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ABSTRACT

Climate change is an important topic, with global warming being one of its manifestations
and sea-level rise, melting of polar ice-caps, receding glaciers, ocean acidification, being
among others. In the study of climate change sea surface temperature (SST) is an important
parameter which is strongly related to air-sea interaction processes and hence would depict
climate change experienced by any part of the ocean. In the Indian Ocean, most of the studies
pertaining to the SST are focused on deciphering the seasonality and the factors responsible
for such variability. There are very few studies that examined the variability of the Indian
Ocean in the inter-annual to decadal time scales. This was the motivation for the present
study entitled “Processes controlling the variability of sea surface temperature in the North
Indian Ocean over decadal time scale”. The study had three objectives, (1) to decipher inter-
decadal variability in SST in the northern Indian Ocean, (2) to identify the factors responsible
for the observed variability, and (3) to delineate the role of El Nifio-Southern Oscillation
(ENSO) and Indian Ocean Dipole (IOD). The study domain was the North Indian Ocean
(NIO) spanning from equator to 25°N latitude and from 45°E to 99°E longitude. A suite of
ocean and atmospheric data, both in-situ as well as remote sensing data, were used. The data

used for the study period was from January 1960 to December 2011.

The Fast Fourier Transformation (FFT) of de-trended (seasonal and annual cycles) 60-month
running mean SST in showed three dominant periodicities of 3.7 year, Syear and 10 year at
95% significance level in the north Indian Ocean. The first two were of ENSO periodicity,
while the third one was decadal. Thus, the data analysis showed that decadal periodicity was
one among the dominant ones. The area-averaged 60-month running mean SST in the north

Indian Ocean, the Arabian Sea and the Bay of Bengal, all showed four distinct decadal cycles
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which co-varied with the decadal sunspot number cycles. The decadal SST cycles that were
identified with the sunspot number cycle were (1) 1964 March to 1975 June, (2) 1975 June to
1985 December, (3) 1985 December to 1995 November and (4) 1995 November to 2008
July. The spatial distribution of the standard deviation of decadal SST showed that in the

Arabian Sea standard deviation was lesser than the Bay of Bengal.

The analysis of the linear trend line and slopes of the 60-month running mean SST in the
northern Indian Ocean, the Arabian Sea and the Bay of Bengal showed that the slope and the
trend changed in all the four decadal cycles. In the 1% decadal cycle slope of the SST trend
line in the NIO showed a weak increasing trend with a value of 0.0019°C/year. In the
Arabian Sea the slope of the trend line showed a weak decline with a value -0.0011°C/year.
In contrast, the trend of SST in the Bay of Bengal showed an increase with a value of
0.0061°C/year. In the 2" decadal cycle, however, the slope of the mean SST in all the three
regions, NIO, Arabian Sea and the Bay of Bengal, showed an increasing trend with a value of

0.0153°Cl/year, 0.0143°C/year and 0.0170°C/year respectively.

In the 3 decadal cycle the slope of the mean SST in all the three regions showed a
decreasing trend with a value of -0.0049°C/year for the NIO, -0.0041°C/year for the Arabian
Sea and -0.0059°C/year for the Bay of Bengal. In contrast, in the 4™ decadal cycle the slope
of the mean SST in all the 3 regions showed an increasing slope with a value of
0.0124°Clyear for the N10, 0.0141°C/year for the Arabian Sea and 0.0101°C/year for the Bay

of Bengal.

The most striking feature and salient characteristics that emerged out of the analysis of the
area-averaged 60-month running mean SST from 1960 to 2011 was (1) a linear warming

trend, (2) presence of dominant decadal cycle riding over this linear warming trend, and (3)

vi



disruption of the decadal cycle after 1995. The slope of the linear trend line of SST for the
pre-1995 period in the Arabian Sea was lesser than that of the post-1995 period indicating an
accelerated warming in the Arabian Sea in the later period. In contrast, in the Bay of Bengal
the slope of the linear of SST for the period pre-1995 was greater than that of the post-1995

period indicating a slowdown in the rate of warming in the later period.

There were spatially and seasonally differentiated warming pattern in the Arabian Sea which
was linked spatially and temporally different ocean-atmospheric processes operating in these
regions. The accelerated warming in the post-1995 period in the Arabian Sea was closely
linked to the reduced upwelling along the Somali coast which supplies subsurface cooler
waters to the upper ocean. The reduced wind speed also contributes to the warming by
reducing the evaporative cooling. These processes in tandem with the monotonic increase in

the atmospheric CO, concentration lead to the observed accelerated warming.

In the Bay of Bengal the slowdown in the warming trend post-1995 was closely linked to the
increasing trend in the number of depressions, cyclones and severe cyclones (DCS) in the
post-1995 period. These atmospheric systems are capable of transferring large quantities of
subsurface cooler waters to the upper ocean during their life-span. This was examined using a
PWP-model forced by heat momentum and freshwater fluxes. When the model was forced by
cyclonic winds, the model produced deeper mixed layer thickness corroborating the finding
that more number of cyclonic systems in the Bay of Bengal will cool the upper ocean due to
the mixing with subsurface cooler waters. Though the increase in the DCS causes the SST to
fall, this will counteract the CO, concentration induced SST rise. As the increase in the DCS
cannot completely offset the CO, concentration induced rise in SST, the effect was

manifested as a slowdown in the observed SST warming.
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Based on the Dipole Mode Index (DMI) and the Oceanic Nino Index (ONI), the individual
years during the study period were classified into nine combinations of ENSO and 10D
states. This was used further to explore the relationship of SST with ENSO and I0D. The
most commonly occurred condition was ENSO-neutral and 10D-neutral, while EI Nino and

IOD negative did not occur at all.

The largest positive SST anomalies were in the EIl Nifio- IOD positive composite years, while
the largest negative SST anomalies were in the La Nifia- Neutral 10D and La Nifia- Negative
IOD years for the period 1963 to 1975. The largest positive SST anomalies were in the El
Nifio- 10D positive year, while the negative SST anomalies of largest magnitudes were seen
in the La Nifia- Neutral IOD and La Nifia- Negative 10D years during the period 1975 to
1986. The largest positive SST anomalies were in the El Nifio- 10D neutral years while the
largest negative SST anomalies were in the ENSO neutral- 10D negative and in the El Nifio-
IOD positive years during the period 1986 to 1995. The largest positive SST anomalies were
in the EI Nino-10OD positive and the largest negative anomalies were in the La Nina-neutral
IOD. The analysis showed that the SST anomalies were progressively increasing from the
first decadal period (1963-1975) to fourth decadal period (1995-2008) and as the anomalies

of SST become more and more positive, the influence of ENSO and 10D becomes weaker.
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(figure 3.7a), 1975 June to 1985 December (figure 3.7b), 1985
December to 1995 November (figure 3.7¢) and 1995 November to

2008 July (figure 3.7d).
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3.8

3.9

3.10

The slopes of the 60-month running mean SST (°Clyear), in the
periods from 1964 March to 1975 June (figure 3.8 a), 1975 June to
1985 December (figure 3.8 b), 1985 December to 1995 November

(figure 3.8 ¢) and 1995 November to 2008 July (figure 3.8 d).

The area-averaged 60-month running mean SST (°C) (solid line) and
trendlines (°C/year) (dashed line), from 1960 January to 2011
December and in the sunspot number cycle periods viz. 1964 March
to 1975 June, 1975 June to 1985 December, 1985 December to 1995
November and 1995 November to 2008 July, in the North Indian
Ocean (Eq.- 25 °N, 45 °E- 99 °E) (black) (Figure 3.9a), Arabian Sea
(Eq.- 25 °N, 45 °E- 80 °E) (green) (Figure 3.9b) and Bay of Bengal

(Eq.- 25 °N, 80 °E- 99 °E) (red) (Figure 3.9c).

The 60-month running mean SST (°C) (thick black line) in the
Arabian Sea from 1960 January to 2011 December, with trendlines
for the entire period (thin black line) and in the pre and post 1995
November periods (thin black dashed lines). The 60-month running

means of sunspot number (thin blue line) and carbon dioxide
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concentration (thin red line with cross marks) [D'Mello and

Prasanna Kumar, 2017].

3.11

4.1

4.2

4.3

Basin-averaged 60-month running mean SST (thickest line, black) in
the Bay of Bengal (Eg. to 25 °N, 80 °E to 99 °E), sunspot number
(thick line, blue) and carbon dioxide concentration (thick line with
cross-marks, light-blue) for the period 1960 January to 2011
December. SST trendline for the entire period of study (thin line,
black) and pre-1995 and post-1995 SST trendlines (thin dashed

lines, black) are also shown [D'Mello and Prasanna Kumar, 2016].

60-month running mean slopes (left) of wind speed ((m/s)/year), net
heat flux ((W/m?)/year) and E-P ((cm/year)/year) and their
correlation coefficients (right) with SST, in the period from 1964
March to 1975 June. Slope regions above 95 % significance levels
are shaded. 2-tailed t-statistic > |1.978|, N=136. Regions above 95 %
significance levels of correlation coefficients are shaded. r = +/-
0.169, significance level= 95 %; r = +/- 0.22, significance level= 99

%, N=136. N is the number of points.

Regions studied SST variability demarcated by solid circles/ellipses
in the sunspot number cycle period from 1964 March to 195 June.
Shading is for the slope of the 60-month running mean SST trend

line.

60-month running mean slopes (left) of wind speed ((m/s)/year), net

heat flux ((W/m®)/year) and E-P ((cm/year)/year) and their
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correlation coefficients (right) with SST, in the period from 1975
June to 1985 December. Slope regions above 95 % significance
levels are shaded. 2-tailed t-statistic > |1.979|, N=127. Regions
above 95 % significance levels of correlation coefficients are
shaded. r = +/- 0.174, significance level= 95 %; r = +/- 0.228,

significance level= 99 %, N= 127. N is the number of points.

4.4

4.5

4.6

Map showing the regions of study of the SST variability demarcated
by solid circles/ellipses in the sunspot number cycle period from
1975 June to 1985 December. Shading is for the slope of the 60-

month running mean SST trend line.

60-month running mean slopes (left) of wind speed ((m/s)/year), net
heat flux ((W/m?)/year) and E-P ((cm/year)/year) and their
correlation coefficients (right) with SST, in the period from 1985
December to 1995 November. Slope regions above 95 %
significance levels are shaded. 2-tailed t-statistic > |1.980|, N=120.
Regions above 95 % significance levels of correlation coefficients
are shaded. r = +/- 0.179, significance level= 95 %; r = +/- 0.234,

significance level= 99 %, N=120. N is the number of points.

Map showing the regions of study of the SST variability demarcated
by solid circles/ellipses in the sunspot number cycle period from
1985 December to 1995 November. Shading is for the slope of the

60-month running mean SST trend line.
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4.7

60-month running mean slopes (left) of wind speed ((m/s)/year), net
heat flux ((W/m?)/year) and E-P ((cm/year)/year) and their
correlation coefficients (right) with SST, in the period from 1995
November to 2008 July. Slope regions above 95 % significance
levels are shaded. 2-tailed t-statistic > |1.976|, N=153. Regions
above 95 % significance levels of correlation coefficients are
shaded. r = +/- 0.159, significance level= 95 %; r = +/- 0.208,

significance level= 99 %, N= 153. N is the number of points.
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4.8

4.9

Map showing the regions of study of the SST variability demarcated
by solid ellipses in the sunspot number cycle period from 1995
November to 2008 July. Shading is for the slope of the 60-month

running mean SST trend line.

Arabian Sea slope difference (°C/year) between the periods from
1995 November to 2011 December and 1960 January to 1995
November, of SST 60-month running mean (Panel a) and of SST 5-
year running means in late-winter (January to February) (Panel b),
spring season (March to May) (Panel c), summer (June to
September) (Panel d) and fall season (October to November) (Panel
e). The regions are shaded (dotted) if significant at the 95 % level.
The regions are shaded above and contoured at |t-value| > 1.964,
number of points (N) = 560 (Panel a); |t-value| > 2.015, N =44
(Figs. 2b-2d) and [t-value| > 2.014, N= 45 (Panel e). The
approximate regions of highest SST warming are indicated by a

dashed ellipse/ circle [D'Mello and Prasanna Kumar, 2017].
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4.10

Arabian Sea late-winter season (January to February) averaged,
correlation coefficients of SST with net heat flux (NHF) (Panel a),
evaporation precipitation difference (E-P) (Panel c), latent heat flux
(LHF) (Panel e), evaporation (Panel g) and specific humidity (Panel
i), coloured for regions having 95 % and above significance level
(r>|+/-0.5325|, N=14). Late-winter season averaged slopes of NHF
((W/m?)/year) (Panel b), E-P ((cm/year)/year) (Panel d), LHF
((W/m?)/year) (Panel f), evaporation ((cm/year)/year) (Panel h) and
specific humidity ((g/kg)/year) (Panel j), are shaded for regions
having 95 % and above significance level (2-tailed t-statistic > |+/-
2.18|, N=14). Both NHF and LHF are considered positive into the
ocean. The approximate region of highest accelerated SST warming
is indicated by a dashed ellipse [D'Mello and Prasanna Kumar,

2017].
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411

Arabian Sea spring season (March to May) averaged, correlation
coefficients of SST with evaporation precipitation difference (E-P)
(Panel a), net heat flux (NHF) (Panel c) and evaporation (Panel e),
coloured for regions having 95 % and above significance level
(r>|+/-0.5325|, N=14). Spring season averaged slopes of E-P
((cm/year)/year) (Panel b), NHF ((W/m?)/year) (Panel d) and
evaporation ((cm/year)/year) (Panel f), are shaded (cross-hatching)
for regions having 95 % and above significance level (2-tailed t-
statistic > |[+/-2.18|, N=14). NHF is considered positive into the

ocean. The approximate regions of highest accelerated SST warming
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are indicated by a dashed ellipse/ circle [D'Mello and Prasanna

Kumar, 2017].
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4.13

Arabian Sea spring season (March to May) averaged, correlation
coefficients of SST with latent heat flux (LHF) (Panel a), wind
speed (Panel c¢) and specific humidity (Panel €), coloured for regions
having 95% and above significance level (r>|+/-0.5325|, N=14).
Spring season averaged slopes of LHF ((W/m?)/year) (Panel b),
wind speed ((m/s)/year) (Panel d) and specific humidity
((g/kg)/year) (Panel f), are shaded (cross-hatching) for regions
having 95 % and above significance level (2-tailed t-statistic > |+/-
2.18|, N=14). LHF is considered positive into the ocean. The
approximate regions of highest accelerated SST warming are
indicated by a dashed ellipse/ circle [D'Mello and Prasanna Kumar,

2017].

Arabian Sea averaged June to September, Simple Ocean Data
Assimilation (SODA): a) surface temperature (°C), at 5 m depth,
shaded in the period averaged from 1960 January to 2011 December,
contoured in the period from 1960 January to 1995 November
(black) and from 1995 November to 2011 December (red); and b)
temperature (°C) section up to 100 m depth, averaged off the Somali
coast (Eg. to 12 °N) in the period from 1960 January to 1995
November (black) and 1995 November to 2011 December (red)

[D'Mello and Prasanna Kumar, 2017].
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4.14

Arabian Sea summer season (June to September) averaged,
correlation coefficients of SST with wind speed (Panel a),
evaporation precipitation difference (E-P) (Panel ¢) and evaporation
(Panel e), coloured for regions having 95 % and above significance
level (r>|+/-0.5325|, N=14). Summer season averaged slopes of wind
speed ((m/s)/year) (Panel b), E-P ((cm/year)/year) (Panel d) and
evaporation ((cm/year)/year) (Panel f) are shaded (cross-hatching)
for regions having 95 % and above significance level (2-tailed t-
statistic > [+/-2.18|, N=14|). The approximate regions of highest
accelerated SST warming are indicated by dashed ellipses [D'Mello

and Prasanna Kumar, 2017].
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4.15

4.16

Arabian Sea fall season (October to November) averaged,
correlation coefficients of SST with net heat flux (NHF) (Panel a),
evaporation precipitation difference (E-P) (Panel c) and latent heat
flux (LHF) (Panel e), coloured for regions having 95% and above
significance level (r>|+/-0.514|, N=15). Spring season averaged
slopes of NHF ((W/m?)/year) (Panel b), E-P ((cm/year)/year) (Panel
d) and LHF ((W/m?)/year) (Panel f), are shaded (cross-hatching) for
regions having 95 % and above significance level (2-tailed t-statistic
> |+/-2.160|, N=15). NHF and LHF are considered positive into the
ocean. The approximate region of highest accelerated SST warming
is indicated by a dashed circle [D'Mello and Prasanna Kumar,

2017].

Arabian Sea fall season (October to November) averaged,
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correlation coefficients of SST with specific humidity (Panel a),
longwave radiation (LWR) (Panel c) and evaporation (Panel e),
coloured for regions having 95% and above significance level (r>|+/-
0.514|, N=15). Spring season averaged slopes of specific humidity
((g/kg)/year) (Panel b), LWR ((W/m?/year) (Panel d) and
evaporation ((cm/year)/year) (Panel f), are shaded (cross-hatching)
for regions having 95 % and above significance level (2-tailed t-
statistic > |+/-2.160|, N=15). LWR is considered positive into the
ocean. The approximate region of highest accelerated SST warming
is indicated by a dashed circle [D'Mello and Prasanna Kumar,

2017].
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4.18

Five-year running mean of the total number of DCS in the Bay of
Bengal (Eg. to 25 °N, 80 °E to 99 °E) (thick line, black) for the
period from 1960 to 2011. Trendlines for the entire period of study
(dashed line, black) and in the pre-1995 and post-1995 periods
(dotted lines, black) are also shown [D'Mello and Prasanna Kumar,

2016].

Bay of Bengal wind speeds (km/hr; blue solid line), Ekman depths
(m; green dotted line) and mixed-layer depths (m, red dashed lines)
for actual wind speeds (Panel a), model wind speeds peaking to 63
km/hr (Panel b), model wind speeds peaking to 87 km/hr (Panel c)
and model wind speeds peaking to 120 km/hr (Panel d), all in the

month of October [D'Mello and Prasanna Kumar, 2016].
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4.19

Bay of Bengal (Eqg.- 25 °N, 80 °E- 99 °E) basin-averaged mixed
layer depth (MLD) in metres. Data plotted is monthly (dashed line
with "+" symbols), 60-month running mean (line with filled circles),
and trendlines of the 60-month running mean, in the periods from
1969 January to 2009 December (line with open circles) and from
1969 January to 1995 November (line with filled squares) and from
1995 November to 2009 December (line with "X" symbols)

[D'Mello and Prasanna Kumar, 2016].
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CHAPTER 1
INTRODUCTION

1.1 Sea Surface Temperature

Sea Surface Temperature (SST) is the temperature of the water closest to the sea surface. The
SST is a measure of energy in the top layer of the ocean, due to the movement of molecules
(https://podaac.jpl.nasa.gov/SeaSurfaceTemperature). Based on different definitions and
methods used for the measurement of SST, the top layer within which the SST is measured

ranges from 10 micrometers to around 20 m below the sea surface.

Some of the methods to measure the SST include bucket thermometer, ship sea-water intake
valves, buoys, moorings, satellites etc. (http://oceanworld.tamu.edu/resources/
ocng_textbook/chapter06/chapter06_06.htm). Bucket thermometers directly measure the
temperature of the sea surface. It is measured by the thermometer, whose mercury expands or
contracts proportionally to the rise or fall in temperature. Thermistor is a semi-conductor,
whose resistance varies rapidly and proportionally to the temperature. Many instruments use
thermistors to measure the SST. The ship injection-temperature is the temperature of the
water taken in by the ship to cool its engines. The depth of the intake valve varies between
ships. Though convenient and providing a large volume of data in the pre-satellite era, the
temperature data obtained are restricted mainly to the sea lanes. They could have issues if the
valve of the ship is below a stratified layer of water. Satellite measures temperature through
the infrared and microwave radiations released from the ocean. The peak radiation’s
wavelength, from the ocean, is expected in these wavelength ranges as predicted by the

Wien’s Displacement Law. The satellites measure the infrared radiations from approximately


http://oceanworld.tamu.edu/resources/

the top-most 10 micrometers of the surface, while the microwave radiations are measured
approximately from the top-most 1 millimeter of the surface. Satellite measurements help in
the global collection of SST data at lesser temporal scales too. However, the presence of
clouds leads to the absorption of the mainly infrared radiations by the clouds, causing
absence of data (https://podaac.jpl.nasa.gov/SeaSurfaceTemperature). Ocean moorings also
measure the SST, besides measuring temperatures at lower depths too. They have instruments
placed on them at various depths, measuring the temperatures and giving a time-series at the
location. Ocean drifters also give SST values besides measuring the temperature at various

depths.

Water has a high specific heat capacity. Oceans play an important role in the climate system,
partly due to this property of water. About 3.5 meters of the water column contains as much
energy as the entire atmospheric column. The radiative and turbulent heat fluxes transfer this
thermal inertia of the ocean to the atmosphere. The energy fluxes depend on many
atmospheric parameters including the wind speed, humidity, air temperature, cloudiness etc.,
but a single oceanic parameter, i.e. SST [Deser et al., 2010]. SST affects the atmosphere
above. SST measurements are important as it is a parameter in tropical cyclone formation
[Dare and McBride, 2011]. The SST is also a parameter affecting the formation of sea-fog
[Tang, 2012]. The SST also affects wind speeds through changes in SST gradients [Back and
Bretherton, 2009; O’Neill, 2012]. The SST is also important in the formation of El Nifio-
Southern Oscillation (ENSO) [Trenberth et al., 2007; http://www.cpc.noaa.gov/products/
analysis_monitoring/ensostuff/ensofag.shtml#DIFFER], Indian Ocean dipole (I0OD) [Saji et
al., 1999; Webster et al., 1999] etc. climate modes. Climate change is manifested through
various phenomena and parameters, such as global warming etc. which in turn can be seen
identified through some parameters, one of which is SST [see IPCC Report AR5 SPM, 2013;

Xie et al. 2010]. SST measurements over a long period of time help in understanding the


http://www.cpc.noaa.gov/products/

variability, besides also the rate of SST increase or decrease.

1.2  Global warming and climate changes

Climate change is an important topic, with global warming being one of its manifestations
and sea-level rise, melting of polar ice-caps, receding glaciers, ocean acidification, being
among others [see IPCC Report AR5 SPM, 2013]. The factors that determine the Earth's
climate are changes in the Earth's radiation balance. This is primarily regulated through three
ways namely changes in the (1) incoming solar radiation, (2) fraction of solar radiation
reflected by the Earth and (3) long-wave radiation that is released by the Earth towards space.
The solar cyclicities and Milankovitch cycles [Milankovitch 1920, 1941] impact the first
aspect, while the second could be due to changes in the albedo of the ice cover, snow-cover,
vegetation and soil type. The increasing greenhouse gas concentrations impact the third
aspect. The climate responds to these changes through various processes, which can result

into positive or negative feedback mechanisms [IPCC Report AR 4, 2007].

