure 5.2. 
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Fig. 5.2: The time filter used to smooth the high frequency and delete the low frequency 
components in the data. 

5.3.1 EOF over Arabian Sea 

In order to extract patterns shorter than a year, a band pass filter has to be applied 

on the physical fields. Here a band pass filter parameters of P(min) = 45, P(1) = 

60, P(2) = 185 and P(max) = 205 days were chosen in separating the signals of 

this period. The EOFs obtained with the filtered data have been arranged so that 

the Eigen values are in decreasing order. 

Interpretation of univariant pattern is straightforward. Positive and negative lobes 

are present in the spatial EOFs patterns. In regions in the same sign, temporal 

variations are in phase; in those with opposite signs they are out of phase. Often 

two successive EOFs show similar patters, but they are out of phase in one 

compared to the other. These indicate oscillating features. Naturally, areas of large 
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amplitudes are also regions of large temporal variability (Kantha and Clayson, 

2000). 

First two EOFs explain about 84.1% of the variance in the band pass filtered data 

set with first EOF explaining about 74.7%, and second explain 9.4% of the total 

variance in the filtered mixed layer depth. Figure 5.3 shows the time series as well 

as spatial pattern of the first two modes, these EOFs have semiannual periodicity, 

which is clearly represented in coefficients time series (Fig. 5.3a,b). Among them 

the variations in coefficient of mode-1 is maximum ranging from —600 to 600, and 

the other has variations from —200 to 200. The first mode (Fig. 5.3c) shows the 

empirical orthogonal function spatial variation over Arabian Sea. The spatial 

distribution of the first empirical orthogonal function is characterized by the 

opposite signs in mixed layer depth between north east of central Arabian Sea and 

10°  parallel to this. Earlier one with strong negative value of —9 and maximum of 

2, these values are units of 10 -2 . The more interesting feature of both the signal is 

they are parallel to one another with almost unified value. Arabian Sea negative 

coefficient of mode-1 empirical orthogonal function (-400) occurs on each 

February and July, coefficient of positive values occurs during April and 

September of each year. The mixed layer depth can be reconstructed by using the 

coefficients of time series and the spatial distribution values. Hence so over the 

strong negative regions of empirical orthogonal function first mode, mixed layer 

depth reconstruction values will have maximum during February and July when 

added with mean mixed layer depth of the matrix. Thus this feature is an indicator 
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Fig. 5.3: EOF over Arabian Sea. 

of strong convective mixing, which deepens mixed layer depth to a depth of 

permanent thermocline, during winter season with strong intensification in 

February. Also the second during July, is a feature of strong 

wind mixing whose strength of penetration is limited and not equal to the winter 

period. Over the same region minimum values are centered at April and 

September of each year. Zero value of empirical orthogonal function keeps 
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minimum variation of mixed layer depth throughout a year. Along Equator at 

65°E maximum mixed layer depth seen during the transition months, this is due to 

the Wyrtki Jet flow which intensifies during this periods. First maxima occurs in 

April, this is due to the eastward flow of equatorial jet which deepens mixed layer 

depth along its direction, and reversal during September and hence there are two 

peaks in mixed layer depth values over this region in a calendar year. The 

deepening of mixed layer depth due to the formation of the equatorial jet can be 

identified in mode-2 of EOF (next dominative mode of variability). The 

contribution of next dominative mode (mode-2) is maximum during the month 

March along the near equatorial belt (from 50 °E to 67.5 °E). After March the 

strength of equatorial jet increases and subsequently this variation could lead to 

the intensification of mixed layer depth, which mired at mode-1. This is because 

of the establishment of a strong eastward jet within a few degrees of the equator in 

the central and eastern portions of the ocean. This arises in direct response to the 

moderate equatorial westerlies of the transition period, as noted by Wyrtki, 

(1973). The strong ocean response to these moderate winds is due to the efficient 

with which zonal winds drive zonal currents near the equator, where Coriolis 

force is weak. 

5.3.2 EOF over Bay of Bengal 

The time domain for band pass filter parameters are P(min) = 45, P(1) = 60, P(2) 

= 185 and P(max) = 205 days were chosen in separating the signals of this period 

as in the case of Bay of Bengal. The EOFs obtained with the filtered data have 
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been arranged so that the Eigen values are in decreasing order. Figure 5.4 explains 

time series variation EOFs coefficients and its spatial distribution for mode —1 and 

mode —2. 