The amount of energy reaching the top of the Earth's atmosphere, when facing the sun during
daytime, per second, is 1370 W/m? About one-fourth of this energy reaches the Earth’s
surface per second. A little less than one-third of the energy, averaged over the entire planet,
is reflected. Clouds and aerosols are responsible for a little more than 70 % of the reflected
energy, while the remaining energy reflection is contributed to by the ice-cover, snow-cover
and deserts. The energy which is not reflected is absorbed by the Earth's surface chiefly and
to a lesser extent by the atmosphere. This incoming energy is released as outgoing long-wave
radiations [Kiehl and Trenberth, 1997] (see Figure 1.1). To release 240 W/m?, the temperature

should be -19 °C, but the average temperature of the Earth is higher at 14°C. This is due to



the greenhouse effect [IPCC Report AR4, 2007].
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Figure 1.1 Earth’s energy budget (https://en.wikipedia.org/wiki/Earth%27s_energy budget;
https://commons.wikimedia.org/w/index.php?curid=32285340, by NASA- http://science-
edu.larc.nasa.gov/energy_budget/ quoting Loeb et al., J. Clim 2009 & Trenberth et al, BAMS
2009, Public Domain)

The greenhouse effect is the partial blocking of the long-wave radiations from leaving the
Earth’s atmosphere. The main constituents of the atmosphere are nitrogen (78.08%) and
oxygen (20.95%) and they do not have a greenhouse effect (see Figure 1.2). The minor
constituents of the atmosphere such as carbon dioxide (0.036%), methane (0.00017%) and

nitrous oxide (00003%) and water vapour (0 to 4%) have greenhouse effect. These minor


https://en.wikipedia.org/wiki/Earth%27s_energy_budget
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constituents of the atmosphere, known as greenhouse gases, allow the incoming shortwave
radiation from the Sun to pass through the atmosphere, while they block the long-wave
radiation from leaving the atmosphere. Clouds though block outgoing long-wave radiations
and cause local heating; they also reflect solar radiation and tend to have a net cooling effect.
The concentration of carbon dioxide in the atmosphere is increasing [Keeling et al., 2001]
(Figure 1.3). As the ability of the long-wave radiations to escape from the atmosphere is
dependent on the concentration of green house gases, this increase in carbon dioxide causes
the trapping of the long-wave radiations in the earth's atmosphere to a greater extent and thus

leads to a warming (Figure 1.4).

Atmospheric Gas Composition

(excluding water vapor)
U5, Natiohal Weather Service

Oxygen 21% Carbon dioxide

0.03%

Argon 1%
Nitrogen 78%
Other gases 0.02%

Figure 1.2 Atmospheric gas composition, excluding water vapour.
(http://burnanenergyjournal.com/wp-content/uploads/2011/05/atmospheric.gif)
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Figure 1.3 Keeling curve showing the atmospheric carbon dioxide concentration at Mauna
Loa Observatory. (https://commons.wikimedia.org/w/index.php?curid=58530710, by
Scrippsnews, CC BY-SA 4.0)
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Figure 1.4 Historical temperature (red) and carbon dioxide concentrations (green) as
reconstructed from the Vostok ice core, Antarctica, showing the relationship between them.
(http://www.climatekelpie.com.au/understand-climate/climate-science/carbon-dioxide-and-
temperature-the-relationship)
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1.3  Effect of global warming

The warming atmosphere has many effects. The increase in the temperature leads to the
melting of ice and associated rise in the sea level. In addition, the thermal expansion of
oceanic waters would also lead to the rise in sea level. The resultant seal level rise would
flood and submerge low-lying coastal regions and islands, which in turn would impact the
human populations. Another effect of the melting ice-cover is a positive feedback
mechanism, in which the reduced albedo causes an increase in the absorption of incoming
solar radiation by the ocean. This in turn causes further warming of the ocean, leading to an
increase in melting of ice, leading to a further reduction of the albedo [Deser et al., 2000].
Another impact of warming is that the increase in the temperature can also lead to the melting
of the Arctic permafrost and there could be a release of trapped carbon, causing further
warming [Zimov et al., 2006]. The permafrost melting could lead to increased plant growth
which may initially off-set the carbon release to the atmosphere. However, there is a tipping
point, beyond which the soil starts acting a source of carbon to the atmosphere, through the
melting of the permafrost and release of carbon dioxide and methane to the atmosphere,
causing a further greenhouse warming, and further increasing the temperature [Schuur et al.,

2009].

The CLAW hypothesis proposes a feedback loop that occurs between the earth's climate
system and ocean ecosystems [Charlson et al., 1987]. The name CLAW is an acronym from
the first letters of the surnames of the proposers of this hypothesis, namely Robert Charlson,
James Lovelock, Meinrat Andreae and Stephen Warren [Andreae et al., 1995; Andreae and
Crutzen, 1997]. According to this hypothesis when there is more solar energy available, the
growth of phytoplankton increase. This would lead to an increase in the production of

dimethylsulfide (DMS) in sea water as some phytoplankton produce di-



methylsulfoniopropionate (DMSP). The DMS enters the atmosphere through air-sea
exchange process where it is oxidised into sulphur dioxide. This in turn form sulfate aerosols
which act as a cloud condensation nuclei (CCN). This causes an increase in the cloud droplet
number and thus consequently increasing the liquid water content of the clouds, finally
leading to an increase in the cloud area. This in turn increases the cloud albedo, causing more
reflection of the incident solar radiation, thus decreasing the forcing which caused an
initiation of the process. The CLAW hypothesis can operate in the opposite direction too, in
which a reduced incident solar radiation, leads to a decreased cloud cover and thus to an

increase in the amount of solar radiation reaching the Earth's surface.

The anti-CLAW hypothesis proposes that with increasing solar radiation, there will be a
greater stratification of the ocean, leading to a lesser amount of nutrients being present in the
euphotic zone. This leads to lesser DMS production and consequently a lesser amount of
cloud cover. This will lead to an increase in the incident solar radiation, further stratifying the

ocean [Lovelock, 2007].

1.4 Evidence of global warming

The warming of the Earth is unequivocal, according to the fourth assessment report of the
Inter-governmental Panel for Climate Change (IPCC) [IPCC AR4, Solomon et al., 2007]. The
surface temperatures of both the land and the ocean have risen at the rate of 0.85 °C during
the period from 1880 to 2012 [Hartmann et al., 2013]. Similarly, the globally integrated
upper ocean heat content, between 0 to 700 m depths, also show an increase from 1971 to
2010 [Rhein et al., 2013]. The effects of global warming and increasing temperatures, to a

larger extent, are seen in the Polar Regions, than else-where, due to polar amplification



[Manabe and Wetherald, 1975; Lee, 2014], for example, the amplification of Arctic warming
[Cohen et al., 2014; Acosta Navarro et al., 2016]. However, this warming is not uniform.
Similarly, the annual mean sea-ice extent also shows regional differences in the different
regions of Arctic and Antarctica. Though there is receding annual mean sea-ice extent in the
Arctic, the annual mean sea-ice extent in the Antarctic is increasing, but only at a rate which

is one-third to that of the Arctic [IPCC Report AR5 SPM, 2013].

1.5 Sea surface temperature (SST) as a proxy of climate variability

The sea surface temperature (SST) is an important parameter in oceanography which is
strongly related to air-sea interaction processes. It can provide useful indices for various
ocean-atmosphere processes including climate phenomena. While traditionally the surface
temperature of the ocean has been measured using bucket thermometers, with the advent of
space-based satellite observations since 1970s, SSTs have been determined using radiometers

onboard satellites.

There have been studies in the past that examined the response of SST in different regions of
the world ocean in the context of know climate variability. Natural modes of climate
variability have been studied extensively in the Pacific and Atlantic Oceans [Han et al.,
2014], primarily due to the availability of longer time-series data. In the Pacific Ocean the
first report of climate change by way of strong anomalous winter in 1976-1977 was by Nitta
and Yamada [1989] and Trenberth [1990] who noticed a “step-like” shift in the winter-time
sea level pressure in the North Pacific. Subsequently, Miller et al. [1994] termed it as “regime
shift” while describing the climate change event. Later, Francis and Hare [1994 and 1997]

and Hare and Francis [1995] through a series of papers brought out the link between



production of Alaska salmon and inter-decadal changes in the North Pacific climate. The
Pacific Ocean Decadal Oscillation (PDO) [Mantua et al., 1997] has warm and cool phases.
During warm PDO phases SSTs tend to be anomalously cool in the central North Pacific and

anomalously warm SSTs along west cost of America.

In the Atlantic Ocean, the Atlantic multidecadal oscillations (AMO) occurs at periods of 60 to
80 years [Schlesinger and Ramankutty, 1994], which has impacts on the Sahel drought
[Rowell et al., 1995]. The AMO also has been shown to influence the number of storms and
hurricanes forming in the tropical Atlantic and in the Caribbean Sea [Goldenberg et al., 2001,
Molinari and Mestas-Nufiez, 2003]. The AMO index reveals a warm period from the years
1930 to 1970 and a cooler period from 1970 to 1994 [Trenberth and Shea, 2006]. The effects
of rainfall and dust on SST were studied by Wang et al. [2012]. According to Wang et al.
[2012] the SSTs were cold from the late 1960s to the early 1990s. This was a period of less
rainfall over Sahel and there was consequently a high amount of dust over the North Atlantic.
This blocked the solar radiation further cooling the SSTs. The number of aerosols also affects
the amount of low clouds through the formation of condensation nuclei and also by reducing
the cloud droplet size [Kaufman et al., 2005]. The aerosol induced change in the cloud cover
can affect the SST in the North Atlantic by changing the amount of heat flux into the ocean.
The opposite mechanism occurred in the period before the late 1960s and after the early
1990s. Warmer SSTs lead to more rain over the Sahel, causing lesser dust. Consequently
there is a reduced blockage of insolation by aerosols leading to a further warming in the SSTs

[Wang et al., 2012].

In the Indian Ocean, most of the studies pertaining to the SST are focused on deciphering the
seasonality and the factors responsible for such variability. For example, Yu et al. [2007]

obtained a correlation of greater than 0.9 between SST and net heat flux (Qnet) in the central
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equatorial region and in the region south of 15°S highlighting the important role of net heat
flux in the seasonal evolution of the SSTs in these regions. On the other hand, evolution of
SSTs in the Western Arabian Sea, Eastern Equatorial Indian Ocean near Sumatra and
thermocline ridge between 5 °S to 12 °S in the central southern basin [Wyrtki, 1971], are
mainly controlled by oceanic processes [Yu et al., 2007]. More specifically, the SSTs in the
western Arabian Sea and in the thermocline ridge region are controlled by the Ekman suction
induced thermocline depth variations [McCreary et al., 1993] in association with the
westward propagation of the wind-induced Rossby waves [Yu and Rienecker, 1999; Feng and

Meyers, 2003].

There are few studies that examined the variability of the Indian Ocean in the inter-annual to
decadal time scales. Till recently, the focus of research was in the tropical Pacific due to the
El Nifio-Southern Oscillation phenomenon. Only recently was the Indian Ocean Dipole
(IOD) [Saji et al., 1999] or the Indian Ocean Zonal Mode (I0ZM) [Webster et al., 1999]
identified. 10D is sustained on inter-annual time-scales through positive feedback between
the equatorial winds and zonal SST gradients, and reaches peak amplitudes in the boreal fall
(September to November). Positive 10D have warm SST anomalies (SSTAS) in the tropical
west Indian Ocean and cold SSTAs in the tropical east Indian Ocean. Negative 10D phase is
vice-versa. Two other modes of Indian Ocean inter-annual SST variability have also been
identified; viz. the Indian Ocean basin mode and the subtropical SST mode. There is a basin-
wide warming or cooling over the Indian Ocean, during the Indian Ocean basin mode. This is
ENSO-induced cloud cover pattern change, which in turn affects the shortwave radiation
[Klein et al., 1999]. Indian Ocean air-sea interaction and ocean dynamics maintain this mode
beyond ENSO termination [Du et al., 2009]. The subtopical SST dipole mode is characterised
by warm SSTA in the south-west Indian Ocean, to the south of Madagascar, and cold SSTAs

in the eastern Indian Ocean off Australia, in its positive phase. It varies inter-annual, with a
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peak development in the austral (southern hemisphere) summer [Behera and Yamagata, 2001;
Suzuki et al., 2004]. The Antarctic Circumpolar Wave [White and Peterson, 1996] and air-sea
interaction in the tropical Indo-Pacific may contribute to the generation of the subtropical
SST dipole mode [Morioka et al., 2012, 2013]. Though there are a few studies in the Indian
Ocean, these are much lesser than the better studied Pacific Ocean and Atlantic Ocean.
Keerthi et al. [2013] studied the interannual variaibility of the mixed layer depth in the
tropical Indian Ocean. Han and Webster [2002] using a 4 and a half layer model and
Somayajulu et al. [2003] using Topex/ poseidon altimetry data of SSHA analysed the inter-
annual variability in the circulation. Subsequently, Rao et al. [2010] studied the inter-annual
variability of the Kelvin wave propagation in the coastal Bay of Bengal, equatorial Indian
Ocean and in the south-east Arabian Sea. In the decadal time scale, Mandke and Bhide [2003]
reported an epochal decrease in the Bay of Bengal storm frequency, while Cole et al. [2000]
suggested the decadal variability in the western Indian Ocean proxy records related to the

tropical Pacific Ocean decadal variation.

Rupa Kumar et al. [2002] was the first to examine the long-term variability of SST in the
Indian Ocean, suggesting a rate of increase of 0.5°C and 0.4 °C per 100 years, in the Arabian
Sea and in the Bay of Bengal respectively, in the period from 1902 to 1994. Goes et al.
[2005], based on 8 years (1997 to 2004) of data, argued that a winter and spring reduction in
the Eurasian snow-cover is consistent with a mid-latitude continental warming trend in the
Northern Hemisphere; and that these create conditions favourable in the western Arabian Sea,
for stronger May to July winds causing lower SSTs, besides an increase in the phytoplankton
production. With the help of more comprehensive data set, Levitus et al. [2005] showed that
the Indian Ocean warmed over the past 50 years except at the base of the mixed layer at the
equator and in the south-equatorial current. Based on 1960 to 1999 thermal data from Indian

Ocean, Alory et al. [2007] showed a warming of around 1°C over large regions in the AS.
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Using three different data sets for the period 1960 to 2006, Prasanna Kumar et al. [2009]
found a disruption in the natural decadal cycle in the Arabian Sea SST after 1995 and a linear
rise in the SSTs. A comprehensive review of the variability in the SST ranging from inter-
annual to multi-decadal time scales in all the 3 oceans along with probable mechanisms were
reviewed by Deser et al. [2010]. Han et al. [2014] inferred from Hadley Centre Sea Ice and
SST data that the tropical Indian Ocean regions warmed faster than most of the tropical
Pacific and Atlantic, since the 1950s. Roxy et al. [2014] showed that the western tropical
Indian Ocean is warming faster than the rest of the tropical oceans, while Dinesh Kumar et al.
[2016] reported an increasing SST of 0.12°C/decade in the AS for the period from 1960 to

20009.

There have been some studies on the effects of the EI Nifio-Southern Oscillation (ENSO) and
the Indian Ocean Dipole (I0OD) on the SSTs. ENSO dominates the inter-annual climate
variability of the North Indian Ocean [Tourre and White, 1995; Tourre and White, 1997].
Klein et al. [1999] studied that the SSTs in the tropical Indian Ocean rise 3 to 6 months after
the El Nifio. With the progress of the El Nifio, changes in the surface heat flux causes the
tropical Indian Ocean to warm. The 10D, identified by studies of Saji et al. [1999] and
Webster et al. [1999], is characterised by the occurrence of warm SST anomalies in the
western tropical Indian Ocean and of cool SST anomalies in the Eastern Indian Ocean. Zonal
wind anomalies blowing from the cool to the warm regions occur with the SST anomalies.
The simplest index is the east-west difference of the tropical SST. Krishnamurthy and
Kirtman [2003] studying the Indian Ocean response to El Nifio said that it depends on the
phase of EIl Nifio with respect to the monsoons. This is due to the seasonal monsoon affecting
the western tropical Indian Ocean SST, which in turn affects the local air-sea feedbacks.
Besides this there is Madden Julian Oscillation (MJO) which begins in the Indian Ocean and

propagates eastward into the Pacific Ocean. They provide westerly wind bursts affecting the
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onset of El Nifio in the western Pacific. MJO has a periodicity of 30 to 60 days [Madden and

Julian, 1994].

IOD may not be completely independent of ENSO and it can be excited by ENSO
[Krishnamurthy and Kirtman, 2003; Zhong et al., 2005]. Within the Indian Ocean, the local
response to El Nifio can be affected by the feedbacks between the ocean and atmosphere
[Zhong et al., 2005]. There is a high correlation between ENSO and dipole mode during 1960
to 1983 and from 1993 onwards, but not in the intervening period [Clark et al., 2003]. The
relationship between ENSO and 10D has changed over time and the dipole could be excited
by other modes of climate variability [Annamalai et al., 2005; Ihara et al., 2008]. Drbohlav
et al. [2007] analysed the wind patterns and SSTs during 10D events, in the EIl Nifio and non-
El Nifio years. In the 10D years, there is a higher pressure over the eastern Indian Ocean.
There are stronger easterly winds in the north-west Indian Ocean, causing the advection of
warmer water from the central to the western Indian Ocean. In the eastern Indian Ocean, the
stronger south-easterlies, cause more meridional and vertical advection of cold sub-surface
waters. Hence, the north-western Indian Ocean warms in El Nifio years while the south-
eastern Indian Ocean cools. In non-El Nifio years, the stronger westerlies in the north-west
Indian Ocean and stronger easterlies in the south-east Indian Ocean cause more advection of
cold waters in these regions. Besides in the south-east Indian Ocean there is cooling due to
the latent heat and sensible heat loss, leading to a cooling in the eastern Indian Ocean, in non-

El Nifio years.

1.6 Motivation

It is amply evident from the above discussion that in the Indian Ocean seasonal cycle being
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dominant variability it has been studied extensively. Though there are some studies on the
inter-annual variability of SST and still fewer studies on the decadal SST variability, present
understanding on how different regions within the Indian Ocean is responding to climate
variability and change is far from adequate. The rim of the Indian Ocean has some of the
most populous countries in the world, which are highly vulnerable to climate variability and
change [Han et al., 2014]. There is a strong demand for improving our understanding of the
long-term climate change, especially in the inter-annual to decadal [Milne et al., 2009;
Church et al., 2011] and multi-decadal time scale in this region. This is the motivation for my
study. The present study attempts to understand the nature and characteristics of the SST
variability in the northern Indian Ocean, considering two basins, the Arabian Sea and the Bay

of Bengal separately.

1.7 Objectives

The objectives of the present study, i.e. “Processes controlling the variability of sea surface

temperature in the North Indian Ocean over decadal time scale”, are as follows:
1. To decipher inter-decadal variability in SST in the northern Indian Ocean.
2. To identify the factors responsible for the observed variability.

3. To delineate the role of El Nifio-Southern Oscillation (ENSO) and Indian Ocean Dipole

(10D)

1.8  Organization of the thesis

The first chapter of the thesis is the present chapter, i.e. the introduction. This chapter
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explains the sea surface temperature and the ways to measure it, climate change and the
various parameters showing it, effects of climate change and SST as a proxy of climate
variability. The motivation of the study and the objectives of the study are also given in this

chapter.

The second chapter is on the data and methodology. The third chapter is on the inter-decadal
variability of SST in the North Indian Ocean, while the fourth chapter is on the parameters
affecting the inter-decadal SSTs. The fifth chapter is on the El Nifio Southern Oscillation
(ENSO) and Indian Ocean Dipole (IOD) roles in the SST variability. The sixth chapter is the

summary and conclusions.
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CHAPTER 2
DATA AND METHODOLOGY

2.1 Introduction

A number of data sets were used to achieve the objectives of the thesis. Data were
downloaded and analysed in the study period from 1960 January to 2011 December,

whenever available. The region of the study is the North Indian Ocean, extending from the

Equator to 25°N and from 45°E to 99°E (Figure 2.1).

30*N

20°N —

40°E 50°E EO°E 7Q0°E a0t 90°E 100°E

Figure 2.1 Region of study, the North Indian Ocean (Eq.- 25°N, 45°E- 99°E), is indicated in
the map by the area enclosed in the light blue solid line
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2.2 Data sets used

2.2.1 International Comprehensive Ocean Atmosphere Data Set (ICOADS)

The International Comprehensive Ocean Atmosphere Data Set (ICOADS) was used to obtain
SST data, besides also the zonal and meridional components of wind, air temperature,
specific humidity and sea level pressure [Woodruff et al., 2005]. The data was downloaded
from www.esrl.noaa.gov/psd/data/gridded/data.coads.1deg.html, globally and in the period
from 1960 January to 2011 December. The data set used was monthly and had a spatial

resolution of 1° by 1°.

2.2.2 Solar Influence Data Centre (SIDC) Data Set

The international sunspot number data were obtained from the solar influence data centre
(SIDC) webpage, ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS/
INTERNATIONAL/monthly/MONTHLY. The data is now available at http://sidc.oma.be/
sunspot-data/. The data set used was monthly, available from 1749 January onwards, and
having an internationally averaged value. The dataset used was for the period from 1960
January to 2011 December. The sunspot number was used as a proxy for the solar irradiance

[Willson and Hudson, 1988], as the latter was available only from 1975.

2.2.3 Atmospheric Carbon dioxide Concentration Data Set

The atmospheric carbon dioxide concentration data set was obtained by merging the data at
Mauna Loa, from 1958 March to 1979 December, (ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/

co2_mm_mlo.txt), with the averaged global data from 1980 January to 2011 December
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(ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_gl.txt) [Keeling et al., 2001]. The

atmospheric carbon dioxide concentration data is monthly.

2.2.4 Objectively Analysed Air-Sea Fluxes (OA Flux) Data Set

The evaporation data was obtained from the Objectively Analysed Air-Sea Fluxes (OA Flux)
Data Set (http://dss.ucar.edu/datasets/ds260.1/) [Yu et al., 2008]. The data was at every 1° by

1° global and monthly from 1958 January to 2011 December. The units were in cm/year.

2.2.5 Climate Diagnostic Centre (CDC) derived National Centres for Environmental

Prediction (NCEP) reanalysis products

The precipitation rate data was obtained from the Climate Diagnostic Centre (CDC) derived
National Centres for Environmental Prediction (NCEP) reanalysis products
(http://www.esrl.noaa.gov/psd/cgi-bin/db_search/). The precipitation rate data was a monthly
mean, from 1948 January to 2014 September, and had values globally, on the land and over
the ocean too. The data was gridded roughly every 1.875° by 1.875°. The longitudes had 192
points in the east to west direction, while the latitudes had 94 points in the north to south

direction. The data used was in the period from 1960 January to 2011 December.

The precipitation rate data was filtered to include values only over the ocean, by masking the
land values. The precipitation rate units were also converted from kg/(m?s) to cm/year, by the

following relationship.

Precipitation (cm/year) = Precipitation (kg/(m?s)) * 60 * 60 * 24 * 365.25 / 10
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2.2.6 National Centres for Environmental Prediction/National Centre for Atmospheric
Research (NCEP/NCAR) Reanalysis Monthly Means and Other Derived
Variables Data Set

The monthly gridded values of net shortwave radiation (SWR), net longwave radiation
(LWR), latent heat flux (LHF) and sensible heat flux (SHF) were obtained from the National
Centres for Environmental Prediction/National Centre for Atmospheric Research
(NCEP/NCAR) Reanalysis Monthly Means and Other Derived Variables data set [Kalnay et
al., 1996]. The website used to obtain the data was

http://www.esrl.noaa.gov/psd/data/gridded/ data.ncep.reanalysis.derived.surfaceflux.html.