First two EOFs explain about 80.9 % of the variance in the band pass filtered data 

set with first empirical orthogonal function explaining about 69.8 %, and second 

explains 11.1 % of the total variance in the filtered mixed layer depth derived 

from model, these EOFs have semiannual periodicity, which is clearly represented 

in coefficients time series (Fig. 5.4a,b). Even though the obtained signals are 

semiannual dominant in first mode, they are less in magnitude over the values 

obtained over Arabian Sea. Among them the variations in coefficient of mode-1 is 

maximum ranging from —200 to 200, and the other has variations from —60 to 75. 

The spatial distribution of the first empirical orthogonal function is characterized 

by maximum aerial coverage of negative signs in mixed layer depth except few 

near coastal areas. All the values are of unit 10 -2 . At the central Bay of Bengal 

large negative values accumulation is observed. Arabian Sea negative coefficient 

of mode-1 empirical orthogonal function (-200) occurs almost similar time of 

occurrence as Arabian Sea (February and July of each year), coefficient of 

positive values occurs during April and September. 

Figure 5.4 shows the time series plot of empirical orthogonal function coefficients 

over Bay of Bengal, which is lesser in magnitude than Arabian Sea. The first two 
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Fig. 5.4: EOF over Bay of Bengal. 

in all the two modes. Over Bay of Bengal negative coefficient of mode-1 

empirical orthogonal function (-200) occurs on each February and July, 

coefficient of positive values occurs during April and September of each year. 

The convective mixing during winter season, which deepens mixed layer depth to 

a depth (65m) lesser in compare to Arabian Sea. Over the same region will have 
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minimum values centered to the months April and September; this corresponds to 

the minimum mixed layer depth values during transition periods. In July Changes 

that have occurred in the Bay of Bengal are most visible in the spatial distribution 

of second empirical orthogonal function, which shows deepening along the 

eastern boundary of the Bay. The northeast monsoon weakened considerably by 

this time, and most of the circulation in the northern ocean is remnants of flows 

that were generated earlier. 

5.5 Summary 

The seasonality of mixed layer depth is studied by using empirical orthogonal 

function as a tool for extracting the information by applying band pass filter. 

Arabian Sea and Bay of Bengal the resemblance of EOFs coefficient and its 

spatial distribution are different, indicating the different dynamical nature of these 

regions. Over Arabian Sea first two EOFs explain about 84.1 % of the variance 

(74.7 % and 9.4 % for first and second mode of EOF). The presence of 

semiannual periodicity is clearly represented by empirical orthogonal function 

coefficients time series. Among them the variations in coefficient of mode-1 is 

maximum ranging from —600 to 600, and the other had variations from —200 to 

200. The spatial distribution of the first empirical orthogonal function is 

characterized by the opposite signs in empirical orthogonal function between 

north east of central Arabian Sea and 10 °  E parallel to this. This is because of 

strong convective mixing, which deepens mixed layer depth to a depth of 

permanent thermocline, during winter season with strong intensification in 
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February. Also the second during July of strong wind mixing whose strength of 

penetration is limited and not equal to the winter period. Over the same region 

with minimum values centered to the months April and September of each year. 

During the transition period deepening along the near equatorial belt is observed 

in mode —2 of empirical orthogonal function spatial pattern. During April 

eastward flow equatorial jet, which deepens mixed layer depth along its direction, 

and reversal during September, and hence there were twice peak in mixed layer 

depth values over this region in a calendar year. Over Bay of Bengal the obtained 

signals are semiannual dominant in first mode they are less in magnitude over the 

values obtained in Arabian Sea. Among them the variations in coefficient of 

mode-1 is maximum ranging from —200 to 200, and the other of from —60 to 75. 