The variables downloaded were monthly values, which was analysed in the period from 1960
January to 2011 December. The values were global, over both land and the ocean. To obtain
oceanic values the variables were masked over the land, and all the variables were considered
positive downwards, i.e. positive into the ocean. So in general the values of SWR were
positive, while those of LWR, LHF and SHF, were generally negative. The net heat flux
(NHF), which was also considered positive downwards, into the ocean, was calculated as

follows.

Net Heat Flux = SWR + LWR + LHF + SHF

2.2.7 India Meteorological Department (IMD) e-atlas data

The data on the number of depressions, cyclones and severe cyclonic storms (DCS) were
taken from the e-atlas of India Meteorological Department (IMD), available at

http://www.rmcchennaieatlas.tn.nic.in/login.aspx?ReturnUrl=%2f. The data was over the Bay
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of Bengal. The DCS informations were subsequently compiled and made into a number for

each month and analysed in the period from 1960 January to 2011 December.

2.3 Price-Weller-Pinkel (PWP) Model

The Price-Weller-Pinkel (PWP) model [Price et al., 1986] is a mixed-layer model that is
similar to the dynamic instability model of Price et al. (1978), but is modified to include
mixing in the stratified fluid, below the mixed-layer. The model takes into account mixing
processes namely (1) free convection arising due to surface heat loss, (2) mixed-layer
entrainment by relaxation and (3) shear flow instability driven mixing. Generally, mixing
due to free convection in the Bay of Bengal is very shallow and mostly confined to the upper
few tens of centimetres of the water column. In contrast, the last two are the dominant
processes that determine the depth of the mixed-layer and are related to momentum flux by

the wind through the Richardson number.

Since the vertical mixing of the water is caused by changes in the density due to the changes
in the net heat and fresh water fluxes and momentum flux they were calculated from zonal
and meridional wind stress components, shortwave and longwave radiations, latent and
sensible heat fluxes, evaporation, precipitation and riverine discharge, riverine runoff and
catchment area data. The model was initialized with the climatological temperature and
salinity profiles and the daily fluxes were used to force the model. The model was run for 730
days (2 years), with a time step of 86400 seconds (1 day) and with a vertical grid interval of 1
m.

The daily wind stress components were obtained from
http://apdrc.soest.hawaii.edu/dods/public_data/satellite_product/ifremer/daily_flux, while the

daily evaporation data was obtained from
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ftp://ftp.whoi.edu/pub/science/oaflux/data_v3/daily/ evaporation/. The daily rainfall data was
obtained from http://apdrc.soest.hawaii.edu/dchart/index.html?dset=
a2c287de3ad7cab9999e50371916fe. The daily riverine discharge, run-off and catchment
area data for the rivers Sittang, Irrawaddy, Chindwin, Brahmaputra, Ganges, Damodar,
Subarnarekha, Godavari, Krishna, Penner and Cauvery were obtained from
http://www.compositerunoff.sr.unh.edu [Fekete et al., 2000]. Similarly, for the rivers
Mahanadi, Ponnaiyar, Vaigai, Mahaveli Ganga and Gin Ganga the riverine discharge, riverine
runoff and catchment area data were obtained from
http://www.sage.wisc.edu/riverdata/scripts/ station_table.php?qual=32&filenum=1114. The
fore-mentioned website gave data for the riverine discharge and runoff data of the river

Brahmani, but the catchment area was taken from Vaithiyanathan et al. [1988].

The daily downward solar radiation flux and upward long wave radiation flux were obtained
from http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived. otherflux.html ,
while the daily latent heat flux and sensible heat flux data were obtained from
http://oaflux.whoi.edu . Temperature [Locarnini et al., 2010] and salinity [Antonov et al.,
2010] profile data were taken from World Ocean Atlas 2009 available at
http://www.nodc.noaa.gov/OC5/WOAQ9/ netcdf_data.html. For comparing the model MLD,
the data on the mixed-layer depths were taken from Holte et al. [2010]
(http://mixedlayer.ucsd.edu/data/monthlyclim.nc)  and Keerthi et al [2013]
(http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_ Depth.php). In Holte et
al. [2010] the MLD climatology was computed using Argo profiles and a hybrid method
[Holte and Talley, 2009], while in Keerthi et al. [2013] the monthly MLD data for the Indian
Ocean, during 1969 to 2009 was based on temperature and salinity profiles taken from
different sources namely National Oceanographic Data Centre (NODC) World Ocean

Database 2009 (WOD 09), World Ocean Circulation Experiment (WOCE) global dataset
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version 3.0, and Argo profile data. Using this data monthly mean climatology (1969-2009)

was computed for comparing with PWP model output.

The PWP model output is the mixed layer depth (MLD). The model is forced with actual and
cyclonic wind speeds and the output MLD obtained is compared to other MLD data, and the

influence of cyclonic winds deduced.
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CHAPTER 3

INTER-DECADAL VARIABILITY OF SEA
SURFACE TEMPERATURE IN THE NORTHERN
INDIAN OCEAN

3.1 Introduction

The variability of the SST in the North Indian Ocean over decadal time-scales is less studied
compared to shorter time-scales, as seen from the previous chapter. In this chapter, first the
various periodicities existing in the SST monthly data, during the study period, were
examined by subjecting the 12-month running mean SST data to FFT analysis. For this a 12-
month running mean was used for eliminating seasonal and annual cycles, whose amplitudes
are much larger than the longer period SST cycles and is not the focus of the present study.
To decipher the decadal variability over the study region, 60-month running-mean SSTs are
analysed. The 60-month running mean removes variability in SST that is shorter than 5-years.
Further, to delineate the basin-scale signatures, SST was averaged over the two basins, the
Arabian Sea and the Bay of Bengal, separately and also over the entire North Indian Ocean.
Each of the decadal cycle periods from the study period were identified by examining SST
with sunspot number cycle. Finally, the averages, standard deviation and slopes of the

trendline of SST 60-month running mean were computed and plotted.
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3.2  FFT of 12-month running-mean de-trended SST

The FFT of 12-month running-mean de-trended SST for the North Indian Ocean showed 5
distinct peaks which are significant at 95 % level (Figure 3.1). The dominant among them
was 43.7 (~3 years 8 months) followed by 61.2 (~5 years) and 122.4 (~10 years). The next

dominant peaks at 204 (~17 years) and 29.1 (~2 years 5 months) had similar amplitude.

Based on the amplitude, the first two dominant periods, i.e., 43.7 and 61.2 months, are typical
of ENSO, whose periodicity ranges from 3 to 7 years, indicating the influence of ENSO in
regulating SST variability in the NIO. The next dominant period, i.e., 122.4 months, affecting
the SST is the decadal variability due to the sunspot cycle. Of the next dominant periods, i.e.,

29.1 and 204 months, the former is the quasi-biennial oscillation which also impacts the SST.

—  — 95 % confidence level (0.0318)

ISR NN RN NN NN NN NN RN
43.7

0.12 7
0.10
0.08 -
0.06 -
0.04 -
0.02

0.00 rrerrrrerrrrrrrrrrerererrrrrrrrrrrrerrrrrrrrerrrerl
0 48 9 144 192 240 288 336 384 432 480 528 576 624

Period (months/ cycle)

FFT Amplitude

Figure 3.1 FFT amplitude spectrum of the North Indian Ocean (Eq.- 25°N, 45°E- 99°E)
obtained by basin-averaged de-trended 12-month running mean of the SST averaged in the
period from 1960 January to 2011 December. The 95% Significance level is 0.0318, marked
by dashed horizontal line and significant peaks are marked by its period.

25



Similar computations were carried out for the Arabian Sea and the Bay of Bengal which are

presented below.

—  — 95 % confidence level (0.0323)
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Figure 3.2 FFT amplitude spectrum of the Arabian Sea (Eq.- 25°N, 45°E- 80°E) obtained by
basin-averaged de-trended 12-month running mean of the SST averaged in the period from
1960 January to 2011 December. The 95% Significance level is 0.0323, marked by dashed
horizontal line and significant peaks are marked by its period.

In the Arabian Sea the dominant periods are 43.7 (~3 years 8 months) followed by 61.2 (~5
years), 122.4 (~10 years) and 29.1 (2 years 5 months) (Figure 3.2). All the peaks are
significant at 95 %. Here again, the ENSO periodicities (43.7 and 61.2 months) are the most
dominant ones followed by the decadal periodicity (122.4 months) as that of NIO. Note that
except 204 months (17 years) all the significant periodicities seen in the NIO were present in

the Arabian Sea as well.
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— — 95 % confidence level (0.0301)
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Figure 3.3 FFT amplitude spectrum of the Bay of Bengal (Eq.- 25°N, 80°E- 99°E) obtained
by basin-averaged de-trended 12-month running mean of the SST averaged in the period
from 1960 January to 2011 December. The 95% Significance level is 0.0301, marked by
dashed horizontal line and significant peaks are marked by its period.

In the Bay of Bengal the dominant peaks are seen at 43.7 months (3 years 8 months),
followed by 204 months (17 years), 55.6 months (4 years 7 months), 122.4 (10 years 2
months), 76.5 (6 years 4 months) and 32.2 (2 years 8 months) (Figure 3.3). All the periods are
significant at 95 % level. Here again, like NIO and Arabian Sea, the 43.7 months (3 years 8
months) period is dominant. However, unlike in the NIO and Arabian Sea, the 204 months
(17 years) periodicity co-dominates with the 43.7 months (3 years 8 months) periodicity in

the Bay of Bengal.

In summary, for all the 3 domains within the study area, namely NIO, Arabian Sea and Bay
of Bengal, the most dominant periodicity seen in the de-trended 60-month running mean of
SST using FFT were the ENSO and decadal cycles. Hence, in each of the above domains the

decadal cycle was examined.
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3.3 Areaaveraged 60-month running mean SST

The 60-month running-mean area-averaged SST shows a decadal cycle riding over a long-
term warming trend in the North Indian Ocean (Figure 3.4). The average temperature in the
North Indian Ocean for the period from 1960 January to 2011 December is 28.16 °C. There is

an increasing trend of 0.011 °C/year, with a decadal cycle riding on it.

North Indian Ocean ____ North Indian Ocean S5T

SST 60-month running mean &0-month running mean trendline
Bay of Bengal __ __ Bayof Bengal SST

SST 60-month running mean 60-month running mean trendline
Arabian Sea Arabian Sea S5T

SST 60-month running mean 60-month running mean trendline

Sea Surface Temperature (°C)

27.80 | | I | |
1960 1970 1980 1990 2000 2010

Figure 3.4 Area-averaged 60-month running mean SST (°C) (solid line) and its trendlines
(°Clyear) (dashed line), from 1960 January to 2011 December, in the North Indian Ocean
(Eq.- 25 °N, 45 °E- 99 °E) (black), Arabian Sea (Eq.- 25 °N, 45 °E- 80 °E) (green) and Bay
of Bengal (Eq.- 25 °N, 80 °E- 99 °E) (red).
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A similar pattern and trend were also seen in the case of the Arabian Sea and the Bay of
Bengal. However, the latter is warmer than the former, with the average temperature in the
Bay of Bengal being 28.64 °C, while that in the Arabian Sea is 27.88 °C for the period from
1960 January to 2011 December. Though both the basins showed increasing trends in their
basin-averaged SSTs, the warming trend in the Bay of Bengal was 0.012 °C/year, which was
higher than the Arabian Sea having a value of 0.010 °C/year. Note that the area-averaged 60-
month running mean SST, in all the 3 regions, showed a disruption in the decadal cycle in the
post-1995 period. Thus, during the study period, 3 distinct decadal cycles were discernible in

all the 3 regions prior to 1995.

In order to identify the sunspot number cycle corresponding to each of the decadal cycles of
SST, the 60-month running mean of the sunspot number was superimposed on the SST
(Figure 3.5). The minima of the sunspot numbers are taken as the beginning/ end of the
decadal sunspot number cycle periods. The periods of the sunspot number decadal cycle are
(1) 1964 March to 1975 June, (2) 1975 June to 1985 December, (3) 1985 December to 1995
November and (4) 1995 November to 2008 July. Accordingly, the above decadal cycle has

been designated as 1%, 2", 3 and 4™ respectively.
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Figure 3.5 The 60-month running mean of the Sunspot number (blue line) and the basin-
averaged SST (°C) in the North Indian Ocean (Eq.- 25 °N, 45 °E- 99 °E) (black), Arabian Sea
(Eq.- 25 °N, 45 °E- 80 °E) (green) and Bay of Bengal (Eq.- 25 °N, 80 °E- 99 °E) (red), in the
period from 1960 January to 2011 December.

Having delineated the area-averaged SST decadal cycle in the entire N1O, Arabian Sea and
Bay of Bengal and its corresponding sunspot number cycle, the next step is to examine the
characteristics of the mean spatial distribution pattern of 60-month running mean SST for
each of the decadal cycle, its standard deviation and slope of the trendline in the study

domain, which is detailed in the following sections.
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3.4  Spatial distribution of decadal mean SST

The average value of the 60-month running mean SST for the 1% decadal cycle (from 1964
March to 1975 June) was 28.5 °C which was seen in the south-eastern part of the Arabian Sea
and most parts of the Bay of Bengal (Figure 3.6a). The north-western Arabian Sea, region
encompassing the southern peninsular India and Sri Lanka, and northern Bay of Bengal was
colder. The coldest regions were seen off Somalia, Arabia and Indo-Sri Lanka which are
known for seasonal upwelling during summer (southwest) monsoon. Though the pattern
remained similar in the period of 2™ decadal cycle (from 1975 June to 1985 December) also,
the region of 28.5 °C has expanded northwards in the Bay of Bengal and the cold water
region in the Indo-Sri Lankan upwelling region had shrunk (Figure 3.6b). In the 3™ decadal
cycle (from 1985 December to 1995 November) an intensification of warming was
discernible within the region of 28.5 °C SST, by way of the appearance of region of 29 °C
SST in the equatorial regions (Figure 3.6¢). Note also that the region of 28.5 °C has further
expanded northwards in the Bay of Bengal, while the cold water region in the Indo-Sri
Lankan upwelling region had further shrunk. In the 4™ decadal cycle SST in almost entire
Bay of Bengal, equatorial region and the eastern Arabian Sea showed an increase (Figure
3.6d). The area occupied by the Indo-Sri Lanka upwelling region shrunk to the least of the 4
decades. Similarly, the Somali upwelling which had the coldest SST during the 1% decadal
cycle showed warmest SST in the 4™ decadal cycle. In contrast, the Oman upwelling did not

show changes as large as the rest of the upwelling regions.

The range of decadal average 60-month running mean SST in the 1% to 4™ sunspot number
cycle were 24.43°C to 30.58°C, 24.81°C to 31.16°C, 24.04°C to 30.41°C and 24.26°C to

30.50°C respectively.
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Figure 3.6 North Indian Ocean (Eq.- 25 °N, 45 °E- 99 °E) SST 60-month running mean
average (°C), in the periods from 1964 March to 1975 June (figure 3.6 a), 1975 June to 1985
December (figure 3.6 b), 1985 December to 1995 November (figure 3.6 c) and 1995
November to 2008 July (figure 3.6 d).

32



In order to bring out the progressive changes in the SST over the region of large SST
variability, the relative changes in the isotherm over regions of upwelling, such as Somalia,
Arabia and Indo-Sri Lanka, have been examined closely. The area bounded by the isotherm
26.5 °C (indicator isotherm of Somalia upwelling), which encompasses areas of temperature
lesser than 26.5 °C, off Somalia showed a progressive reduction from 1% decadal cycle to 4™
decadal cycle. However, the maximum reduction in the aerial extent of 26.5 °C occurred
during the period from 1% to 2" and 3™ decadal cycles. In the 4™ decadal cycle, which
corresponds to the period of rapid warming, the 26.5 °C completely disappeared from Somali
upwelling region. A similar reduction in the aerial extent of upwelling region of Indo-Sri
Lanka was discernible from the area bounded by the 28.5 °C isotherm (indicator isotherm for
Indo-Sri Lanka upwelling). However, unlike the Somalia upwelling region, the indicator
isotherm did not completely disappear from Indo-Sri Lanka upwelling region. In complete
contrast, the 26.5 °C isotherm off Oman (indicator isotherm of Oman upwelling) showed the
least change in terms of the aerial extent. However, during the 4™ decadal cycle when the
entire study domain experienced enhanced warming, the Oman upwelling also underwent a

reduction in the upwelling area.

Another area which showed distinct warming is the Sumatra region which is located in the
Indo-Pacific warm pool region and bounded by the 29 °C isotherm. In the 1% decadal cycle
the area bounded by the 29 °C isotherm was very small, which expands rapidly up to the 4™
decadal cycle. The aerial extend grows rapidly both northward and westward in the 3" and 4™
decadal cycles. In the 4™ decadal cycle it extends well into the eastern Bay of Bengal up to 12

°N and westward along the equator into the Arabian Sea up to 60 °E.
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3.5 Spatial distribution of decadal standard deviation of 60-month

running mean SST
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Figure 3.7 The 60-month running mean standard deviation of SST (°C) in the northern
Indian Ocean, in the periods from 1964 March to 1975 June (figure 3.7a), 1975 June to 1985
December (figure 3.7b), 1985 December to 1995 November (figure 3.7¢) and 1995
November to 2008 July (figure 3.7d).

34



The standard deviation of the 60-month running mean SST, in general, showed less spatial
variability over the study domain in all the decadal cycle considered for the study (Figure 3.7

a—d).

In general, the Arabian Sea showed lesser standard deviation values than the Bay of Bengal.
In the 1% decadal cycle the standard deviation was lesser along the Somali coast, southern
parts of the Arabian Sea, western coast of India, and central and southern Bay of Bengal. The
area of low standard deviations increases in the Arabian Sea in the 2" and 3" decadal cycle,
while the area of higher standard deviation seen along the coastal Bay of Bengal also
expands. The standard deviation in the 4™ decadal cycle in the entire study domain showed
high values except in a zonal band in a north-west to south-east direction from the tip of

Somalia toward Indo-Sri Lanka region and into the Bay of Bengal (Figure 3.7d).

3.6  Spatial distribution of 60-month running mean SST slopes

The slopes of the 60-month running mean of SST in the 1% decadal cycle were negative in a
band oriented in a north-west south-east direction in the Arabian Sea encompassing the
region up to south of Sri Lanka and several patches in the Bay of Bengal (Figure 3.8a). Rest
of the regions had positive slope. In the 2" decadal cycle positive slope replaces the band of
negative slope seen during the 1% decadal cycle, except in the northern parts of the Arabian
Sea (Figure 3.8b). The small patches of positive slope in the Bay of Bengal seen during the
1% decadal cycle showed spatial expansion during the 2" decadal cycle. Once again, during
the 3" decadal cycle major parts of the Arabian Sea and the Bay of Bengal showed a negative
trend (Figure 3.8c). Along the western Bay of Bengal a band of positive slope is seen hugging

the coast.
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Figure 3.8 The slopes of the 60-month running mean SST (°C/year), in the periods from
1964 March to 1975 June (figure 3.8 a), 1975 June to 1985 December (figure 3.8 b), 1985
December to 1995 November (figure 3.8 ¢) and 1995 November to 2008 July (figure 3.8 d).
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In the 4™ decadal cycle, the slope showed a band of positive values hugging the western
boundary of the Bay of Bengal, a reverse trend as that of 3" decadal cycle (Figure 3.8d).

Except this region the rest of the study domain showed positive slope.

Thus, dominant alternating positive and negative slopes occur in the eastern Arabian Sea and
in the western Bay of Bengal. There are smaller and less distinct oscillating patterns off

Sumatra, off Somalia and in the southern Bay of Bengal.

Having delineated the decadal mean spatial patterns of the 60-month running mean SST, its
standard deviation and the slopes of the trendline, it is important to examine the area-
averaged 60-month running mean SST trendlines during each of the four decadal cycles in

the Northern Indian Ocean, Arabian Sea and the Bay of Bengal which is detailed below.

3.7 Area-averaged 60-month running mean SST, trend and slopes in

each of the decadal cycle periods

The area-averaged 60-month running mean SST slopes in the North Indian Ocean (NIO),
Arabian Sea and Bay of Bengal are computed for each of the decadal cycle and presented in
figure 3.9 a—c. The salient feature of the SST trendlines in the NIO, Arabian Sea and the Bay
of Bengal during the period of study was (1) a linear warming trend, (2) presence of
dominant decadal cycle riding over this linear warming trend, and (3) disruption of the
decadal cycle after 1995. Though the area-averaged 60-month running mean SST in all the 3
regions showed a linear increasing trend from 1960 January to 2011 December, the trend in
the individual decadal cycle are quite different for NIO, Arabian Sea and the Bay of Bengal.
In the NIO the area-averaged 60-month running mean SST showed an increase at the rate of

0.0110°C/year (coefficient of determination, R’= 0.87), while that in the Arabian Sea and in
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the Bay of Bengal were 0.0106°C/year (R?= 0.84) and 0.0118°C/year (R’= 0.87) respectively.

Note that the rate of SST rise was higher in the Bay of Bengal than in the Arabian Sea.
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Figure 3.9 The area-averaged 60-month running mean SST (°C) (solid line) and trendlines
(°Clyear) (dashed line), from 1960 January to 2011 December and in the sunspot number
cycle periods viz. 1964 March to 1975 June, 1975 June to 1985 December, 1985 December to
1995 November and 1995 November to 2008 July, in the North Indian Ocean (Eqg.- 25 °N, 45
°E- 99 °E) (black) (Figure 3.9a), Arabian Sea (Eq.- 25 °N, 45 °E- 80 °E) (green) (Figure
3.9b) and Bay of Bengal (Eq.- 25 °N, 80 °E- 99 °E) (red) (Figure 3.9c).

38



In the 1% decadal cycle slope of the SST trend line in the NIO showed a weak increasing
trend with a value of 0.0019°C/year (R*=0.01). In the Arabian Sea the slope of the trend line
showed a weak decline with a value -0.0011°C/year (R?*=0.00). In contrast, the trend of SST
in the Bay of Bengal showed an increase with a value of 0.0061°C/year (R?*=0.10). The

magnitude of the slope in the Arabian Sea was the least.

In the 2" decadal cycle, the slope of the area-averaged 60-month running mean SST in the
NIO showed an increasing trend of 0.0153°C/year (R*= 0.34). Contrary to the 1% decadal
cycle, both the Arabian Sea and the Bay of Bengal showed an increasing trend during 2"
decadal cycle. However, the rise in the Bay of Bengal, 0.0170°C/year (R*=0.42) was much

higher than the rise in the Arabian Sea i.e. 0.0143°C/year (R*=0.29).

In the 3" decadal cycle the slope of the area averaged 60-month running mean SST in the
NIO showed a decreasing trend of -0.0049°C/year (R?*=0.07). Both the Arabian Sea and the
Bay of Bengal showed a decreasing trend with a slope of -0.0041°C/year (R*=0.05) and -

0.0059°C/year (R°=0.11) respectively.

In the 4™ decadal cycle the slope of the area-averaged 60-month running mean SST in the
NIO showed an increasing trendline slope of 0.0124°C/year (R>=0.72). The basin-averaged
slope of the SST trendline in the Arabian Sea was 0.0141°C/year (R*=0.786) and in the Bay

of Bengal it was 0.0101°C/year (R?=0.479).
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3.8 Disruption of the decadal cycle and changes in SST trends in the post-1995 period

One of the characteristic features of the area-averaged 60-month running mean SST that
emerged from the previous section was the disruption of decadal cycle after 1995. As it is
well known that natural decadal cycle is driven by solar activity [White et al., 1997] the
sunspot number, which is a proxy for the solar irradiance [Wilson and Hudson, 1988], was
plotted along with SST to see the correspondence between the two in the Arabian Sea (Figure
3.10) and the Bay of Bengal (Figure 3.11). It is also pertinent to examine the slope of the
trend line before and after 1995, which are also given in above mentioned figures. Note that
the figure also includes the 60-month running mean carbon dioxide concentration, which will
be discussed in the next chapter, while dealing with the factors responsible for the observed

variability.
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Figure 3.10 The 60-month running mean SST (°C) (thick black line) in the Arabian Sea from
1960 January to 2011 December, with trendlines for the entire period (thin black line) and in
the pre and post 1995 November periods (thin black dashed lines). The 60-month running
means of sunspot number (thin blue line) and carbon dioxide concentration (thin red line with
cross marks) [D'Mello and Prasanna Kumar, 2017].
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Figure 3.11 Basin-averaged 60-month running mean SST (thickest line, black) in the Bay of
Bengal (Eg. to 25 °N, 80 °E to 99 °E), sunspot number (thick line, blue) and carbon dioxide
concentration (thick line with cross-marks, light-blue) for the period 1960 January to 2011
December. SST trendline for the entire period of study (thin line, black) and pre-1995 and
post-1995 SST trendlines (thin dashed lines, black) are also shown [D'Mello and Prasanna
Kumar, 2016].

In the Arabian Sea as well as in the Bay of Bengal, the SST, in general, showed a covariance
with sunspot number from 1960 to 1995 indicating that the SST decadal cycle was primarily
driven by the solar activity. However, after 1995, the link between the SST and the sunspot
number seems to have disconnected. The linear warming trend for the Arabian Sea and the

Bay of Bengal from 1960 to 2011 showed that the Bay of Bengal was warming faster
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(0.0140°C/year ) than the Arabian Sea (0.0102°C/year) (Table 3.1). Similar was the pattern of
warming in the pre-1995 period for both the seas. In the post-1995 period the Arabian Sea
showed an accelerated warming compared to pre-1995 period. In contrast, the Bay of Bengal
showed a slowdown in the rate of warming during post-1995 period compared the pre-1995
period. The reasons for the observed difference in the rate of warming during pre and post-

1995 periods will be dealt with in the next chapter.

Table 3.1 Slopes of the linear trend line of 60-month running mean SST in the Arabian
Sea and the Bay of Bengal for different periods.

Serial Period Slope of the SST linear trend line (°C/year)
Number
Arabian Sea Bay of Bengal
1 1960-2011 0.0102 0.0140
2 1960-1995 0.0078 0.0149
3. 1995-2011 0.0136 0.0084
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CHAPTER 4

FACTORS CONTROLLING THE INTER-
DECADAL VARIBAILITY

4.1 Introduction

In the previous chapter inter-decadal variability of the northern Indian Ocean comprising of
the Arabian Sea and the Bay of Bengal has been examined. In this chapter the potential
factors that are responsible for the inferred inter-decadal variability has been examined in
sections 4.2 to 4.5. In order to decipher the factors, at first the variability in each of the
sunspot number cycle periods are analysed with respect to various parameters namely the
wind speed, evaporation minus precipitation (E-P) and net heat flux (NHF). The slopes of
each of the above parameters and correlation coefficients were computed to identify those
regions where the correlation coefficient had a significance level above 95%. Table 4.1
provides number of points used for calculation and the details pertaining to colour scheme
used for shading of significance level of 95 % and 99 % correlation coefficients, while Table
4.2 contains number of point and T-values of slopes for significance level greater than or

equal to 95%.

Further, factors responsible for the post 1995 break in the decadal cycle along with the
reasons for the changes in the linear warming trend in the Arabian Sea and the Bay of Bengal

were examined in section 4.6.
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Table 4.1 Values of correlation coefficient > 95% and > 99% significance levels in
various sunspot number cycle periods, and the colour scheme used for
shading the figures till section 4.5.4.

Sunspot Number Cycle | Number Correlation Coefficient
Period of points
>95% >99 %
Significance level | Significance level
Light red/blue Dark red /blue
positive /negative positive /negative
1964 March to 1975 June 136 +/-0.168 +/-0.220
1975 June to 1985 127 +/-0.174 +/-0.228
December
1985 December to 1995 120 +/-0.179 +/-0.234
November
1995 November to 2008 153 +/-0.159 +/-0.208
July

Table 4.2 T-values of slopes for significance level greater than or equal to 95% in
various sunspot number cycle periods, used for slope figures till section 4.5.4.

Sunspot Number Cycle Period Number of T-values of slopes for
points significance level > 95%
1964 March to 1975 June 136 +/-1.978
1975 June to 1985 December 127 +/-1.979
1985 December to 1995 November 120 +/-1.980
1995 November to 2008 July 153 +/-1.976
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4.2  Factors controlling the SST variability during the sunspot number
cycle period from 1964 to 1975

In this sunspot number cycle based on the slopes of wind speed, net heat flux (positive into

the ocean), E-P (evaporation minus precipitation) and their correlation with SST (Figure 4.1),

two regions were identified (Figure 4.2) which could explain the distribution of the SST

linear trendline slope.
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Figure 4.1 60-month running mean slopes (left) of wind speed ((m/s)/year), net heat flux
((W/m?)/year) and E-P ((cm/year)/year) and their correlation coefficients (right) with SST, in
the period from 1964 March to 1975 June. Slope regions above 95 % significance levels are
shaded. 2-tailed t-statistic > |1.978|, N=136. Regions above 95 % significance levels of
correlation coefficients are shaded. r = +/- 0.169, significance level= 95 %; r = +/- 0.22,
significance level= 99 %, N= 136. N is the number of points.
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These 2 regions are eastern Arabian Sea and southwest Bay of Bengal, which are represented

approximately by solid circles/ellipses in Figure 4.2.
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Figure 4.2 Regions studied SST variability demarcated by solid circles/ellipses in the sunspot
number cycle period from 1964 March to 195 June. Shading is for the slope of the 60-month
running mean SST trend line.

4.2.1 Eastern Arabian Sea

The SST slopes in the north Indian Ocean generally showed a decreasing trend (Figure 4.2) in
the eastern Arabian Sea, in the sunspot number cycle period from 1964 to 1975. The wind
speed and SST have an inverse relationship (Figure 4.1A and B)). Stronger winds can cause
lesser SSTs through enhanced cooling, due to higher evaporation and/ or wind-mixing with
the generally cooler subsurface waters. The opposite process of weaker wind speeds, leading
to lesser evaporative cooling and also lesser mixing with the generally cooler subsurface
waters results in warmer surface temperatures. A similar relationship and leading to above
mentioned process explains the observed decreasing trend in SST in the waters to the south of

Sri Lanka.
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The net heat flux showed a decreasing trend (Figure 4.1C) and positive correlation with SST
(Figure 4.1D), everywhere in the eastern Arabian Sea except along a small patch in the
central west coast. This implies that the observed decreasing trend in SST was also impacted

by the deceasing trend of the net heat flux into the ocean.

The evaporation minus precipitation (E-P) showed an increasing trend along the eastern
Arabian Sea (Figure 4.1E) with a negative correlation with SST (Figure 4.1F). This condition
would warrant either an increase in evaporation or a decrease in precipitation. In the former

case it would lead to a decrease in SST.

In fact, in the eastern Arabian Sea, the observed decreasing trend in SST during this decadal

cycle was contributed by increasing wind speed, decreasing net heat flux and increasing E-P.

4.2.2 Southern Bay of Bengal

In the southern Bay of Bengal, the SST showed an increasing trend (Figure 4.2), in general,
with small patches showing decreasing trend. The increase observed in the trend of wind
speed (Figure 4.1A), cannot support the observed general warming trend in this region.
Similarly, the E-P (Figure 4.1 E and F), which showed an increasing trend would also not
help in explaining the warming trend. The net heat flux (Figure 4.1C and D), however, could
explain the observed warming trend in the south-western Bay of Bengal as it showed a

positive trend indicating input of heat into the ocean.
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4.3  Factors controlling the SST variability during the sunspot number
cycle period from 1975 to 1985

In this sunspot number cycle based on the slopes of wind speed, net heat flux and the E-P

and their correlation with SST (Figure 4.3) eight regions were identified (Figure 4.4)

which could explain the distribution of the SST linear trendline slope.
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Figure 4.3 60-month running mean slopes (left) of wind speed ((m/s)/year), net heat flux
((W/m?)/year) and E-P ((cm/year)/year) and their correlation coefficients (right) with SST, in
the period from 1975 June to 1985 December. Slope regions above 95 % significance levels
are shaded. 2-tailed t-statistic > |1.979|, N=127. Regions above 95 % significance levels of
correlation coefficients are shaded. r = +/- 0.174, significance level= 95 %; r = +/- 0.228,
significance level= 99 %, N=127. N is the number of points.
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These 8 regions are equatorial Arabian Sea, equatorial Bay of Bengal, north-eastern Arabian
Sea, south-western Bay of Bengal, south-eastern Arabian Sea, north-western Bay of Bengal,
western Arabian Sea and off Somali coast which are represented approximately by solid

circles/ellipses in Figure 4.4.
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Figure 4.4 Map showing the regions of study of the SST variability demarcated by solid
circles/ellipses in the sunspot number cycle period from 1975 June to 1985 December.
Shading is for the slope of the 60-month running mean SST trend line.

4.3.1 Equatorial Arabian Sea and Equatorial Bay of Bengal

In the sunspot number cycle period from 1975 to 1985, the regions of the equatorial Arabian
Sea and the equatorial Bay of Bengal showed increasing trend in the SSTs (Figure 4.4). The
wind speed showed a decreasing trend in the equatorial Arabian Sea with negative
correlation, while it showed an increasing trend with positive correlation in the equatorial
Bay of Bengal (Figure 4.3A and B). The net heat flux in both the regions showed a
decreasing trend with negative correlation (Figure 4.3C and D), which were unfavourable for
the observed increasing trend in the SST. The E-P showed a decreasing trend in both regions

with a negative correlation (Figure 4.3E and F) implying a decreased evaporation or
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increased precipitation which is favourable to the observed increasing trend of SST. In the
equatorial Arabian Sea both decreasing wind speed and decreasing E-P leads to the increase
in the SST trend. On the other hand, in the equatorial Bay of Bengal it is only the reduced E-

P that would cause the observed increase in the SST trend.

4.3.2 South-Eastern Arabian Sea and South-Western Bay of Bengal

In the sunspot number cycle period from 1975 to 1985 the south-eastern Arabian Sea and the
south-western Bay of Bengal showed increasing trends in the SSTs (Figure 4.4). The wind
speed in both the regions showed increasing trend with negative correlation (Figure 4.3 A and
B). This condition is not favourable for the observed increase in the SST. The net heat flux
also showed an increasing trend into the ocean but with a positive correlation (Figure 4.3 C
and D), which were favourable for the observed increasing SST trend. There was a large gap
in the E-P data in the south-eastern Arabian Sea, but in the south-western Bay of Bengal it
showed both negative (southern part of the region) and positive (northern part of the region)
slopes with correlation also showing negative (southern part of the region) and positive
(northern part of the region) values. In the southern part of the south-western Bay of Bengal
the decreasing E-P trend favours the increasing SST trend. Thus, the increasing net heat flux
into the ocean is the only forcing that favoured the increased SST trend in the south-eastern
Arabian Sea, while in the south-western Bay of Bengal the net heat flux and to some extent

the E-P contributed towards the observed increasing SST trend.
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4.3.3 North-Eastern Arabian Sea and North-Western Bay of Bengal

In the sunspot number cycle period from 1975 to 1985, the north-eastern Arabian Sea and
north-western Bay of Bengal showed a predominant decreasing trend in SSTs (Figure 4.4).
The wind speed showed an increasing trend with negative correlation with SST (Figure 4.3 A
and B). This condition is favourable for the observed SST trend. In contrast, the net heat flux
in both the regions showed an increasing trend, but the correlation with SST was positive in
the north-eastern Arabian Sea and negative in the north-western Bay of Bengal (Figure 4.3 C
and D). The slopes of the heat flux trend were not favourable for the SST decreasing trend in
both the regions. The increased E-P trend along with negative correlation with SST (Figure
4.3 E and F) in the north-eastern Arabian Sea implies that the increased evaporation supports
decreasing trend in SST. In the north-western Bay of Bengal, due to large data gap it was not
possible to infer any relation meaningfully. Thus, in the north eastern Arabian Sea increased
wind speed along with increased E-P lead to the decreasing trend in SST, while in the north-

western Bay of Bengal increasing SST trend was driven by winds alone.

4.3.4 Western Arabian Sea

The western Arabian Sea showed a predominantly increasing trend in SSTs (Figure 4.4). The
wind speed showed a decreasing trend with negative correlation with SST (Figure 4.3 A and
B), which supports the observed SST trend in this region. The net heat flux showed an
increasing trend in the northern part of the western Arabian Sea, while in the southern part
the trend was negative (Figure 4.3C). The correlation of net heat flux with SST was, in
general, negative (Figure 4.3D). Since the correlation was negative, the net heat flux was not

responsible for the observed warming in the western Arabian Sea. Similarly, the E-P showed
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an increasing trend in the northern part, while it was decreasing in the southern part (Figure
4.3 E). The correlation, however, was negative throughout the region. Hence, in the southern
part E-P was favourable for the warming of SST. Thus, in the western Arabian Sea, wind

speed and to some extent the E-P supported the observed warming trend in SST.

4.3.5 Off Somali Coast

The SSTs off Somali coast showed a decreasing trend (Figure 4.4). The wind speed showed a
predominantly increasing trend with negative correlation (Figure 4.3A and B), which
favoured the observed decreasing SST trend. In contrast, the net heat flux which showed a
decreasing trend and a negative correlation with SST (Figure 4.3 C and D), which was not
favourable for the observed SST trend. The large data gaps in E-P inhibited any meaningful
inference on its role in contributing to the observed trend in SST. Thus, off Somali coast the

observed decreasing trends of the SST were driven by the increasing wind speed trends.

4.4  Factors controlling the SST variability during the sunspot number
cycle period from 1985 to 1995

In this sunspot number cycle based on the slopes of wind speed, net heat flux, E-P and their
correlation with SST (Figure 4.5), four regions were identified (Figure 4.6) which could

explain the distribution of the SST linear trendline slope.
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Figure 4.5 60-month running mean slopes (left) of wind speed ((m/s)/year), net heat flux
((W/m?)/year) and E-P ((cm/year)/year) and their correlation coefficients (right) with SST, in
the period from 1985 December to 1995 November. Slope regions above 95 % significance
levels are shaded. 2-tailed t-statistic > |1.980|, N=120. Regions above 95 % significance
levels of correlation coefficients are shaded. r = +/- 0.179, significance level= 95 %; r = +/-
0.234, significance level= 99 %, N=120. N is the number of points.

These four regions are central Bay of Bengal, equatorial Arabian Sea, eastern Arabian Sea
and north-western Bay of Bengal which are represented approximately by solid

circles/ellipses in Figure 4.6
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Figure 4.6 Map showing the regions of study of the SST variability demarcated by solid
circles/ellipses in the sunspot number cycle period from 1985 December to 1995 November.
Shading is for the slope of the 60-month running mean SST trend line.

4.4.1 Central Bay of Bengal

In the central Bay of Bengal, there was a decreasing trend in the SST (Figure 4.6). The
predominantly increasing trend of the wind speed and its generally negative correlation with
SST was favourable to the observed decreasing SST trend (Figure 4.5 A and B). The net heat
flux showed a decreasing trend with positive correlation coefficients with SST (Figure 4.5 C
and D). This was also favourable for a decreasing SST trend which was observed. The E-P
also showed an increasing trend with negative correlation with SST (Figure 4.5 E and F).,
which also was favourable for decreasing trend in SST. Thus, in the central Arabian Sea, the
decreasing trends in the SST were driven by the combination of increasing wind speed and E-

P trends and decreasing NHF trends.
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4.4.2 Equatorial Arabian Sea and Eastern Arabian Sea

In the sunspot number cycle period from 1985 to 1995, there was a decreasing trend of SST
in the equatorial Arabian Sea and also in the eastern Arabian Sea (Figure 4.6). The increasing
trend in wind speed and its predominantly negative correlation coefficient with the SST
(Figure 4.5 A and B) was favourable for the observed decreasing trend in SST, in both the
regions. The net heat flux showed a decreasing trend with positive correlation coefficients
with SST (Figure 4.5 C and D). This was also favourable for the observed predominantly
decreasing SST trends in the equatorial Arabian Sea and in the eastern Arabian Sea. The E-P
shows a decreasing trend in the equatorial Arabian Sea and in the eastern Arabian Sea. The
correlation coefficients between E-P and SST in the equatorial Arabian Sea was negative and
so also for the region of eastern Arabian Sea (Figure 4.5 E and F). Note that the E-P has large
data gaps in the eastern Arabian Sea regions, which has to be dealt with caution while
interpreting the results. However, the decrease in the E-P trends discernible from figure was
not favourable to explain the observed decreasing SST trends. Thus, in the equatorial Arabian
Sea and in the eastern Arabian Sea, the decreasing trends in the SST were due to increasing

trends in the wind speeds and decreasing trend in the net heat flux.

4.4.3 North-Western Bay of Bengal

In the sunspot number cycle period from 1985 to 1995, the North-west Bay of Bengal SST
showed a significant increasing trend predominantly (Figure 4.6). The decreasing trend in
wind speed and its negative correlation with SST in general (Figure 4.5 A and B), indicate
conditions which were favourable for the warming of SST. The net heat flux showed a

decreasing trend into the ocean and its correlation coefficients with SST were negative
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(Figure 4.5 C and D). These conditions were not favourable for the observed warming trend.
The large data gaps in E-P inhibited any meaningful inference on its role in contributing to
the observed trend in SST (Figure 4.5 E and F). Thus in the waters of the north-western Bay
of Bengal, the observed increasing trends of the SST were driven by the decreasing wind

speed trends.

4.5 Factors controlling the SST variability during the sunspot number

cycle 1995 to 2008

In this sunspot number cycle period based on the slopes of wind speed, net heat flux and the
E-P and their correlation with SST (Figure 4.7), six regions were identified (Figure 4.8)
which could explain the distribution of the SST linear trendline slope. These six regions are
northern Arabian Sea, western Arabian Sea, eastern Arabian Sea, southern Arabian Sea,
north-eastern Bay of Bengal and north-western Bay of Bengal which are represented

approximately by solid ellipses in Figure 4.8.
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Figure 4.7 60-month running mean slopes (left) of wind speed ((m/s)/year), net heat flux
((W/m?)/year) and E-P ((cm/year)/year) and their correlation coefficients (right) with SST, in
the period from 1995 November to 2008 July. Slope regions above 95 % significance levels
are shaded. 2-tailed t-statistic > |1.976|, N=153. Regions above 95 % significance levels of
correlation coefficients are shaded. r = +/- 0.159, significance level= 95 %; r = +/- 0.208,
significance level=99 %, N= 153. N is the number of points.
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Figure 4.8 Map showing the regions of study of the SST variability demarcated by solid
ellipses in the sunspot number cycle period from 1995 November to 2008 July. Shading is for
the slope of the 60-month running mean SST trend line.

45.1 Southern Arabian Sea

In the sunspot number cycle period from 1995 to 2008, the SSTs in the southern Arabian Sea
showed an increasing trend (Figure 4.8). The wind speed trends were a mixture of both
positive and negative and correlation coefficients were largely negative (Figure 4.7 A and B).
The net heat flux had positive trends into the ocean and positive correlation coefficients
between 6 °N to 8 °N latitudes in the region considered (Figure 4.7 C and D). This was
favourable for the observed SST trend. The E-P had a decreasing trend and a negative
correlation coefficient with SST (Figure 4.7 E and F). This also was favourable for the
increasing SST trend. Thus, in the southern Arabian Sea the decreasing trend in the E-P
drives the observed increasing SST trend, besides contributions from the increasing net heat

flux.
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45.2 Northern Arabian Sea, Western Arabian Sea and Eastern Arabian Sea

The SST showed an increasing trend predominantly, in the northern, western and eastern
Arabian Sea regions (Figure 4.8). The wind speed showed a predominantly increasing trend
in the northern Arabian Sea and in the eastern Arabian Sea and a mixture of positive and
negative correlation coefficients (Figure 4.7 A and B). This was not favourable to the
generally increasing SST trends of the northern Arabian Sea and eastern Arabian Sea.
However, in the western Arabian Sea the wind speed showed a decreasing trend (Figure 4.7
A) and the correlation of wind speed with SST was predominantly negative (Figure 4.7 B).
This was favourable to the observed increasing SST trends in the western Arabian Sea. The
net heat flux showed an increasing trend and positive correlation coefficients in all the three
regions (Figure 4.7 C and D). This was favourable for the observed SST rise in the northern,
western and eastern Arabian Sea. The E-P showed a decreasing trend in part of the western
Arabian Sea and in the northern Arabian Sea (Figure 4.7 E). Due to large data gap in the
eastern regions it is not possible to infer anything meaningful for that region. The correlation
coefficients were negative in the western Arabian Sea and northern Arabian Sea (Figure 4.7
F), which points to its favourable conditions for the SST warming trend. Thus, the increasing
SST trends were driven by the increasing NHF into the ocean in the western, northern and
eastern Arabian Sea; decreasing trend in E-P in the western and northern Arabian Sea and

decreasing wind speeds in the western Arabian Sea.

4.5.3 North-Eastern Bay of Bengal

The SST showed an increasing trend in the north-eastern Bay of Bengal (Figure 4.8). There

were predominantly increasing wind speed trends in most of the region (Figure 4.7 A) and
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positive correlation with SST (Figure 4.7 B), which was not congenial for the observed
increasing trend in SST. The NHF showed an increasing trend into the ocean (Figure 4.7 C)
and a positive correlation coefficient with SST (Figure 4.7 D). This was favourable for the
observed rising trend in SST. The E-P, which had a large data gap, showed a small region
with increasing trend (Figure 4.7 E) and a positive correlation coefficient with SST (Figure
4.7 F). However, this was not favourable to explain the observed increasing SST trend. Thus,
in the north-eastern Arabian Sea, the increasing trend in SST was driven by the increasing

NHF into the ocean.