The spatial distribution of the first empirical orthogonal function is characterized 

by maximum spatial coverage of negative signs in mixed layer depth except few 

near coastal areas. The influence of monsoonal wind in deepening the mixed layer 

depth over Bay of Bengal is observed at 90 °E; 12.5°N even though the time of 

occurrences are same as Arabian Sea, the scale of mixed layer depth variation is 

less. The second deepening of winter cooling is very well observed over this 

domain. The same region will have minimum values centered to the months April 

and September; this is due to the minimum mixed layer depth values during 

transition periods. In July Changes that have occurred in the Bay of Bengal are 

most visible in the spatial distribution of second empirical orthogonal function, 

which shows deepening along the eastern boundary of the Bay. 
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Chapter VI 
Conclusion 



The response of the ocean mixed layer to surface forcing that are derived from 

remote sensing observation/re-analysis fields is investigated for the years 1990 — 

1996 over the northern Indian ocean spanning from 30 °E to 120°E longitude; — 

30°N to 30°N latitude. The upper ocean mixed layer is the link by which the 

atmosphere and ocean are coupled. The form and the strength of mixing are 

important to concern such as the fluxes of heat, gases, nutrients, and for the 

growth/health of marine life. Improved understanding of these processes depends 

in some measure on our prior knowledge of the mixed layer and the variability 

surface forcing parameters. The dynamics of the mixed layer are influenced by 

numerous factors, among them solar heating, surface heat loss, turbulent and 

convective entrainment, horizontal heat flux divergences (advection), and vertical 

advection induced by Ekman pumping or associated with mesoscale flows. 

Mixed layer dynamics has bearing on the exchange of heat and fresh water 

between the atmosphere and the ocean. By absorbing, transporting and 

exchanging heat with the atmosphere, this layer affects weather and climate. The 

most well known example of this is the El Nino phenomenon in the equatorial 

Pacific Ocean. The sharp gradient in temperature and density below the mixed 

layer, its variation affects acoustic propagation in the horizontal range. Its 

dynamics play an important role in chemical, biological activity. This layer also 

probably has a bearing on the cyclogenesis. 
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Conventionally, this layer has been studied using the temperature and salinity 

profiles from the observations of ship and/or data buoys. Due to the limitations of 

the in-situ observations of such profiles, the variations in the mixed layer depth 

could not be studied extensively both in space and time domain. On the other 

hand satellite remote sensing with synoptic and temporal coverage has 

significantly helped in overcoming the difficulty of sparse sea truth measurements 

and thus giving an opportunity to study this phenomenon through the surface 

parameters affecting it. 

Theoretically these processes are investigated in this thesis under four different 

categories namely radiative forcing, wind forcing, penetration of solar radiation 

and evapo-precipitation. The mixing of upper ocean is treated by radiative mixing 

(buoyancy aided convective mixing) and wind forced mixing. These mixings are 

well resolved by ocean mixed layer model. The basic families of different models 

explained in chapter 2. 

The spatial and temporal distribution of climatic mean monthly surface 

parameters is in agreement with the different physical processes cited above is 

discussed in chapter 3. For example sea surface height is due to thermal expansion 

of the ocean by a process of radiative forcing into the upper ocean and also 

associated with convergence and divergence of waters (by wind forcing) and thus 

increasing the water temperature. The net heat gain is in association with 

penetrative and non-penetrative solar radiative forcing components at the ocean 
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surface. The evaporation minus precipitation is in contest of evapo-precipitation 

process. Some place of time individual parameters dominated the mixed layer 

evolution thought mostly mixed layer is influenced by many parameters. 

Further to model these surface parameters and processes an 1-dimensional mixed 

layer model of Price, Weller and Pinkel is used. The model equations are diurnal 

in nature and sensitivity analysis showed that the model is much sensitive to wind 

speed under constant heat loss and profile of incoming shortwave radiation at the 

surface of a particular day. Wind speed showed a maximum percentage reduction 

of 73.35% for varying winds (12ms-I  — 3 ms-1 ), -13.59% for varying noon 

radiation (1000Wm -2  — 400Wm-2), and 11.38% for varying total heat loss (- 

120Wm-2  — -30Wm -2). Here varying noon radiation means changing the nature of 

incoming shortwave radiation at the surface for a day. The range of parameter 

values is given in parenthesis. 