4.5.4 North-Western Bay of Bengal

The north-western Bay of Bengal showed a decreasing trend in SST (Figure 4.8). There were
some areas in the north-western Bay of Bengal, where the wind speeds showed an increasing
trend and its correlation coefficients with SST was negative (Figure 4.7 A and B). In these
areas the wind speed was favourable to the observed SST decreasing trend. The NHF showed
an increasing trend into the ocean with regions of both positive and negative correlation
coefficients (Figure 4.7 C and D). However, the trends and the negative correlation
coefficients were not favourable to explain the observed decreasing SST trend. The E-P data
was available only for a very small portion of the region, where E-P showed an increasing
trend with positive correlation (Figure 4.7 E and F). However, this was not favourable to
explain the observed SST decreasing trend. Thus, in the north-western Bay of Bengal, the
decreasing trend in SST could be explained only with the help of increasing trend in wind

speed.
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The factors affecting the SST trends in 4 different sunspot number cycle periods and in

different spatial regions within the northern Indian Ocean discussed in sections 4.2 to 4.5 are

summarised in Table 4.3 below.

Table 4.3 Factors controlling the SST trend in different sunspot number cycles in the
northern Indian Ocean
Period Region SST trend Factors controlling
the SST trend
Wind NHF | E-P
Speed
1964 to 1975 | Eastern Arabian Sea Decreasing | Yes Yes | Yes
Southern Bay of Bengal Increasing | No Yes | No
1975 to 1985 | Equatorial Arabian Sea Increasing | Yes No | Yes
Equatorial Bay of Bengal Increasing | No No | Yes
South-eastern Arabian Sea Increasing | No Yes | No
South-western Bay of Bengal | Increasing | No Yes | Yes*
North-eastern Arabian Sea Decreasing | Yes No | Yes
North-western Bay of Bengal | Decreasing | Yes No | No
Western Arabian Sea Increasing | Yes No | Yes*
Off Somali Coast Decreasing | Yes No No
1985 to 1995 | Central Bay of Bengal Decreasing | Yes Yes | Yes
Equatorial Arabian Sea Decreasing | Yes Yes | No
Eastern Arabian Sea Decreasing | Yes Yes | No
North-western Bay of Bengal | Increasing | Yes No No
1995 to 2008 | Southern Arabian Sea Increasing | No Yes* | Yes
Northern Arabian Sea Increasing | No Yes | Yes
Western Arabian Sea Increasing | Yes Yes | Yes
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Eastern Arabian Sea Increasing | No Yes | No

North-eastern Bay of Bengal | Increasing | No Yes | No

North-western Bay of Bengal | Decreasing | Yes* No No

* symbol indicates a part of the region’s SST is impacted by a factor

4.6  Factors responsible for the disruption of the decadal cycle and
changes in SST trends in the post-1995 period

In the previous chapter, while examining the basin-averaged SST variability in the Arabian
Sea and the Bay of Bengal, it was noted that in both the basins the SST showed a dominant
decadal cycle which was riding over an overall warming trend during the study period
(Figure 3.10 and 3.11). These decadal cycles showed a disruption in mid-nineties in both the
basins with different slopes during pre and post-1995 periods (Table 3.1). The Arabian Sea
showed an accelerated post-1995 warming trend in comparison to pre-1995 period. In
contrast, the Bay of Bengal showed a slow-down in the post-1995 warming rate in
comparison to pre-1995 period. In this section the reasons for such difference were examined
in the context of prevailing regional ocean-atmospheric processes. In the case of the Arabian
Sea the spatial distribution of the SST trend during pre and post 1995 were examined to
identify the factors responsible for the post-1995 accelerated warming, while in the case of
the Bay of Bengal the basin-averaged trend in SST was analyzed to decipher the reasons for

the slow-down in the post 1995 rate of warming.
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4.6.1 Arabian Sea
4.6.1.1 Regions and Seasons causing the accelerated SST warming

In order to understand the reasons for accelerated warming in the Arabian Sea post-1995
period, the spatial map of the difference in SST slopes between post and pre-1995 period was
prepared (Figure 4.9a). Further, the season-wise differences in slopes were given in Figure

4.9 b-e. The seasons considered are the following:

1. Late winter January and February (Figure 4.9b)
2. Spring March to May (Figure 4.9¢)
3. Summer June to September (Figure 4.9d)
4. Fall October and November (Figure 4.9¢)

It was evident from the Figure 4.9a that the accelerated warming over the Arabian Sea is not
uniform everywhere. The highest accelerated-warming of the SST occurred along the north-
eastern Arabian Sea (off the Konkan, Saurashtra, Kutch and Makran coasts), off Oman, off

northern Somalia, central AS and parts of the southern AS.

The highest seasonal accelerated-warming occurred in the late-winter in the north-eastern
Arabian Sea (Figure 4.9b), in spring-season in the central and north-eastern Arabian Sea
(Figure 4.9c), in summer along the western-boundary of the Arabian Sea (Figure 4.9d) and in

fall in the central Arabian Sea (Figure 4.9¢).
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Figure 4.9 Arabian Sea slope difference (°C/year) between the periods from 1995 November
to 2011 December and 1960 January to 1995 November, of SST 60-month running mean
(Panel a) and of SST 5-year running means in late-winter (January to February) (Panel b),
spring season (March to May) (Panel c), summer (June to September) (Panel d) and fall
season (October to November) (Panel e). The regions are shaded (dotted) if significant at the
95 % level. The regions are shaded above and contoured at |t-value| > 1.964, number of
points (N) = 560 (Panel a); [t-value| > 2.015, N = 44 (Figs. 2b-2d) and |t-value| > 2.014, N=
45 (Panel e). The approximate regions of highest SST warming are indicated by a dashed
ellipse/ circle [D'Mello and Prasanna Kumar, 2017].
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In order to understand the causative factors, various parameters’ slopes and their correlation
with SST were analysed in each season, in the post-1995 period. This allowed the
identification of the parameters which are favourable for the accelerated rise of SST, in the

season and region considered.

4.6.1.2 Late-winter season in the North-Eastern Arabian Sea

In the late-winter season, the north-eastern Arabian Sea showed an accelerated rise. The
correlation of NHF with SST was significant and positive in the north-eastern Arabian Sea
(Figure 4.10a). The NHF trends were also positive into the ocean (Figure 4.10b). These
conditions were favourable for the rise of SST. The correlation coefficient of E-P with SST
was also negative and significant in the north-east Arabian Sea (Figure 4.10c). The slopes of
E-P showed a significant decreasing trend (Figure 4.10d). This was also favourable for the

SST increasing trend in this region.

The Latent Heat Flux (LHF) was then analysed. The LHF and SST correlation coefficient
was significant and positive in the north-east Arabian Sea (Figure 4.10e). The LHF into the
ocean also showed a significant increasing trend (Figure 4.10f). This condition was also
favourable for the increased SST. The correlation coefficient of evaporation with SST was
negative and significant in the north-east Arabian Sea (Figure 4.10g). The slopes of
evaporation showed a significant decreasing trend (Figure 4.10h). This was also favourable

for the SST increasing trend in the north-east Arabian Sea region.

The correlation coefficient between specific humidity and SST was positive in the north-east
Arabian Sea (Figure 4.10i). The specific humidity showed an increasing trend (Figure 4.10j).

The accelerated warming, in the post-1995 period, in the north-eastern Arabian Sea in late-
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Figure 4.10
Arabian Sea late-
winter season
(January to
February)
averaged,
correlation
coefficients of
SST with net heat
flux (NHF) (Panel
a),  evaporation

precipitation
difference  (E-P)
(Panel c¢), latent
heat flux (LHF)
(Panel e),

evaporation
(Panel g) and

specific humidity
(Panel i), coloured
for regions having
95 % and above
significance level

(r>|+/-0.5325|,

N=14). Late-winter season averaged slopes of NHF ((W/m?/year) (Panel b), E-P
((cm/year)/year) (Panel d), LHF ((W/m?)/year) (Panel f), evaporation ((cm/year)/year) (Panel
h) and specific humidity ((g/kg)/year) (Panel j), are shaded for regions having 95 % and
above significance level (2-tailed t-statistic > |+/-2.18|, N=14). Both NHF and LHF are
considered positive into the ocean. The approximate region of highest accelerated SST
warming is indicated by a dashed ellipse [D'Mello and Prasanna Kumar, 2017].
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winter was due to the reduced evaporation, due to an increasing trend in the specific humidity

(Figure 4.10).

4.6.1.3 Spring season in the North-Eastern Arabian Sea and Central Arabian Sea

The spring season showed an accelerated rise in the north-eastern and central Arabian Sea.
The correlation coefficient of E-P with SST was also negative and significant in the north-
eastern and central Arabian Sea (Figure 4.11a). The slopes of E-P showed a significant
decreasing trend (Figure 4.11b). This was also favourable for the SST increasing trend in the

regions.

The correlation of NHF with SST was significant and positive in the north-east Arabian Sea
and central Arabian Sea (Figure 4.11c). The NHF trends were also positive into the ocean

(Figure 4.11d). These conditions were also favourable for the rise of SST in both the regions.

The correlation coefficient of evaporation with SST was negative and significant in the north-
eastern and central Arabian Sea regions (Figure 4.11e). The slopes of evaporation showed a
significant decreasing trend (Figure 4.11f). This was also favourable for the SST increasing

trend in the north-eastern and central Arabian Sea regions.

The Latent Heat Flux (LHF) was then analysed. The LHF and SST correlation coefficient
was significant and positive in the north-east Arabian Sea (Figure 4.12a). The LHF into the
ocean also showed significant increasing trends in both the regions (Figure 4.12b). These

conditions were also favourable for the increased SST.
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The correlation coefficient of the wind speed and SST was significant and negative in the
central Arabian Sea (Figure 4.12c). The wind speed trend was also decreasing (Figure 4.12

d), implying a favourable contribution for an increasing SST trend.

The correlation coefficient between specific humidity and SST was positive in the north-
eastern and central Arabian Sea (Figure 4.12e). The specific humidity showed an increasing

trend (Figure 4.12f).

The continued accelerated-warming trend in the north-eastern Arabian Sea, into spring
season, was due to the reducing-trends in the latent heat flux release to the atmosphere, due to
an increasing trend in specific humidity. The central Arabian Sea spring accelerated-
warming, was due to reducing trends in the evaporation and the latent heat flux release to the

atmosphere. Both were caused by reducing trends in wind speeds (Figures 4.11 and 4.12).
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Figure 4.11 Arabian Sea spring season (March to May) averaged, correlation coefficients of
SST with evaporation precipitation difference (E-P) (Panel a), net heat flux (NHF) (Panel c)
and evaporation (Panel e), coloured for regions having 95 % and above significance level
(r>|+/-0.5325|, N=14). Spring season averaged slopes of E-P ((cm/year)/year) (Panel b), NHF
((W/m?)/year) (Panel d) and evaporation ((cm/year)/year) (Panel f), are shaded (cross-
hatching) for regions having 95 % and above significance level (2-tailed t-statistic > |+/-2.18],
N=14). NHF is considered positive into the ocean. The approximate regions of highest
accelerated SST warming are indicated by a dashed ellipse/ circle [D'Mello and Prasanna
Kumar, 2017].
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Figure 4.12 Arabian Sea spring season (March to May) averaged, correlation coefficients of
SST with latent heat flux (LHF) (Panel a), wind speed (Panel c) and specific humidity (Panel
e), coloured for regions having 95% and above significance level (r>|+/-0.5325|, N=14).
Spring season averaged slopes of LHF ((W/m?)/year) (Panel b), wind speed ((m/s)/year)
(Panel d) and specific humidity ((g/kg)/year) (Panel f), are shaded (cross-hatching) for
regions having 95 % and above significance level (2-tailed t-statistic > |+/-2.18|, N=14). LHF
is considered positive into the ocean. The approximate regions of highest accelerated SST
warming are indicated by a dashed ellipse/ circle [D'Mello and Prasanna Kumar, 2017].
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4.6.1.4 Summer season in the Somalia and Arabia coasts

In the summer season the regions of highest accelerated warming were located off the
Arabian Peninsula and off Somalia. The spatial patterns of the isotherms (Figure 4.13a) in the
pre-1995 period (black) and post-1995 period (red) showed a decrease in the area bounded by
the cooler isotherms in the post-1995 period. The vertical distribution of temperature
averaged over equator to 12°N (Figure 4.13b) showed that the surfacing of isotherms, in the
post-1995 period, were more towards the west, indicating a lesser extend of upwelling. The
wind speed showed a decreasing trend and had a significant negative correlation with SST
(Figure 4.14a) off Somalia (Figure 4.14b), indicating that these factors were favouring a

reduction in upwelling.

The correlation coefficient between wind speed and SST was significantly negative off the
Arabian Peninsula as well (Figure 4.14a). A reducing trend in wind speed was also seen here
(Figure 4.14b). Besides this the E-P and evaporation also showed significant negative
correlation coefficients with SST (Figure 4.14 ¢ and e) and a decreasing trend, off the
Arabian Peninsula (Figure 4.14 d and f). Thus, the reducing wind speed was favourable for a

reduction in evaporation, which in turn increased the observed SST warming.

In the summer season, the reducing trend in the wind-speed caused lesser upwelling along the
Somali coast (Figure 4.13), in contrast along the Arabia coast the reducing wind speed trend
resulted in a reduction in the evaporation (Figure 4.14), which lead to accelerated warming

of the SSTs, in these regions.
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Figure 4.13 Arabian Sea averaged June to September, Simple Ocean Data Assimilation
(SODA): a) surface temperature (°C), at 5 m depth, shaded in the period averaged from 1960
January to 2011 December, contoured in the period from 1960 January to 1995 November
(black) and from 1995 November to 2011 December (red); and b) temperature (°C) section
up to 100 m depth, averaged off the Somali coast (Eq. to 12 °N) in the period from 1960
January to 1995 November (black) and 1995 November to 2011 December (red) [D'Mello
and Prasanna Kumar, 2017].
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Figure 4.14 Arabian Sea summer season (June to September) averaged, correlation
coefficients of SST with wind speed (Panel a), evaporation precipitation difference (E-P)
(Panel ¢) and evaporation (Panel €), coloured for regions having 95 % and above significance
level (r>|+/-0.5325|, N=14). Summer season averaged slopes of wind speed ((m/s)/year)
(Panel b), E-P ((cm/year)/year) (Panel d) and evaporation ((cm/year)/year) (Panel f) are
shaded (cross-hatching) for regions having 95 % and above significance level (2-tailed t-
statistic > |+/-2.18|, N=14|). The approximate regions of highest accelerated SST warming are
indicated by dashed ellipses [D'Mello and Prasanna Kumar, 2017].
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4.6.1.5 Fall season in the Central Arabian Sea

The fall season showed an accelerated rise in the central Arabian Sea. The correlation of NHF
with SST was significant and positive in the central Arabian Sea (Figure 4.15a). The NHF
trends were also positive into the ocean (Figure 4.15b). These conditions were favourable for

the rise of SST in the region.

The correlation coefficient of E-P with SST was negative and significant in the central
Arabian Sea (Figure 4.15c). The slopes of E-P showed a significant decreasing trend (Figure

4.15d). This was also favourable for the SST increasing trend in the region.

The Latent Heat Flux (LHF) was then analysed. The LHF and SST correlation coefficient
was significant and positive in the central Arabian Sea (Figure 4.15e). The LHF into the
ocean also showed significant increasing trends in the central Arabian Sea (Figure 4.15f).

This condition was also favourable for the increased SST.

The correlation coefficient between specific humidity and SST was positive in central
Arabian Sea (Figure 4.16a). The specific humidity showed an increasing trend in the upper

part of the region shown (Figure 4.16b).

The Longwave Radiation (LWR) and SST correlation coefficient was significant and positive
in the central Arabian Sea (Figure 4.16¢). The LWR into the ocean also showed significant
increasing trends in the central Arabian Sea (Figure 4.16d), indicating a favourable condition

for the increased SST in the central Arabian Sea.

The correlation coefficient of evaporation with SST was negative and significant in the
central Arabian Sea regions (Figure 4.16e). The slopes of evaporation showed a significant
decreasing trend (Figure 4.16f). This was also favourable for the SST increasing trend in the

central Arabian Sea region.
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Thus, in fall, the accelerated warming of SST in the central Arabian Sea ws due to the
increasing trend of net heat flux into the ocean, due to reducing trends in the latent heat flux
(Figure 4.15) and longwave radiation release to the atmosphere. The reducing trend of
evaporation also contributes to the accelerated SST warming, in some parts of the central

Arabian Sea (Figure 4.16) [D ’Mello and Prasanna Kumar, 2017].
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Figure 4.15 Arabian Sea fall season (October to November) averaged, correlation
coefficients of SST with net heat flux (NHF) (Panel a), evaporation precipitation difference
(E-P) (Panel c) and latent heat flux (LHF) (Panel e), coloured for regions having 95% and
above significance level (r>|+/-0.514|, N=15). Spring season averaged slopes of NHF
((W/m?)/year) (Panel b), E-P ((cm/year)/year) (Panel d) and LHF ((W/m?)/year) (Panel f), are
shaded (cross-hatching) for regions having 95 % and above significance level (2-tailed t-
statistic > |+/-2.160|, N=15). NHF and LHF are considered positive into the ocean. The
approximate region of highest accelerated SST warming is indicated by a dashed circle
[D'Mello and Prasanna Kumar, 2017].

77



0.514

-0.514

-0.815

45°E 5°E 65°E 75°E
(a) SST and Specific Humidity
0.870
1
22°N
1N 0.514
14°N
1N 051a '°
05°N
Dz:r“] T T T T 1 _1
45°E S5°E B5°E 75°E -0.759
(c) SST and Longwave Radiation
0916
1
0.514
-0.514

45°E

(e) SST and Evaporation

55°E 85°E

CORRELATION COEFFICIENT

78

0.05
a
0.05
0.1
-0.282
(b) Specific Humidity
0.539
22N ”H |||
W 3
18°N \
1.5
10°NH ' ||| "||
1.5
05°H :
— 3
02°M
45°E 25°E 83°E T5°E -0.458
(d) Longwave Radiation
6.569
22°N
2
18°N
1
14°N
10°N
-1
08°N
02°N
45°E 55°E 65°E 75°E 7.453

(f) Evaporation

TRENDLINE SLOPES

Figure 4.16 Arabian Sea fall season (October to November) averaged, correlation
coefficients of SST with specific humidity (Panel a), longwave radiation (LWR) (Panel c)
and evaporation (Panel e), coloured for regions having 95% and above significance level
(r>|+/-0.514|, N=15). Spring season averaged slopes of specific humidity ((g/kg)/year) (Panel
b), LWR ((W/m?)/year) (Panel d) and evaporation ((cm/year)/year) (Panel f), are shaded
(cross-hatching) for regions having 95 % and above significance level (2-tailed t-statistic >
|[+/-2.160|, N=15). LWR is considered positive into the ocean. The approximate region of
highest accelerated SST warming is indicated by a dashed circle [D'Mello and Prasanna
Kumar, 2017].



4.6.2 Bay of Bengal
4.6.2.1 Trends of SST and number of depressions, cyclones and severe cyclones

Recall from the previous chapter that the 60-month running mean SST in the Bay of Bengal
showed a decadal cyclicity in the period from 1960 January to 1995 November, riding over a
warming trend (see Figure 3.11). The pre-1995 SST trendline slope of 0.015°C/year
(R?=0.79) showed a reduction in the post-1995 period to 0.008°C/year (R*=0.35), indicating

the slowdown in the SST rise (Table 3.1).

The monotonic increase in the carbon dioxide concentration during the study period would
support the accelerated warming in the Bay of Bengal even during post-1995 period, which
was not the case. A reduction in the rate of warming can be brought about by any process that
would cool the upper ocean by supplying the subsurface cool waters. This could be
accomplished by the process of either upwelling or tropical cyclones. Since Bay of Bengal is
not known to have strong upwelling region, but known for the occurrence depressions and
tropical cyclones every year, the number of depressions, cyclones and severe cyclones (DCS)

were examined during the study period and presented in Figure 4.17.
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Figure 4.17 Five-year running mean of the total number of DCS in the Bay of Bengal (Eq. to
25 °N, 80 °E to 99 °E) (thick line, black) for the period from 1960 to 2011. Trendlines for the
entire period of study (dashed line, black) and in the pre-1995 and post-1995 periods (dotted
lines, black) are also shown [D'Mello and Prasanna Kumar, 2016].

The number of depressions, cyclones and severe cyclones showed a decline during pre-1995
and an increase in post-1995 period. In order to further understand the factors responsible for
the slow-down in warming a partial correlation was carried out for all the parameters and

provided in Table 4.4.
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Table 4.4. Bay of Bengal (BoB) partial correlation coefficients (r) and significance levels,
between the 60-month running mean of SST and 60-month running mean of the international
sunspot number, 60-month running mean of the global CO, concentration and 60-month
running mean of the BoB number of DCS, in different periods [D’'Mello and Prasanna
Kumar, 2016].

Partial Period | Sunspot number CO; concentration Number of DCS
correlation _ _ E—
r Significance |r Significance |r Significance
level (%) level (%) level (%)
SST 1960- | 0.74 | >99.99 0.88 |>99.99 -0.18 | >99.99
2011
1960- | 0.76 |>99.99 0.47 |>99.99 -0.26 | >99.99
1995
1995- (0.2 |99.03 0.82 |>99.99 -0.43 | >99.99
2011

Both partial correlation and significance level values are in bold face, when significance level
is greater than 99.99%

The partial correlation between sunspot number and SST reduces from 0.76 (significance
level > 99.99%) in the pre-1995 period to 0.2 (significance level= 99.03%) in the post-1995
period. This indicates the weakening of the SST link with sunspot number in the post-1995

period. This weakening link causes the disruption of the SST decadal cycle after-1995.

In contrast, the partial correlation coefficient between the SST and the CO, concentration
increases in the post-1995 period. The correlation coefficient increases from 0.47
(significance level> 99.99%) in the pre-1995 period to 0.82 (significance level> 99.99%) in
the post-1995 period. Similarly, the partial correlation coefficient between the SST and the

DCS increases from -0.26 (significance level> 99.99%) in the pre-1995 period to -0.43
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(significance level> 99.99%), in the post-1995 period. This shows the link between SST and

DCS in the post-1995 period is stronger.

4.6.2.2 Price-Weller-Pinkel Model Simulation

The cyclonic systems such as depression, cyclone and severe cyclones are expected to cool
the surface waters through mechanical mixing with the generally cooler sub-surface waters.
In order to examine this cooling, a Price-Weller-Pinkel model was used. As mentioned earlier
in chapter 2, the PWP model is a mixed-layer model, similar to a dynamic instability model
of Price et al. (1978). The model takes into account mixing processes namely (1) free
convection arising due to surface heat loss, (2) mixed-layer entrainment by relaxation and (3)
shear flow instability driven mixing. Generally, mixing due to free convection in the BoB is
very shallow and mostly confined to the upper few tens of centimetres of the water column.
In contrast, the last two are the dominant processes that determine the depth of the mixed-
layer and are related to momentum flux by the wind through the Richardson number. Since
the vertical mixing of the water is caused by changes in the density due to the changes in the
net heat and fresh water fluxes and momentum flux they were calculated from zonal and
meridional wind stress components, shortwave and longwave radiations, latent and sensible
heat fluxes, evaporation, precipitation and riverine discharge, riverine runoff and catchment

area data [D ’Mello and Prasanna Kumar, 2016].

The model was initialized with the climatological temperature and salinity profiles and the
daily fluxes were used to force the model. The model was run for 730 days (2 years), with a

time step of 86400 seconds (1 day) and with a vertical grid interval of 1 m.
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The model was forced with increasing winds in a stepped manner from 10™ October so as to
attain peak value of 63 km/hr (run 1, Panel b in Figure 4.18) and 87 km/hr (run 2, Panel c in
Figure 4.18) on 12" October and 120 km/hr (run 3, Panel d in Figure 4.18) on 13™ October.
The model MLDs were found to be 38 m (run 1), 44 m (run 2) and 62 m (run 3) respectively,
while it was 30m when forced with actual winds of 13 km/hr (Panel a in Figure 4.18). The
above shows that the increasing wind speeds associated with the cyclones increases the
mixed layer depth. As the mixed layer depths and the Ekman Depths are similar (Figure
4.18), the MLD deepening which occurred with the forcing of cyclonic wind speeds, occurs
through wind-mixing. The sub-surface waters are generally cooler than the surface waters.
This causes a reduction of the mixed-layer temperatures and consequently the SST. A
deepening trend of the mixed layer depths was seen in the post-1995 period (Figure 4.19)

[D’Mello and Prasanna Kumar, 2016].
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Figure 4.18 Bay of Bengal wind speeds (km/hr; blue solid line), Ekman depths (m; green
dotted line) and mixed-layer depths (m, red dashed lines) for actual wind speeds (Panel a),
model wind speeds peaking to 63 km/hr (Panel b), model wind speeds peaking to 87 km/hr
(Panel ¢) and model wind speeds peaking to 120 km/hr (Panel d), all in the month of October
[D'Mello and Prasanna Kumar, 2016].
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1969
from 1969 January to 2009 December (line with open circles) and from 1969 January to 1995

mean (line with filled circles), and trendlines of the 60-month running mean, in the periods
November (line with filled squares) and from 1995 November to 2009 December (line with
"X" symbols) [D'Mello and Prasanna Kumar, 2016].

Figure 4.19 Bay of Bengal (Eg.- 25 °N, 80 °E- 99 °E) basin-averaged mixed layer depth
(MLD) in metres. Data plotted is monthly (dashed line with "+" symbols), 60-month running



Thus, the increase in the DCS causes the SST to fall. This is opposite to the CO,
concentration induced SST rise. Both these processes oppose each other. As the increase in
the DCS cannot completely offset the CO, concentration induced rise, the effect is manifested

as a slowdown in the observed SST warming [D 'Mello and Prasanna Kumar, 2016].
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CHAPTER 5
RELATIONSHIP OF SST WITH ENSO AND 10D

5.1 Introduction

The EI Nifio-Southern Oscillation (ENSO) [Trenberth, 1997] and the Indian Ocean Dipole
(10D) [Saji et al., 1999] are the two dominant climate modes that could potentially influence
the northern Indian Ocean on inter-annual time-scales. The ENSO is a tropical Pacific ocean-
atmosphere coupled phenomenon, while 10D is an ENSO equivalent phenomenon in the
tropical Indian Ocean. Very often ENSO and 10D was seen working in tandem and
complementing each other in bringing about changes in the ocean and atmosphere in a
coupled mode [Meyers et al., 2007]. For example, an anomalous cooling of the SST over the
tropical Indian Ocean along with suppression of convection activity takes place during the
positive phase of ENSO (warmer than normal SST in the eastern equatorial Pacific) and 10D
(colder than normal SST in the eastern tropical Indian Ocean). Reverse is the case during a
negative phase of ENSO (colder than normal SST in the eastern equatorial Pacific) and 10D
(warmer than normal SST in the eastern tropical Indian Ocean). In this chapter the

relationship of northern Indian Ocean SST with the ENSO and the 10D is analysed.

The ENSO strength is computed using the Oceanic Nifio Index (ONI), while the 10D strength
is computed using the Dipole Mode Index (DMI). The calculations of the ONI and DMI are
given in detail in chapter 2. Various composite cases of the SST are analysed in periods
nearly corresponding to the sunspot number cycle periods. For this analysis a 13-month
running mean SST was used in order to retain the effect of ENSO and 10D, but to remove the
annual variability.
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5.2 ENSO and 10D indices

The ONI and the DMI were plotted in Figure 5.1 and Figure 5.2 respectively.
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Oceanic Nino Index from ICOADS data

Figure 5.1 Oceanic Nifio Index (ONI) for the period from 1960 to 2011 calculated using
ICOADS data.
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Figure 5.2 Dipole Mode Index (DMI) for the period from 1960 to 2011
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ENSO was considered as an El Nifio, if the ONI for 5-consecutive months is above 0.5 °C;
La Nifia, if lesser than 0.5 °C and neutral otherwise. The DMI is considered as 10D positive,
if the value exceeds 1 standard deviation; as 10D negative, if the value is lesser than -1

standard deviation and neutral in other cases.

The combinations of ENSO and 10D strengths gave nine cases for the composites, in which
one case does not occur at all. Based on the ONI, the ENSO strengths were classified as El
Nifio, neutral ENSO and La Nifia; while based on the DMI averaged from the June to
November, the 10D strengths were classified as positive 10D, neutral IOD and negative 10D.
The years of each case begins in June and ends in May of the following year. The composite

year list is given in Table 5.1.

Table 5.1 Years of El Nifio, Neutral ENSO and La Nifia with IOD positive, IOD neutral and
IOD negative years, in the period from 1960 to 2011

YEARS El Nifio ENSO Neutral La Nifa

IOD Positive | 1972-73,1977-78, | 1961-62, 1963-64, 2006-07 2000-01, 2007-08
1982-83, 1991-92,
1994-95, 1997-98

I0OD Neutral | 1965-66, 1968-69, | 1960-61, 1962-63, 1966-67, 1971-72,1973-74,
1976-77,1986-87, | 1967-68, 1969-70, 1978-79, 1974-75, 1975-76,
1987-88, 2002-03, | 1979-80, 1980-81, 1983-84, 1995-96, 1999-00,
2004-05, 2009-10 | 1990-91, 1992-93, 1993-94, 2010-11

2001-02, 2003-04, 2005-06,
2008-09

10D Negative | NIL 1981-82, 1985-86, 1989-90 1964-65, 1970-71,
1984-85, 1988-89,
1996-97, 1998-99
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The most common combination of the ENSO-10D states is of the years having the ENSO
neutral-10D neutral combination. It is clear from the table 5.1 that El Nifio and 10D negative

years combination is absent in the period of analysis from 1960 to 2011.

The period considered for the ENSO and 10D effect were from 1963 June to 1975 May, 1975
June to 1986 May, 1986 June to 1995 May and 1995 June to 2008 May. The tables showing
the correlation coefficients at 95% and 99 % levels, for the various composites, in the various

sunspot number cycle periods are presented in Table 5.2 to Table 5.5.

Table 5.2 Table showing the values of 95 % and 99 % significance levels used for correlation

coefficients in the periods from 1963 June to 1975 May.

1963 June to Significance El Nifio ENSO Neutral | La Nifia
1975 May Level
IOD Positive 95 % +/- 0.5760 +/- 0.5760 —
99 % +/- 0.7079 +/- 0.7079 —
IOD Neutral 95 % +/- 0.4044 +/- 0.3291 +/- 0.3291
99 % +/- 0.5151 +/- 0.4238 +/- 0.4238
IOD Negative 95 % — — +/- 0.4044
99 % — — +/- 0.5151
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Table 5.3 Table showing the values of 95 % and 99 % significance levels used for correlation

coefficients in the periods from 1975 June to 1986 May.

1975 June to Significance El Nifio ENSO Neutral | La Nifia
1986 May Level
IOD Positive 95 % +/- 0.4044 — —
99 % +/- 0.5151 — —
IOD Neutral 95 % +/- 0.5760 +/- 0.2845 +/- 0.5760
99 % +/- 0.7079 +/- 0.3683 +/- 0.7079
IOD Negative 95 % — +/- 0.4044 +/- 0.5760
99 % — +/- 0.5151 +/- 0.7079

Table 5.4 Table showing the values of 95 % and 99 % significance levels used for correlation

coefficients in the periods from 1986 June to 1995 May.

1986 June to Significance El Nifio ENSO Neutral | La Nifia
1995 May Level
IOD Positive 95 % +/- 0.4044 — —
99 % +/- 0.5151 — —
IOD Neutral 95 % +/- 0.4044 +/- 0.3291 —
99 % +/- 0.5151 +/- 0.4238 —
IOD Negative 95 % — +/- 0.576 +/- 0.5760
99 % — +/- 0.7079 +/- 0.7079

91




Table 5.5 Table showing the values of 95 % and 99 % significance levels used for correlation

coefficients in the periods from 1995 June to 2008 May.

1995 June to Significance El Nifio ENSO Neutral | La Nifia

2008 May Level

IOD Positive 95 % +/- 0.5760 +/- 0.5760 +/- 0.4044
99 % +/- 0.7079 +/- 0.7079 +/- 0.5151

IOD Neutral 95 % +/- 0.4044 +/- 0.3291 +/- 0.4044
99 % +/- 0.5151 +/- 0.4238 +/- 0.5151

IOD Negative 95 % — — +/- 0.4044
99 % — — +/- 0.5151

5.3 Analysis for the ENSO and 10D Composites during 1963 June to 1975 May

5.3.1 Composite of SST anomalies

The 13-month running mean composite SST anomalies (SSTA) were plotted in the period

from 1963 June to 1975 May in Figure 5.3. This period is close to the sunspot number cycle

period from 1964 March to 1975 June. In this period El Nifio and 10D positive, ENSO

neutral and 10D positive, El Nifio and 10D neutral, ENSO neutral and 10D neutral, La Nifia

and 10D neutral, La Nifia and 10D negative year composites are present. The base period is

the entire period from 1960 January to 2011 December.
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5.3.1.1 El Nifio and 10D positive years

The EI Nifio and 10D positive years showed positive SSTAs in the entire North Indian
Ocean, with the exception being a part of the north Arabian Sea (Figure 5.3A). The largest
positive anomalies were seen in the regions off the coast of Somalia and in the western

equatorial region.

5.3.1.2 ENSO neutral and 10D positive years

The ENSO neutral and 10D positive years showed a negative SSTAs in the entire north
Indian Ocean, with the exception of a small region in the central Arabian Sea extending up to

the south-eastern Arabian Sea, where the SSTA was positive (Figure 5.3B).

5.3.1.3 El Nifio and 10D neutral years

The EI Nifio and 10D neutral years showed negative SSTAs in the north Indian Ocean, with
small regions of positive anomaly in the Arabian Sea and parts of Bay of Bengal (Figure

5.3D).

5.3.1.4 ENSO neutral and 10D neutral years

The ENSO neutral and 10D neutral composite showed general negative SSTAs in the
northern Indian Ocean, except in a large region in the Arabian Sea along the west coast

extending up to the central Arabian Sea (Figure 5.3 E).
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Figure 5.3 The 13-month running mean composite SST anomalies in the period from 1963

June to 1975 May

5.3.1.5 La Nifia and 10D neutral years

The La Nifia and 10D neutral composite showed more negative SSTAs throughout the
northern Indian Ocean (Figure 5.3F). Note the small patches of positive SSTAs in the Bay of

Bengal in the central and eastern regions.
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5.3.1.6 La Nifia and 10D negative years

The La Nifia and 10D negative composite Also showed negative SSTAs throughout the north
Indian Ocean with few small patches of positive SSTAs in the Arabian Sea and the Bay of

Bengal (Figure 5.3I).

5.3.2 Impacts of fluxes in generating the observed SSTs

The composites of the correlation coefficient of fluxes of momentum (wind speed),
freshwater (E-P) and net heat (NHF) with SST and their respective anomalies were examined

to decipher the role of these fluxes in generating the observed SST.

The composites of momentum flux (wind speed) (Figures 5.4 and 5.5), freshwater flux (E-P)
(Figures 5.6 and 5.7) and net heat flux (NHF) (Figures 5.8 and 5.9) were analysed in the
context of the anomalies and correlation coefficients with respect to SST in order to see their
effects on the SST in the various composites and periods considered, especially on the larger

regions of increasing or decreasing significant trends.

The period from 1963 June to 1975 May had a decreasing SST trend in the eastern Arabian
Sea and in the southern Bay of Bengal (Figure 3.8). The decreasing trend in the some parts of
the eastern Arabian Sea was affected by the quicker wind speeds which occurred in the La
Nifia- IOD neutral composite (Figures 5.4F and 5.5F). The E-P positive anomalies also affect
the SSTs in the some regions of the East Arabian Sea in the El Nifio-lIOD neutral and La

Nifia- 10D neutral composites (Figures 5.6F and 5.7F).

In the northern Arabian Sea, the decreasing SST trend was contributed by the lesser NHF into

the ocean. This occurred in the La Nifia- 10D neutral and in the La Nifia- IOD negative
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composites (Figures 5.8F, 5.81, 5.9F and 5.91). These two composites make up 5 years of the

period from 1963 June to 1975 May.

In the central Bay of Bengal the SST increasing trend was due to the higher NHF into the

ocean. This was seen in the La Nifia- IOD neutral composite (Figures 5.8 and 5.9).

The largest positive SSTAs were in the EI Nifio- 10D positive composite years, while the
largest negative SSTAs were in the La Nifia- Neutral IOD and La Nifia- Negative 10D

composites (Figure 5.3A, 5.3F and 5.3I).

"
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G. El Nifio and Negative IOD  H. Neutral ENSO and Negative IOD I. La Nifia and Negative 10D

Composite SST and Wind Speed Correlation Coefficients in the period from 1963
June to 1975 May

Figure 5.4 Correlation coefficients of 13-month running mean composites of SST and Wind
Speed in the period from 1963 June to 1975 May
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Figure 5.5 Composite Wind Speed 13-month running mean anomalies in the period from
1963 June to 1975 May
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Figure 5.6 Correlation coefficients of 13-month running mean composites of SST and
Evaporation Precipitation Difference in the period from 1963 June to 1975 May
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Figure 5.7 Composite Evaporation Precipitation Difference 13-month running mean
anomalies in the period from 1963 June to 1975 May
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Figure 5.8 Correlation coefficients of 13-month running mean composites of SST and Net
Heat Flux in the period from 1963 June to 1975 May
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Figure 5.9 Composite Net Heat Flux 13-month running mean anomalies in the period from
1963 June to 1975 May

5.4 Analysis for the ENSO and 10D Composites during 1975 June to 1986

May

5.4.1 Composite SST anomalies

The composite of 13-month running mean SST anomalies were plotted in the period from
1975 June to 1986 May (Figure 5.10). This period was similar to the sunspot number cycle
period from 1975 June to 1985 December. In this sunspot number cycle period El Nifio and
IOD positive, ElI Nifio and 10D neutral, ENSO neutral and 10D neutral, La Nifia and 10D
neutral, ENSO neutral and 10D negative and La Nifia and 10D negative year composites

were present.
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5.4.1.1 El Nifio and 10D positive years

The composite of the El Nifio and 10D positive years for SSTAs were generally positive
throughout the north Indian Ocean. The SSTAs in the east Arabian Sea and in the north-

eastern Bay of Bengal were negative (Figure 5.10A).

5.4.1.2 El Nifio and 10D neutral years

The 13-month running mean SSTA composite of the El Nifio and 10D positive years showed
a generally negative values in most of the region under study. However, positive SSTAS were
also seen in the central Arabian Sea and regions scattered across the Bay of Bengal (Figure

5.10D).

5.4.1.3 ENSO neutral and 10D neutral years

In the ENSO neutral and 10D neutral composite, the SSTAs were generally negative in the
Arabian Sea and eastern Bay of Bengal, but positive in the west Bay of Bengal. This
composite combination occurred four times in the sunspot number cycle period (Figure

5.10E).

5.4.1.4 La Nifia and 10D neutral years

In the La Nifia and 10D neutral composite, the SSTAs were almost negative throughout the

study domain. The region off eastern Bay of Bengal had some positive values (Figure 5.10F).
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Figure 5.10 The 13-month running mean composite of SST anomalies in the period from
1975 June to 1986 May

5.4.1.5 ENSO neutral and 10D negative years

In the ENSO neutral and 10D negative composite, the SSTAs were generally negative, with
larger negative anomalies found in the north-eastern Arabian Sea. Some positive SSTAs were
found in the West Arabian Sea and in the head and central Bay of Bengal regions (Figure

5.10H).
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5.4.1.6 La Nifia and 10D negative years

In the La Nifia and 10D negative composite, the SSTAs were generally negative in the North
Indian Ocean. The largest negative SSTAs were in the north-eastern Arabian Sea, off
Somalia and parts of the central Bay of Bengal. The positive SSTAs were seen in the some

parts of the south-central and eastern Bay of Bengal (Figure 5.101).

5.4.2 Impacts of fluxes in generating the observed SSTs

In the period from 1975 June to 1985 May, the SST rise in the equatorial Arabian Sea and
equatorial Bay of Bengal and the decreasing SST trends in the north-east Arabian Sea (Figure

3.8) were seen in the context of the effect the fluxes on them.

The equatorial Arabian Sea and the equatorial Bay of Bengal regions showed an increasing
trend caused by the lesser evaporation precipitation difference. This was seen in the El Nifio-

IOD positive composite (Figures 5.10A, 5.13A and 5.14A).

In some of the parts of the North-East Arabian Sea the SST decreasing trend was due to the
higher difference between the evaporation and precipitation. This was seen in the La Nifia-
IOD neutral (Figure 5.10F, 5.13F and 5.14F) and in the La Nifia- IOD negative composites

(Figure 5.101, 5.131 and 5.14l).

The largest positive SSTAs were in the EI Nifio- 10D positive composite while the negative
SSTAs of largest magnitudes were seen in the La Nifia- Neutral IOD and La Nifia- Negative

IOD composites (Figure 5.10A, 5.10F and 5.10I).
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Figure 5.11 Correlation coefficients of 13-month running mean composites of SST and Wind
Speed in the period from 1975 June to 1986 May
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Figure 5.12 Composite Wind Speed 13-month running mean anomalies in the period from
1975 June to 1986 May
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Figure 5.13 Correlation coefficients of 13-month running mean composites of SST and
Evaporation Precipitation Difference in the period from 1975 June to 1986 May
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Figure 5.14 Composite Evaporation Precipitation Difference 13-month running mean
anomalies in the period from 1975 June to 1986 May
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Figure 5.15 Correlation coefficients of 13-month running mean composites of SST and Net
Heat Flux in the period from 1975 June to 1986 May
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Figure 5.16 Composite Net Heat Flux 13-month running mean anomalies in the period from
1975 June to 1986 May
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5.5 Analysis for the ENSO and 10D Composites during 1986 June to 1995

May

5.5.1 Composite SST anomalies

The composite of 13-month running mean SST anomalies were plotted in the period from
1986 June to 1995 May (Figure 5.17), which was close to the sunspot number cycle period
from 1985 December to 1995 November. In this period El Nifio and 10D positive, EI Nifio
and 10D neutral, ENSO neutral and 10D neutral, ENSO neutral and 10D negative and La

Nifia and 10D negative year composites were present.

5.5.1.1 El Nifio and 10D positive years

In the EIl Nifio and 10D positive composite, in the period from 1986 June to 1995 May, the
13-month running mean SSTAs were negative in the entire Arabian Sea, except in the
equatorial region. In the equatorial regions the Arabian Sea as well as the Bay of Bengal and
eastern and western parts of the Bay of Bengal showed positive values of SSTAs (Figure

5.17A).

5.5.1.2 El Nifio and 10D neutral years

In the EI Nifio and IOD neutral composite there were positive SST anomalies in most of the

study domain, except off Somalia and northern part of the Arabia (Figure 5.17D).
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Figure 5.17 Composite SST 13-month running mean anomalies in the period from 1986 June
to 1995 May

5.5.1.3 ENSO neutral and 10D neutral years

In the ENSO neutral and 10D neutral composite there were both positive and negative
SSTAs. Most parts of the Arabian Sea had positive SSTAs, while regions off the west coast
of India showed negative anomalies. Similarly, most part of the Bay of Bengal had positive

SSTAs, while parts of the central Bay of Bengal showed negative anomalies (Figure 5.17E).
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5.5.1.4 ENSO neutral and 10D negative years

In the ENSO neutral and 10D neutral composite, negative SSTAS were seen in the eastern
Arabian Sea, while positive anomalies were seen in the rest of the regions. In the Bay of
Bengal, however, most of the regions had negative anomalies. In the eastern Bay of Bengal

both strong positive and negative anomalies were noticed (Figure 5.17H).

5.5.1.5 La Nifia and 10D negative years

In the La Nifia and 10D negative composite, most of the study regions showed positive SST
anomalies. The exceptions were near the part of the eastern Arabian Sea, Somalia and Arabia

regions, and some parts of the central Bay of Bengal (Figure 5.171).

5.5.2 Impacts of fluxes in generating the observed SSTs

In the period from 1985 June to 1995 May, the SST decreasing trends in the equatorial
Arabian Sea and in the eastern Arabian Sea (Figure 3.8) were seen with respect to the effect

of the fluxes.

Some parts of the equatorial Arabian Sea region showed negative SSTAs (Figure 5.17). The
evaporation precipitation difference showed higher values in the El Nifio- IOD positive
composite (Figures 5.20A and 5.21A). Besides this the lesser NHF into the ocean also during
the El Nifio- IOD positive composite aids in the decreasing SST trend too (Figures 5.22A and

5.23A).
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A decreasing SST trend in the eastern Arabian Sea correlates well with the higher
evaporation precipitation difference seen in the ENSO neutral- 10D negative composite
(Figure 5.20H and 5.21H). This is reflected in the significant negative correlation coefficient
between the SST and evaporation precipitation difference in some regions of the eastern

Arabian Sea, in the ENSO neutral- IOD negative composite (Figure 5.20H and 5.21H).

The largest positive SSTAs were in the EI Nifio- IOD neutral composite (Figure 5.17D) while
the largest negative SSTAs in magnitude were in the ENSO neutral- 10D negative (Figure

5.17H) and in the El Nifio- 10D positive composites (Figure 5.17A).
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Figure 5.18 Correlation coefficients of 13-month running mean composites of SST and Wind
Speed in the period from 1986 June to 1995 May
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Figure 5.19 Composite Wind Speed 13-month running mean anomalies in the period from
1986 June to 1995 May
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Figure 5.20 Correlation coefficients of 13-month running mean composites of SST and
Evaporation Precipitation Difference in the period from 1986 June to 1995 May
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Figure 5.21 Composite Evaporation Precipitation Difference 13-month running mean
anomalies in the period from 1986 June to 1995 May
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Figure 5.22 Correlation coefficients of 13-month running mean composites of SST and Net
Heat Flux in the period from 1986 June to 1995 May
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Figure 5.23 Composite Net Heat Flux 13-month running mean anomalies in the period from
1986 June to 1995 May

5.6 Analysis for the ENSO and 10D Composites during 1995 June to 2008

May

5.6.1 Composite SST anomalies

The composite 13-month running mean SST anomalies were plotted in the period from 1995
June to 2008 May (Figure 5.24), which was close to the sunspot number cycle period from
1995 November to 2008 July. In this period El Nifio and IOD positive, ENSO neutral and
IOD positive, La Nifia and 10D positive, El Nifio and 10D neutral, ENSO neutral and 10D
neutral, La Nifia and 10D neutral and La Nifia and IOD negative year composites were

present.
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5.6.1.1 El Nifio and 10D positive years

In the El Nifio and 10D positive composite, in the period from 1995 June to 2008 May, the
13-month running mean SSTAs positive over almost the entire Arabian Sea and the Bay of

Bengal with high values (Figure 5.24A).