Interestingly the model computation showed approximately 5m variations in 

mixed layer depth while varying the water type with higher meteorological 

forcing conditions. This exercise is not carried out for low met-forcing conditions, 

since in realistic situation the lower meteorological forcing condition may 

corresponds to winter season where the depth of convection is greater than the 

influence depth of biological heating. 
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The model performance with buoy observations is explained in section 4.3.3. A 

large different between the observed and model derived mixed layer depth is 

found during late December 1994 to mid March 1995 and approximately 20m 

difference during second deepening of mixed layer. However the model over 

estimated the second event of deepening and under estimated the first. In an 

average basis the model could able to predict mixed depth with known initial 

fields and surface forcing conditions. The model ambiguity could be attributed to 

the model initialization with Levitus 1982 climatology in case of first event, 

where convective mixing dominates. The second due to the ill treatment of 

advection and enhanced biological activity 

In order to address the limitations of 1-Dimensional model performance and also 

to use the satellite/re-analysis observations the following methods are considered 

and results are also validated with available observations. They are; 

(1). The solar heating on the ocean surface follows a cosine pattern 

(2). Wind speed is constant over a day 

(3). Total heat loss from the sea surface is uniform throughout a day 

(4). Classification of water type based on seasonal chlorophyll concentration 

values 

The first assumption is validated using 10 th  October 1994 hourly observations. 

Then the cosine factor is multiplied with noon radiation to get the radiation value 

at any given model time. Hence to parameterize noon radiation in to the model we 

need to convert the daily average incoming shortwave radiation, which is 
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available from reanalysis to noon radiation. Here a methodology is devised to 

compute the same and validated with buoy observations. Higher than 50Wm -2  root 

mean square error is observed for the months April, July, August, and October 

with a confidence level of more than 90% and the error is less in may. Model 

sensitivity for such error shows very less impact on mixed layer depth. Though 

the total heat loss and winds showed diurnal variations, the variability is much 

closer to mean values. Hence we can treat the model is capable of giving better 

day average mixed layer depth rather than on diurnal scale. The seasonal 

chlorophyll concentration derived from coastal zone color scanner is used to 

classify the Indian Ocean waters up to five types in accordance to Jerlov water 

types. The method of water classification is elaborated in section 4.5. 

With the above assumptions, the model ran for the years 1990 — 1996 using ERS 

winds. Comprehensive oceanographic and atmospheric data set climatic total heat 

loss and average radiation and derived noon radiation, Levitus 1982 temperature 

and salinity profiles, coastal zone color scanner derived chlorophyll concentration 

are also used. The model simulations are performed for water type-1 (called 

constant biology) and Jerlov waters (called variable biology). 

The model performance in the entire Arabian Sea is assessed with joint global 

ocean flux study and world ocean circulation experiment conductivity temperature 

and depth profiles during 1994 — 1995. There is a definite improvement by 

including biology into the model. The root mean square error reduced from 17m 
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to 14.9m with coefficient of determination is about 0.66 when biology is included 

in the model computation. Further the model performance is studied at the buoy 

location with respect to its sub-surface observations of temperature and salinity 

profiles. The semi-annual oscillation in mixed layer in the mixed layer is observed 

and also model could able to pick the enhanced convection during winter season. 

Effect of biological heating of mixed layer is high during August. Over all, there 

is a reduction in the root mean square error from 15m to 12m at buoy location 

after the inclusion of the seasonal chlorophyll data in the model run. 

The temporal and spatial characteristics of the difference between the two model 

run for January, May, August, and November of 1994 showed a difference less 

than 10m at most of the places in the tropical Indian Ocean. However, as 

exception to this is the Arabian Sea, where a large difference in the two 

estimations is seen. The difference are seasonally varying, being largest in 

August. In may, the two simulations in the central Arabian Sea shown large 

difference (>10m). This implies that the impact of biological heating is quite 

significant in the Arabian Sea. In contrast, relatively small difference is obtained 

for the Bay of Bengal. Probably other processes in particular fresh water 

discharge controls the mixed layer depth in this region more than the heating due 

to chlorophyll. 