5.6.1.2 ENSO neutral and 10D positive years

In the ENSO neutral and 10D positive composite, the SSTAs were positive in most parts of
the study domain, similar to the previous composite, except some regions in the central parts

of the Bay of Bengal and regions close to the equatorial Arabian (Figure 5.24B).

5.6.1.3 La Nifia and 10D positive years

In the La Nifia and IOD positive composite, the SSTAs were largely negative along the
eastern and western Bay of Bengal, parts of the north-western Arabian Sea and in a zonal
band oriented in north-east-south-west direction in the Arabian Sea. The rest of the regions

had positive anomalies of SST (Figure 5.24C).

5.6.1.4 El Nifio and 10D neutral years

In the El Nifio and 10D neutral composite, the SSTAs were positive over most of the Arabian
Sea and the Bay of Bengal. The region off southern part of Somalia and central eastern part

of the Bay of Bengal had negative SSTAs (Figure 5.24D).
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Figure 5.24 Composite SST 13-month running mean anomalies in the period from 1995 June
to 2008 May

5.6.1.5 ENSO neutral and 10D neutral years

In the ENSO neutral and 10D neutral composite the patter of SST anomalies were similar to
that of the previous composites, with positive anomalies dominating most parts of the study

domain (Figure 5.24E).
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5.6.1.6 La Nifia and 10D neutral years

In the La Nifia and 10D neutral composite, the positive SSTAs were seen only at few places
in the Arabian Sea and the Bay of Bengal. Most of the study domain was seen with negative

SSTAs (Figure 5.24F).

5.6.1.7 La Nifia and 10D negative years

In the La Nifia and 10D negative composite, the Arabian Sea had both positive and negative
SST anomalies, almost equal in areas. In the Bay of Bengal, however, positive anomalies

were dominantly seen (Figure 5.241).

5.6.2 Impacts of fluxes in generating the observed SSTs

In the period from 1995 June to 2008 May, the SST showed an increasing trends in most
parts of the Arabian Sea (Figure 3.8), however, the wind speed did not show any
corresponding influence. The increasing SST trend in the northern Arabian Sea (Figures 3.8
and 5.24) was aided by a decreasing trend in the difference between evaporation and
precipitation. The correlation between SST and E-P was negative in part of the northern
Arabian Sea (Figures 5.27B and 5.28B), which was seen in the ENSO neutral- 10D positive

composite.

The increasing trend of SST in the Southern Arabian Sea (Figure 3.8) appeared to be

mediated by a reduction in the E-P in the El Nifio- IOD positive composite period. The SST
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and E-P showed significant negative correlation coefficients in this composite, in part of the

southern Arabian Sea (Figures 5.27A and 5.28A).

The increasing SST trends in the northern Arabian Sea, appeared to be aided by the
increasing NHF into the ocean. There were significant positive correlation coefficients
between SST and NHF in parts of the northern Arabian Sea (Figure 5.29A and 5.30A in the

El Nifio- 10D positive composite.

The increasing SST trends of the western Arabian Sea were also favoured by the decrease of
E-P. There were regions in the western Arabian Sea which showed significant negative
correlation coefficients between SST and E-P, in the El Nifio- Neutral 10D composite

(Figures 5.27D and 5.28D).

The increasing SST trend of the eastern Arabian Sea, were favoured by the increased NHF
into the ocean. There were significant positive correlation coefficients between SST and NHF
in parts of the eastern Arabian Sea (Figures 5.29E and 5.30E) in the ENSO neutral- 10D

neutral composites.
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Figure 5.25 Correlation coefficients of 13-month running mean composites of SST and Wind
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Figure 5.26 Composite Wind Speed 13-month running mean anomalies in the period from
1995 June to 2008 May
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Figure 5.27 Correlation coefficients of 13-month running mean composites of SST and
Evaporation Precipitation Difference in the period from 1995 June to 2008 May
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Figure 5.28 Composite Evaporation Precipitation Difference 13-month running mean
anomalies in the period from 1995 June to 2008 May
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Figure 5.29 Correlation coefficients of 13-month running mean composites of SST and Net
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Figure 5.30 Composite Net Heat Flux 13-month running mean anomalies in the period from
1995 June to 2008 May
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In summary, it was inferred from the above results that the SST anomalies were progressively
increasing from the first decadal period (1963-1975) to fourth decadal period (1995-2008)

that was studied. As the anomalies of SST become more and more positive, the influence of

ENSO and IOD becomes weaker.
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CHAPTER 6
SUMMARY AND CONCLUSION

Climate change is an important topic, with global warming being one of its manifestations
and sea-level rise, melting of polar ice-caps, receding glaciers, ocean acidification, being
among others. The factors that determine the Earth's climate are changes in the Earth's
radiation balance. The warming of the Earth is unequivocal; however, this warming is not
uniform. The increase in the temperature leads to the melting of ice and associated rise in the
sea level. In addition, the thermal expansion of oceanic waters would also lead to the rise in
sea level. The resultant sea level rise would flood and submerge low-lying coastal regions

and islands, which in turn would impact the human populations.

The sea surface temperature (SST) is an important parameter in oceanography which is
strongly related to air-sea interaction processes. It can provide useful indices for various
ocean-atmosphere processes including climate phenomena. In the Indian Ocean, most of the
studies pertaining to the SST are focused on deciphering the seasonality and the factors
responsible for such variability. There are very few studies that examined the variability of
the Indian Ocean in the inter-annual to decadal time scales. This was the motivation for the
present study and the thesis entitled “Processes controlling the variability of sea surface

temperature in the North Indian Ocean over decadal time scale”.

The study had following three objectives:
1. To decipher inter-decadal variability in SST in the northern Indian Ocean.

2. To identify the factors responsible for the observed variability.
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3. To delineate the role of El Nifio-Southern Oscillation (ENSO) and Indian Ocean

Dipole (10D).

The thesis has been organized in six chapters with the first chapter dealing with introduction,
giving background information about the importance of global warming and climate change
and the urgency in understanding it in the northern Indian Ocean comprising of the Arabian
Sea and the Bay of Bengal. A brief literature review was provided to bring out the need for
the present study and subsequently the objectives were set. The second chapter deals with the
study domain, various types of data and model that has been used in the study. The study
domain was the North Indian Ocean (NIO) spanning from the equator to 25°N latitude and
from 45°E to 99°E longitude. A suite of ocean and atmospheric data, both in-situ as well as
remote sensing data, were used. The data used for the study period was from January 1960 to
December 2011. This chapter also provided elaborate information on the type of data, its
source, and its spatial and temporal resolutions. The methodology followed for various
computations and the Price-Weller-Pinkel (PWP) model set up and its forcing were also

elaborated.

The third chapter deals with the first objective, the inter-decadal variability of the SST in the
north Indian Ocean. The Fast Fourier Transformation (FFT) of de-trended (seasonal and
annual cycles) 12-month running mean SST showed three dominant periodicities of 3.7
years, 5 years and 10 years at 95% significance level in the north Indian Ocean. The first two
were of ENSO periodicity, while the third one was decadal. Thus, the data analysis showed
that decadal periodicity was one among the dominant ones. The area-averaged 60-month

running mean SST in the north Indian Ocean, the Arabian Sea and the Bay of Bengal, all
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showed four distinct decadal cycles which co-varied with the decadal sunspot number cycles.
The decadal SST cycles that were identified with the sunspot number cycle were (1) 1964
March to 1975 June, (2) 1975 June to 1985 December, (3) 1985 December to 1995
November and (4) 1995 November to 2008 July. Accordingly, the above decadal cycle has
been designated as 1%, 2" 3" and 4™ respectively. The temperature range of the spatial
distribution of the decadal average 60-month running mean SST in the 1% to 4™ sunspot
number cycle were 24.43°C to 30.58°C, 24.81°C to 31.16°C, 24.04°C to 30.41°C and
24.26°C to 30.50°C respectively. The spatial distribution of the standard deviation of decadal

SST showed that in the Arabian Sea standard deviation was lesser than the Bay of Bengal.

The analysis of the linear trend line and slopes of the 60-month running mean SST in the
northern Indian Ocean, the Arabian Sea and the Bay of Bengal showed that the slope and the
trend changed in all the four decadal cycles. In the 1% decadal cycle slope of the SST trend
line in the NIO showed a weak increasing trend with a value of 0.0019°C/year. In the
Arabian Sea the slope of the trend line showed a weak decline with a value -0.0011°C/year.
In contrast, the trend of SST in the Bay of Bengal showed an increase with a value of
0.0061°C/year. In the 2" decadal cycle, however, the slope of the mean SST in all the three
regions, NIO, Arabian Sea and the Bay of Bengal, showed an increasing trend with a value of

0.0153°Cl/year, 0.0143°C/year and 0.0170°C/year respectively.

In the 3 decadal cycle the slope of the mean SST in all the three regions showed a
decreasing trend with a value of -0.0049°C/year for the NIO, -0.0041°C/year for the Arabian
Sea and -0.0059°C/year for the Bay of Bengal. In contrast, in the 4™ decadal cycle the slope
of the mean SST in all the 3 regions showed an increasing slope with a value of
0.0124°Clyear for the N10, 0.0141°C/year for the Arabian Sea and 0.0101°C/year for the Bay

of Bengal.
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The most striking feature and salient characteristics that emerged out of the analysis of the
area-averaged 60-month running mean SST from 1960 to 2011 was (1) a linear warming
trend, (2) presence of dominant decadal cycle riding over this linear warming trend, and (3)
disruption of the decadal cycle after 1995. The slope of the linear trend line of SST for the
pre-1995 period in the Arabian Sea was lesser than that of the post-1995 period indicating an
accelerated warming in the Arabian Sea in the later period. In contrast, in the Bay of Bengal
the slope of the linear of SST for the period pre-1995 was greater than that of the post-1995

period indicating a slowdown in the rate of warming in the later period.

The factors that are responsible for the inter-decadal variability of SST form the content of
the fourth chapter, which was the second objective of the thesis. The factors affecting the
SST trends in 4 different sunspot number cycle periods and in different spatial regions within

the northern Indian Ocean are summarised in a tabular form below.

Period Region SST trend Factors controlling
the SST trend
wind | NHF | E-P
Speed
1964 to 1975 | Eastern Arabian Sea Decreasing | Yes Yes | Yes
Southern Bay of Bengal Increasing | No Yes | No
1975 to 1985 | Equatorial Arabian Sea Increasing | Yes No | Yes
Equatorial Bay of Bengal Increasing | No No | Yes
South-eastern Arabian Sea Increasing | No Yes | No
South-western Bay of Bengal | Increasing | No Yes | Yes*
North-eastern Arabian Sea Decreasing | Yes No Yes
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North-western Bay of Bengal | Decreasing | Yes No No
Western Arabian Sea Increasing | Yes No | Yes*
Off Somali Coast Decreasing | Yes No No
1985 to 1995 | Central Bay of Bengal Decreasing | Yes Yes | Yes
Equatorial Arabian Sea Decreasing | Yes Yes | No
Eastern Arabian Sea Decreasing | Yes Yes | No
North-western Bay of Bengal | Increasing | Yes No No
1995 to 2008 | Southern Arabian Sea Increasing | No Yes* | Yes
Northern Arabian Sea Increasing | No Yes | Yes
Western Arabian Sea Increasing | Yes Yes | Yes
Eastern Arabian Sea Increasing | No Yes | No
North-eastern Bay of Bengal | Increasing | No Yes | No
North-western Bay of Bengal | Decreasing | Yes* No No

* symbol indicates a part of the region’s SST is impacted by a factor
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the atmospheric CO, concentration lead to the observed accelerated warming.

There are spatially and seasonally differentiated warming pattern in the Arabian Sea which
was linked spatially and temporally different ocean-atmospheric processes operating in these
regions. The accelerated warming in the post-1995 period in the Arabian Sea was closely
linked to the reduced upwelling along the Somali coast which supplies subsurface cooler
waters to the upper ocean. The reduced wind speed also contributes to the warming by

reducing the evaporative cooling. These processes in tandem with the monotonic increase in

In the Bay of Bengal the slowdown in the warming trend post-1995 was closely linked to the
increasing trend in the number of depressions, cyclones and severe cyclones (DCS) in the

post-1995 period. These atmospheric systems are capable of transferring large quantities of




subsurface cooler waters to the upper ocean during their life-span. This was examined using a
PWP-model forced by heat momentum and freshwater fluxes. When the model was forced by
cyclonic winds, the model produced deeper mixed layer thickness corroborating the finding
that more number of cyclonic systems in the Bay of Bengal will cool the upper ocean due to
the mixing with subsurface cooler waters. Though the increase in the DCS causes the SST to
fall, this will counteract the CO; concentration induced SST rise. As the increase in the DCS
cannot completely offset the CO, concentration induced rise in SST, the effect was

manifested as a slowdown in the observed SST warming.

The relationship of SST with ENSO and 10D, which was the third objective, formed the
content of the fifth chapter. Based on the Dipole Mode Index (DMI) and the Oceanic Nino
Index (ONI), the individual years during the study period were classified into nine

combinations of ENSO and 10D states which is detailed in the table below.

YEARS El Nifio ENSO Neutral La Nifa

10D Positive | 1972-73,1977-78, | 1961-62, 1963-64, 2006-07 2000-01, 2007-08
1982-83, 1991-92,

1994-95, 1997-98

10D Neutral | 1965-66, 1968-69, | 1960-61, 1962-63, 1966-67, 1971-72,1973-74,
1976-77,1986-87, | 1967-68, 1969-70, 1978-79, 1974-75, 1975-76,
1987-88, 2002-03, | 1979-80, 1980-81, 1983-84, 1995-96, 1999-00,
2004-05, 2009-10 | 1990-91, 1992-93, 1993-94, 2010-11

2001-02, 2003-04, 2005-06,

2008-09
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10D Negative | NIL 1981-82, 1985-86, 1989-90 1964-65, 1970-71,
1984-85, 1988-89,

1996-97, 1998-99

The most commonly occurred condition was ENSO-neutral and 10D-neutral, while EI Nino

and 10D negative did not occur at all.

The largest positive SST anomalies were in the El Nifio- 10D positive composite years, while
the largest negative SST anomalies were in the La Nifia- Neutral 10D and La Nifia- Negative
IOD years for the period 1963 to 1975. The largest positive SST anomalies were in the El
Nifio- 10D positive year, while the negative SST anomalies of largest magnitudes were seen
in the La Nifia- Neutral IOD and La Nifia- Negative 10D years during the period 1975 to
1986. The largest positive SST anomalies were in the El Nifio- 10D neutral years while the
largest negative SST anomalies were in the ENSO neutral- 10D negative and in the EI Nifio-
IOD positive years during the period 1986 to 1995. The largest positive SST anomalies were
in the El Nino-10D positive and the largest negative anomalies were in the La Nina-neutral
IOD. The analysis showed that the SST anomalies were progressively increasing from the
first decadal period (1963-1975) to fourth decadal period (1995-2008) and as the anomalies

of SST become more and more positive, the influence of ENSO and IOD becomes weaker.
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FUTURE WORK

The work carried out in the present thesis is based purely on the statistical analysis of several
kinds of ocean and atmospheric data sets. A simple mixed layer model, PWP, was utilized to
explore the mixed layer deepening under the influence of cyclonic wind conditions in the Bay

of Bengal for explaining the observed slow down in warming trend.

The future work must utilize climate models to simulate the warming scenarios in the Indian
Ocean and ocean-atmosphere coupled model to explore and understand the various oceanic
and atmospheric processes in tandem that could explain the response of the Indian Ocean to

the future warming.
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Why is the Bay of Bengal experiencing a reduced rate of sea
surface warming?
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ABSTRACT: The sea surface temperature (SST) in the Bay of Bengal (BoB) during the period 1960—1995 showed a decadal
cycle, riding over a warming trend. The disruption of the decadal cycle was noticed post-1995 and was followed by a slowdown
in the sea surface warming. The cause for the disruption of the SST decadal cycle was the weakening of the link between SST
and sunspot number. The rising trend in the SST is due to the increasing atmospheric CO, concentration. The post-1995 SST
slowdown was due to the increasing influence of the number of depressions, cyclones and severe cyclones in the BoB, the
occurrence of which showed an upward trend. Using Price—Weller—Pinkel model we show that cyclonic systems deepen
the mixed-layer through enhanced mechanical-mixing with cooler sub-surface waters, thereby reducing the mixed-layer
temperature and consequently the SST. This process opposes the SST rise due to increasing atmospheric CO, concentration.
The net effect of the wind-mixing caused by the increased number of depressions, cyclones and severe cyclones and the
increased CO, concentration is a SST slowdown in the BoB. This mechanism differs from the SST slowdown mechanisms

suggested for the Atlantic and the Pacific.
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1. Introduction

The Bay of Bengal (BoB), located in the eastern part of
the northern Indian Ocean, has unique geographic and cli-
matic setting. Being bound to its north (~23°N) by the
Asian landmass, the basin’s water has no link to the polar
waters. Besides, the basin’s waters experience seasonal
wind reversal associated with Asian monsoons, having
south-westerly winds during summer monsoon (June to
September) and north-easterly winds during winter mon-
soon (November to February). The south-westerly winds
are generally warm and moist, while the north-easterly
winds are cold and dry (Prasanna Kumar and Narvekar,
2005). In response to this reversal in wind direction
the surface current also reverses in the basin. The BoB
has one of the lowest surface salinities of the world
oceans, which arises due to (1) excess evaporation over
precipitation (~2myear™!) (Prasad, 1997) and (2) fresh
water influx from adjoining rivers (1.625 x 10'> m? year™!)
(Subramanian, 1993).

Seasonality being the dominant mode of variability in the
BoB, seasonal cycle of hydrography and circulation is well
researched and documented (see for e.g., Potemra et al.,
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© 2015 Royal Meteorological Society

1991; McCreary et al., 1993; Shetye et al., 1996; Rao
and Sivakumar, 2000, 2003; Schott and McCreary, 2001,
Shankar et al., 2002; Varkey et al., 1996 and references
therein). However, the slower modes such as multi-annual
and especially the decadal variability are less explored,
making our understanding of the long-term variability of
the Indian Ocean, in the context of climate change, rudi-
mentary. In contrast there had been some studies per-
taining to the slowdown in the sea surface temperature
(SST) warming in the Pacific and the Atlantic (Kosaka
and Xie, 2013; Trenberth and Fasullo, 2013; Chen and
Tung, 2014; McGregor et al., 2014; Trenberth et al., 2014)
oceans. Rupa Kumar ez al. (2002) was the first to show
that the Indian Ocean was warming at the rate of 0.5°C
per 100 years, based on the analysis of SST data during
1904—1994. Subsequently, Prasanna Kumar et al. (2009)
showed that the Arabian Sea is experiencing a secular
warming and a regional climate shift after mid-1990 based
on analysis of SST data during 1960—2005. However, no
such studies on long-term variability are available in the
case of the BoB. It is in this context that in the present
study, using 52 years of SST data, we (1) examine the
long-term SST trend, (2) decipher the recent change in the
rate of warming, and finally (3) identify the factors respon-
sible for the observed changes.
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2. Materials and methods

2.1. Data

The BoB (0° to 25°N and 80°E to 99°E) SST, u-wind and
v-wind components data were extracted from the Inter-
national Comprehensive Ocean-Atmosphere Data Set
(ICOADS) (Woodruff et al., 2005; www.esrl.noaa.gov/
psd/data/gridded/data.coads.deg.html) for the period
1960-2011, having monthly mean values on a 1° by
1° spatial grid. Using the monthly mean SST data, a
60-month running mean was computed for further anal-
ysis. We used sunspot number as a proxy for the solar
irradiance (Willson and Hudson, 1988) as the latter is
available only from 1975. The monthly values of the inter-
national sunspot number (Solar Influences Data analysis
Centre (SIDC) team, 2012), now available at http://sidc.
oma.be/sunspot-data/, were obtained from ftp://ftp.ngdc.
noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS/

INTERNATIONAL/monthly/MONTHLY. The annual
mean global carbon dioxide concentration data were
obtained by merging the carbon dioxide concentration at
Mauna Loa from 1958 March to 1979 December (ftp://ftp.
cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt) with
the global carbon dioxide concentration data from
1980 January to 2011 December (ftp://ftp.cmdl.noaa.
gov/ccg/co2/trends/co2_mm_gl.txt)  (Keeling eral.,
2001). Data on the number of depressions, cyclones and
severe cyclonic storms (DCS) in the BoB was taken from
e-atlas of India Meteorological Department available at
http://www.rmcchennaieatlas.tn.nic.in/login.aspx ?Return
Url=%2f for the period 1960-2011.

The evaporation rate was taken from Objectively
Analyzed Air-Sea Fluxes (OAFlux; http://dss.ucar.edu/
datasets/ds260.1/; Yu et al., 2008), while the precip-
itation rate was from the climate diagnostic centre
(CDC) derived NCEP reanalysis products (http:/www.
esrl.noaa.gov/psd/cgi-bin/db_search/). The monthly grid-
ded data of the short wave radiation, long wave radiation,
latent heat flux and sensible heat flux were from the
National Centres for Environmental Prediction/National
Centre for Atmospheric Research (NCEP/NCAR) Reanal-
ysis Monthly Means and Other Derived Variables data
(Kalnay efal., 1996) and were obtained from (http://
www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.
derived.surfaceflux.html).

For comparing the model mixed layer depth (MLD), the
data on the MLDs were taken from Holte er al. (2010;
(http://mixedlayer.ucsd.edu/data/monthlyclim.nc) and
Keerthi et al. (2013; www.ifremer.fr/cerweb/deboyer/mld/
Surface_Mixed_Layer_Depth.php). In Holte et al. (2010)
the MLD climatology was computed using Argo profiles
and a hybrid method (Holte and Talley, 2009), while in
Keerthi et al. (2013) the monthly MLD data for the Indian
Ocean, during 1969-2009 was based on temperature
and salinity profiles taken from different sources namely
National Oceanographic Data Centre (NODC) World
Ocean Database 2009 (WOD 09), World Ocean Circu-
lation Experiment (WOCE) global dataset version 3.0,
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Argo profile data and Tropical Atmosphere Ocean project
Research moored Array for the African-Asian-Australian
Monsoon Analysis and prediction (TAO RAMA) buoy
daily data. Using this data monthly mean climatology
(1969-2009) was computed for comparing with PWP
model output.

Data used for plotting the schematic on SST cooling
associated with the passage of cyclone Nargis during
27 April to 3 May 2008 is as follows. The SST data is
for 2 May 2008 from NOAA daily Optimum Interpo-
lation SST (OISST) obtained from http://www.ncdc.
noaa.gov/sst/griddata.php  (Reynolds etral., 2007).
The vertical temperature data along the 90°E (5-day
average centred at 2 May) and 1.5°S (5-day average
centred at 3 May) sections (http://www.pmel.noaa.gov/
tao/disdel/frames/main.html) are from Research moored
Array for African-Asian-Australian Monsoon Analy-
sis and prediction (RAMA) moorings. Daily RAMA
mooring data is also used to calculate the cooling by
Cyclone Nargis, at the (15°N, 90°E) location. The cyclone
track data is from http://weather.unisys.com/hurricane/
n_indian/2008H/NARGIS/track.dat.