The seasonal behaviour of mixed layer depth is explained by empirical orthogonal 

function (EOF) analysis for the years 1990 — 1996. The data preparation is 
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explained in chapter 6. Over Arabian Sea, the first two EOFs explain about 84.1% 

of the total variance (74.7% and 9.4 % for first and second mode of EOF). The 

presence of semiannual periodicity is clearly represented by empirical orthogonal 

function coefficients time series. The empirical orthogonal function coefficients 

over Bay of Bengal were lower in magnitude than Arabian sea, explains 80.9% in 

total (69.8%, and 11.1%). 

Future scope 

1. The information of chlorophyll modulation in 3-Dimensional mixed layer 

model for five water types can be investigated. 

2. The evaporation minus precipitation processes over Indian Ocean can be 

incorporated in the mixed layer model, and this can be parameterized from 

satellite derived/re-analysis observations. 

3. The climatic seasonal resolution of chlorophyll concentration can be made 

fine resolution to monthly or weekly. 

4. Near coastal mixing can be investigated in detail by combining 

chlorophyll, yellow substance, suspended sediment, and etc. information. 

5. Forecasting method of Ali et al, 2006 can be fine-tuned with biological 

dependent coefficient of the model equations. 
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Annexu re 

The criterion for the mixed layer depth estimation used by different authors 
are; 

The mixed layer depth criteria used by researchers vary widely. Various schemes 

based on fixed temperature gradient (Ali and Sharma, 1998), fixed density 

difference (Levitus, 1982; Gopalan et al, 2000), statistical significance criterion of 

Bathen, (1972), and fixed temperature difference (Monterey and Levitus, 1997) 

have been utilized in the past. Sprintall and Tomczak, (1992) pointed out that the 

temperature criterion for mixed layer depth estimation ignores salinity effects, 

which can lead to errors of typically 10-20 m. Recently, Kara et al., (2003) made 

a detailed study of the temperature and density criterion used for defining the 

surface mixed layer of the world ocean. In regions like Bay of Bengal, where due 

to the fresh water influx, the stratification is high; the two criteria may lead to 

quite different values. Hence it is necessary to compare the different mixed layer 

depth criteria. However, the lack of adequate CTD data on longer timescales 

hampers study in Bay of Bengal. In the future, profiling ARGO floats (see 

http://www.argo.ucsd.edu/ whatisargo.html) will provide salinity as well as 

temperature profiles and make significant improvements to data availability. Here 

we compute mixed layer depth from both temperature and density profiles in 

order to assess the differences. The approach is different than the one adopted by 

Kara et al., (2003). We considered the Levitus criteria for computing mixed layer 

depth with density profiles. For this purpose, subsurface profiles from the Woods 
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Hole Oceanographic Institution (WHOI) mooring in the central Arabian Sea were 

used. 

Mixed layer depth computed from density (Levitus criteria) and temperature (0.1 ° 

 C from water temperature at the surface) profiles for the yearlong observations are 

shown in Figure app. Mixed layer depth computed from the two criteria match 

well over a large part of the mooring record. The average difference between the 

two MLDs is about 14 m. During 15 February to 15 March, the two estimates 

show large differences. In this period, mixed layer depth (computed using density 

criteria) fluctuations were also too large. This is a period of intense heating, 

leading to enhanced stratification, and shallow MLDs, which are represented well 

by the temperature criteria. However, MLDs computed with the density criteria 

show some isolated large values. It is known that salinity variations are generally 

not large in this region, and when we looked at the salinity data from this period, 

no abnormal pattern in its distribution is noted. This indicates that differences in 

the mixed layer depth estimates, computed using the two criteria, are derived from 

the different values selected as thresholds for determining mixed layer depth from 

temperature and density profiles. One point worth noting is that almost throughout 

the period, mixed layer depth is slightly deeper using density criteria than the 

temperature one. However, the results remain qualitatively the same regardless of 

the particular criterion used; that is, the time series patterns of mixed layer 

properties are equivalent. However, the differences between the two mixed layer 

depth series vary from 4 to 80m (differences are large during February—March, 

the reason for which has already been explained). This certainly cannot be 
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considered to be statistically insignificant. Hence one should be cautious in using 

the temperature criteria to define mixed layer depth. 
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Fig. app: Time series of MLD (meters) computed with density (dashed line) and 
temperature (solid line) criteria at the data buoy location in central Arabian Sea. 
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