2.2. Model: Price—Weller—Pinkel model

The Price—Weller—Pinkel (PWP) model (Price etal.,
1986) is a mixed-layer model similar to the dynamic insta-
bility model of Price et al. (1978), but modified to include
mixing in the stratified fluid, below the mixed-layer.
The model takes into account mixing processes namely
(1) free convection arising due to surface heat loss, (2)
mixed-layer entrainment by relaxation and (3) shear flow
instability driven mixing. More details about the model
and the data used to run it are given in the Appendix S1,
Supporting Information.

3. Results and discussion

The basin-averaged SST variability is examined to study
the dominant variability during the study period from 1960
January to 2011 December. Then the role of the sunspot
number and atmospheric CO, concentrations, are studied
in the mediation of the observed changes. Finally, the
PWP model helped to show the mixed-layer deepening and
cooling by cyclonic systems, to explain the reason for SST
slowdown.

3.1

The salient feature, of the basin-averaged 60-month run-
ning mean monthly SST in the BoB, was a dominant
decadal cycle riding over a secular warming trend of
0.014 °C per year (coefficient of determination, R = 0.88)
during the period 1960-2011 (Figure 1).

The second important feature was the disruption in the
decadal cycle as well as the change in the warming trend
after 1995. Note that 1995 November is the minimum of
the 60-month running mean of the sunspot number cycles,
occurring closest to the start of the disrupted SST cycle.
Hence it has been chosen as the year for dividing the period

Decadal cycle and SST warming

Int. J. Climatol. 36: 1539-1548 (2016)



BAY OF BENGAL SEA SURFACE TEMPERATURE SLOWDOWN

—  SST 60-month running mean

1541

—  SST Trendline (January 1960 — December 2011)

- - SST Trendline (January 1960 — November 1995 and November 1995 — December 2011)

—  Sunspot Number 60-month running mean

- Carbon dioxide Concentration 60-month running mean

140 Lo i i pr e prrrer ey prerrrrr iyl 20.10 ~ 390
- 29. L
120 900
-89 | E
100 %) %
- 28.80 5 S
[ =1
g =r £
Q © c
E 80 - 28.70 S
<
5 5—350%
2 g0 _28.608 g
=1 g o
7] 5 0B
- 28.50 & 5
40 8 £
- ©
- 28.40 3300
20 L
- 28.30
0 TTTTTTTTTITTTTITT T T T T I T T I T T T I T T T I T T TTITITTITITTITTITITTTITT 28.20 — 310
1960 1970 1980 1990 2000 2010

Year

Figure 1. Basin-averaged 60-month running means of Bay of Bengal (Eq. to 25°N, 80—99°E) SST (thickest line), international sunspot number
(thick line) and carbon dioxide concentration (thick line with cross marks) for the period 1960 January to 2011 December. SST trend line for the
entire period of study (thin line) and pre-1995 and post-1995 SST trend lines (thin dashed lines) are also shown.
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Figure 2. Five-year running mean of the total number of DCS in the Bay of Bengal (Eq. to 25°N, 80-99°E) (solid line) for the period from 1960 to
2011. Trend lines for the entire period of study (dashed line) and in the pre-1995 and post-1995 periods (dotted lines) are also shown.

of study in order to infer the warming trend. Thus, prior
to 1995, the trend line of SST showed a warming with
a slope of 0.015°C per year (R*>=0.79), which slowed
down to 0.008 °C per year (R*> =0.35), after 1995. All the
three SST slopes have p-values lesser than 0.05 indicating
a significance level of greater than 95%. The difference
of the pre-1995 and post-1995 SST slopes also showed a
similar p-value.

© 2015 Royal Meteorological Society

It has been shown that the natural decadal cycle is closely
related to the solar activity (White ef al., 1997). An exami-
nation of the sunspot number revealed a smooth decadal
cycle that co-varied with SST until 1995 (Figure 1).
After 1995, though the sunspot number cycle continued
its decadal cycle without any disruption, the SST did
not show a commensurate decrease with the decreasing
sunspot number. In fact, SST continued to increase even

Int. J. Climatol. 36: 1539—1548 (2016)
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Table 1. Bay of Bengal partial correlation coefficients (r) and significance levels, between the 60-month running mean of SST and
the 60-month running mean of the various parameters, viz. the net heat flux (NHF), wind speed (i.e. momentum flux), difference
between evaporation and precipitation (E — P) (i.e. freshwater flux) and the number of DCS, in different periods.

Partial correlation Period NHF Wind speed Number of DCS E-P
r Significance r Significance r Significance r Significance
level (%) level (%) level (%) level (%)
SST 1960-2011  0.53 >99.99 0.56 >99.99 —0.26 >99.99 —-0.10 97.62
1960-1995  0.60 >99.99 0.47 >99.99 -0.14 99.44 —0.59 >99.99
1995-2011 0.29 99.98 0.17 99.13 —0.59 >99.99 0.25 99.89

Both partial correlation and significance levels values are in bold face, when significance level is greater than 99.99%.

— Wind speed (km/h)
------- MLD (m)- Argo, Holte et al. (2010)

— — mixed-layer depth (MLD) (m) — PWP Model
—— MLD (m)- Keerthi et al. (2013)

40
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Figure 3. Seasonal cycle of wind speed (ms™!) (solid line) and mixed-layer depths (m) in the Bay of Bengal from PWP model (dashed line), Holte
et al. (2010) (dotted line) and Keerthi ef al. (2013) (line with cross marks).

when the sunspot number cycle started decreasing after
2000. A brief period of decrease in SST was noticed dur-
ing 2004—-2006, before the beginning of the next decadal
cycle. Thus, we see a strong link between the decadal
cycles of the SST and sunspot number until 1995. This link
not only weakens after 1995, a slowdown of SST warming
was also observed.

3.2.  Correlation of SST with sunspot number and CO,
concentration

We explored the probable reasons for the observed disrup-
tion of decadal cycle and decline in the rate of warming in
the BoB after 1995. The solar activity being the primary
driver of the decadal variability in the ocean, we examined
the correlation coefficient of SST with sunspot number
cycle.

The correlation coefficient (r) of the 60-month running
means of sunspot number and SST in the various pre-1995
sunspot number cycle periods are high, with r=0.66,
0.63 and 0.78 (all significant at >99.99%), for the periods
centred from March 1964 to June 1975, June 1975 to
December 1985 and December 1985 to November 1995,
respectively. During 1960—1995, when the SST showed
an increase, the correlation coefficient with sunspot cycle
was 0.58 (significance level >99.99%) and after 1995 it
reduced to 0.24 (significance level =99.82%). Similarly,
the correlation coefficient of SST with CO, was 0.88
(significance level >99.99%) during 1960-1995 period,
which also declined to 0.54 (significance level >99.99%)
for the period from 1995 to 2011. Thus, the reduced

© 2015 Royal Meteorological Society

warming despite the increase in the CO, concentration
after 1995 indicated that this could be due to reasons other
than the CO, forcing. We now address the reasons for the
reduced warming and identify the processes responsible
for it.

3.3.

The processes that could reduce the SST in the
ocean are (1) upwelling, (2) evaporative cooling, (3)
wind-driven/convective mixing and (4) Ekman-pumping.
The BoB is not known for the prevalence of strong
upwelling except for very localized regions close to the
south-western boundary (Shetye ef al., 1991) and south
of Sri Lanka (Vinayachandran and Yamagata, 1998),
during summer monsoon. Evaporative cooling is a process
which reduces the surface temperature consequent to the
release of latent heat flux to the atmosphere. This could
occur either due to an increase in wind speed, which is
normally encountered during summer monsoon or with
the prevalence of dry air blowing over the ocean as it
occurs during winter monsoon (Prasanna Kumar and
Narvekar, 2005). The wind-driven mixing, on the other
hand, can cool the surface temperature of the ocean by
mixing the warm upper ocean water with cold sub-surface
water through mechanical-mixing and deepening of mixed
layer. This process could potentially lower the SST in the
BoB during summer monsoon when the basin-wide wind
speeds are the highest. However, though a basin-wide
lowering of SST was noticed during summer monsoon the
mixed-layer was not very deep, especially in the northern

Processes linked to the slowdown in warming

Int. J. Climatol. 36: 1539-1548 (2016)



BAY OF BENGAL SEA SURFACE TEMPERATURE SLOWDOWN

1543

Bay of Bengal wind speed, mixed—layer depth
and Ekman depth in April
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Figure 4. Bay of Bengal wind speeds (kmh~!; solid line), Ekman depths (m; dotted line) and mixed-layer depths (m, dashed lines) for actual wind
speeds (a), model wind speeds peaking to 63 kmh~! (b), model wind speeds peaking to 87 kmh~! (c) and model wind speeds peaking to 120 kmh~!
(d), all in the month of April.

Bay, indicating the role of stratification in curtailing the
wind-mixing (Narvekar and Prasanna Kumar, 2014). This
points to the overriding role of wind in cooling the surface
waters of the BoB through the latent heat loss. Convective
mixing is a dominant mechanism of cooling of SST in the
northern Arabian Sea, located in the western part of the
northern Indian Ocean, during winter (Prasanna Kumar
and Prasad, 1996). However, a similar process does not
take place in the BoB due to the perennial presence of
fresh water in the northern Bay.

Ekman-pumping is yet another process that is capable of
bringing down the temperature of the upper ocean through

© 2015 Royal Meteorological Society

cyclonic winds. The BoB is known for tropical cyclone
activity which occurs regularly during spring—summer
(April—June) and fall-winter (October—December) tran-
sitions. Tropical cyclones induce intense cooling by both
enhanced evaporation and vertical mixing under strong
winds. Studies by Webster ef al. (2005) showed that in
the northern Indian Ocean categories 4 and 5 cyclones
have increased over the years, while Prasanna Kumar et al.
(2009) based on the data from 1970 to 2007 in the Arabian
Sea have showed a fivefold increase in the occurrence and
intensity of the most intense cyclone (wind speed exceeded
100 kmh=").

Int. J. Climatol. 36: 1539—1548 (2016)
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Bay of Bengal wind speed, mixed—-layer depths
and Ekman depths in October
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Figure 5. Bay of Bengal wind speeds (kmh™!; solid line), Ekman depths (m; dotted line) and mixed-layer depths (m, dashed lines) for actual wind
speeds (a), model wind speeds peaking to 63 kmh~! (b), model wind speeds peaking to 87 kmh~' (c) and model wind speeds peaking to 120 kmh~!
(d), all in the month of October.

An examination of the 5-year running mean of yearly
total number of depressions, cyclones and severe cyclonic
storms in the BoB showed an overall decreasing trend from
1960 to 2002 and thereafter it showed a sharp increase
(Figure 2).

In order to decipher the relative roles of the above
said processes in cooling the upper ocean waters in the
BoB we have computed partial correlation of SST with
wind speed (WS), net heat flux (NHF), evaporation minus
precipitation (E —P) and the total number of DCS. Since
the disruption in decadal cycle as well as slowdown in SST
warming was noticed after 1995, we computed the partial
correlation prior to and after 1995 and presented in Table 1.

© 2015 Royal Meteorological Society

The highest correlations of SST prior to 1995 were with
NHF and E — P, which indicated that SST was controlled
by latent heat loss through evaporative cooling. Note that
though the number of DCS was negatively correlated its
contribution was very small. In contrast, after 1995 the
role of NHF and evaporative cooling diminished consid-
erably, while the influence of number of DCS on SST
increased. Thus, an increase in the number of DCS would
lead to an enhanced cooling of surface waters through
increased occurrence of upward-Ekman-pumping. In addi-
tion, mechanical-mixing by the cyclonic winds would also
lead to deepening of mixed-layer and thereby cooling of
surface waters. In order to explore this, we used PWP

Int. J. Climatol. 36: 1539-1548 (2016)



BAY OF BENGAL SEA SURFACE TEMPERATURE SLOWDOWN

1545

300

Depth (m)

400

500 24

Temperature
(°C)

Figure 6. Schematic showing the SST cooling associated with the passage of cyclone Nargis, which occurred during the period from the 27 April to
the 3 May 2008. The black solid line is the cyclone track and is plotted from the 27 April to the 1 May 2008, while the ‘x’ marks denote the 6-hourly
positions in this period. The SST data is on the 2 May 2008, from NOAA daily OISST and is obtained from http://www.ncdc.noaa.gov/sst/griddata.php
(Reynolds et al., 2007). The vertical temperature data along the 90°E (5-day average centred on the 2 May) and 1.5°S (5-day average centred on the
3 May) sections (http://www.pmel.noaa.gov/tao/disdel/frames/main.html) are from Research moored Array for African-Asian-Australian Monsoon
Analysis and prediction (RAMA) moorings. The cyclone track data is from http://weather.unisys.com/hurricane/n_indian/2008 H/NARGIS/track.dat

model (Price et al., 1986). This model computes the verti-
cal mixing, with the temperature and salinity profiles taken
from World Ocean Atlas (WOAQ9) as initial conditions
and forced by heat (NHF), momentum (wind-stress) and
fresh water fluxes. The fresh water flux is computed as the
difference of the evaporation from the sum of precipita-
tion and river run-off (E —P —R). Our purpose of using
a one-dimensional mixed-layer model is only to diagnose
the role of wind-mixing under strong cyclonic conditions,
similar to that of a sensitivity analysis approach, for iden-
tifying the process.

The model was run with the daily mean climatology
for 2 years. The seasonal cycle of wind speed and model
mixed-layer depth (MLD) from the second year is pre-
sented in Figure 3.

The MLD, in general, co-varied with wind but inversely.
The model MLD showed a bimodal distribution with shal-
low MLD during April and October coinciding with the
periods of relatively weaker wind speeds. Note that the
shallowest MLD was in April. The seasonal cycle of
model MLD was similar to that obtained by Narvekar and
Prasanna Kumar (2006) from in situ data, as well as those
obtained from the data of Holte ef al. (2010) and Keerthi
et al. (2013), which gave us confidence in the model sim-
ulation. In order to assess the impact of cyclonic winds
on the MLD during spring—summer and fall—winter tran-
sitions, the model was forced with wind speeds peaking
to 63kmh~! (run 1), 87kmh~" (run 2) and 120kmh™!
(run 3) in the second year of the runs (see Appendix
S2). We see a deepening of the model MLD, both during
spring—summer (Figure 4) and the fall-winter (Figure 5)

© 2015 Royal Meteorological Society

transitions, which is similar to the Ekman depth calculated
using scalar winds. This indicated that the mixed-layer
deepening, which occurred under the influence of cyclonic
winds, was through wind-mixing.

Thus, it is evident from the model run that strong winds
associated with cyclones during both spring—summer as
well as fall-winter transitions lead to deep mixed-layer
through enhanced mechanical-mixing. This is depicted in
the schematic diagram (Figure 6), which shows the SST
cooling of approximately 1.5 to 2.5°C, at (12°N, 86°E)
location, associated with the passage of cyclone Nargis
during 27 April to 3 May 2008. The SST daily data, at the
RAMA mooring location (15°N, 90°E) shows a maximum
drop of 1.93 °C, from the 27 April 2008 to the 2 May 2008,
and a drop of 0.52 °C, in the period from the 27 April 2008
to the 11 May 2008, showing that the cooling due to the
cyclone lasts around 15 days.

We have also examined the actual observational data
on MLD prepared by Keerthi eral. (2013) from 1969
to 2009. This data base for the Indian Ocean domain
was assembled using all the measurements of mechani-
cal bathythermographs (MBT), expendable bathythermo-
graphs (XBT), conductivity-temperature-depth (CTD) and
profiling floats, besides Argo and RAMA moored buoys
data. This MLD data also showed a deepening in the period
from 1995 to 2009 (Figure 7).

Finally, to bring out the unique, relative contributions of
CO, concentration, sunspot numbers and the number of
DCS on the SST, a partial correlation analysis was carried
out (Table 2).

Int. J. Climatol. 36: 1539—1548 (2016)
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Figure 7. Bay of Bengal (Eq. —25 °N, 80 °E —99 °E) basin-averaged mixed layer depth (MLD) in metres. Data plotted is monthly (dashed line with

"+" symbols), 60-month running mean (line with filled circles), and trendlines of the 60-month running mean, in the periods from 1969 January

to 2009 December (line with open circles) and from 1969 January to 1995 November (line with filled squares) and from 1995 November to 2009
December (line with "X" symbols).

Table 2. Bay of Bengal (BoB) partial correlation coefficients (r) and significance levels, between the 60-month running mean of
SST and 60-month running mean of the international sunspot number, 60-month running mean of the global CO, concentration and
60-month running mean of the BoB number of DCS, in different periods.

Partial correlation Period Sunspot number CO, concentration Number of DCS
r Significance r Significance r Significance
level (%) level (%) level (%)
SST 1960-2011 0.74 >99.99 0.88 >99.99 —0.18 >99.99
1960-1995 0.76 >99.99 0.47 >99.99 —0.26 >99.99
1995-2011 0.2 99.03 0.82 >99.99 —0.43 >99.99

Both partial correlation and significance level values are in bold face, when significance level is greater than 99.99%.

The partial correlation of SST and sunspot number
in the pre-1995 and post-1995 periods reduce from
0.76 (significance level >99.99%) to 0.2 (significance
level =99.03%), respectively. This indicated the decreased
post-1995 influence of sunspot number on SST and we
attribute this weakening link to be the cause for the dis-
ruption of the SST decadal cycle after-1995. In contrast
to the sunspot number and SST partial correlation, the
partial correlation coefficient of CO, concentration with
SST increases from 0.47 (significance level >99.99%)
to 0.82 (significance level >99.99%). Similarly, the
partial correlation of SST and the number of DCS
increases from —0.26 (significance level >99.99%) to
—0.43 (significance level >99.99%). This shows that the

© 2015 Royal Meteorological Society

link between the number of DCS and SST is stronger
after 1995.

Though the sunspot number reduction can cause some
amount of fall in the rate of SST rise, i.e. the SST slow-
down, the post-1995 influence of the sunspot number on
SST is lesser than the post-1995 influence of the number
of DCS on SST, as seen from the partial correlation coef-
ficients (Table 2). Thus, in the BoB during the post-1995
period, the contribution of increased number of DCS in
reducing the SST warming overwhelms that due to reduced
solar irradiance. Besides this, since the magnitude of the
post-1995 partial correlation of CO, concentration and
SST is greater than that of the number of DCS and SST par-
tial correlation, we conclude that the influence of the CO,

Int. J. Climatol. 36: 1539-1548 (2016)
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concentration is greater on the SST, compared to the num-
ber of DCS. However, the impact of the CO, concentration
and number of DCS on SST, being generally opposite,
the increase in the number of DCS though leading to
enhanced cooling of the upper ocean, cannot completely
offset the CO, driven warming. Thus, the above situation
leads to a slowdown in SST warming in the BoB.

4. Concluding remarks

The present study, based on 52 years of data, brings out
three important aspects of SST variability such as (1)
decadal cycle in SST riding over a linear warming trend
until 1995, (2) disruption in decadal cycle after 1995 and
(3) a post-1995 slowdown in SST warming. The rea-
sons for the observed variability was a combination of
factors such as weakening of the link between SST and
sunspot number after 1995 and the increase in the occur-
rence of cyclonic systems in the BoB post-1995 leading
to an increase in the mixing of cold sub-surface waters
with warm surface waters. Although the cyclones are very
intense in terms of air—sea interaction, they are tempo-
rally short lived. However, the oceanic mixing process trig-
gered by them could impact the SST for a longer time.
The cooling in the case of Cyclone Nargis lasted at least
a fortnight. Thus, the BoB can cool twice a year during
spring—summer and fall-winter periods through episodic
occurrence of cyclonic systems. This cyclone-induced
cooling of the upper waters of the BoB will increase
with enhanced occurrence of the numbers of cyclonic sys-
tems, which in turn leads to a slowdown in the rise of the
basin-wide SST. However, it is not clear how long will the
present trend of slowdown in SST warming continue in the
BoB. The greatest challenge lies in the quantification of the
observed variability and the uncertainty associated with it.
Equally challenging is to decipher how these changes will
impact the regional food and water security as most of the
agriculture in this part of the world profoundly depends on
the monsoon/cyclonic system-driven rainfall.
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Supporting Information

The Sea Surface Temperature (SST) in the Bay of Bengal is analysed in the period
from 1960 January to 2011 December, and shows a decadal cycle riding on an increasing
trend till 1995. In the post-1995 period, there is a disruption of the decadal cycle and an SST

slowdown.

The SST decadal cycle is due to the sunspot number cycle, while the SST rise is due
to the increasing CO, concentration in the atmosphere. The slowdown in the SST rise, in the
post-1995 period, is due to the increase in the number of depressions, cyclones and severe
cyclone (DCS). The cyclonic systems can cause mechanical mixing and cause the mixing of

the mixed-layer waters with the cooler of the sub-surface waters, there-by reducing the SST.
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This process of the deepening of the mixed-layer is shown through the Price Weller Pinkel
(PWP) model. The increase in the SST by the atmospheric CO, concentration and the SST
cooling due to the increasing number of depressions, cyclones and severe cyclones after-

1995, are opposing processes. The SST in the Bay of Bengal is observed as a slowdown.

S1
S.1.1 Price-Weller-Pinkel (PWP) Model

The Price-Weller-Pinkel (PWP) model (Price et al., 1986) is a mixed-layer model
similar to the dynamic instability model of Price et al. (1978), but modified to include mixing
in the stratified fluid, below the mixed-layer. The model takes into account mixing processes
namely (1) free convection arising due to surface heat loss, (2) mixed-layer entrainment by
relaxation and (3) shear flow instability driven mixing. Generally, mixing due to free
convection in the BoB is very shallow and mostly confined to the upper few tens of
centimetres of the water column. In contrast, the last two are the dominant processes that
determine the depth of the mixed-layer and are related to momentum flux by the wind
through the Richardson number.

Since the vertical mixing of the water is caused by changes in the density due to the
changes in the net heat and fresh water fluxes and momentum flux they were calculated from
zonal and meridional wind stress components, shortwave and longwave radiations, latent and
sensible heat fluxes, evaporation, precipitation and riverine discharge, riverine runoff and
catchment area data. The model was initialized with the climatological temperature and
salinity profiles and the daily fluxes were used to force the model. The model was run for 730
days (2 years), with a time step of 86400 seconds (1 day) and with a vertical grid interval of 1

m.



S.1.2 Data for the Model
The daily wind stress components were obtained from

http://apdrc.soest.hawaii.edu/dods/public data/satellite product/ifremer/daily flux, while the

daily evaporation data was obtained from

ftp://ftp.whoi.edu/pub/science/oaflux/data_v3/daily/ evaporation/. The daily rainfall data was

obtained from http://apdrc.soest.hawaii.edu/dchart/

index.html?dset=a2c287de3ad7cab9999e50371916fe . The daily riverine discharge, run-off

and catchment area data for the rivers Sittang, Irrawaddy, Chindwin, Brahmaputra, Ganges,
Damodar, Subarnarekha, Godavari, Krishna, Penner and Cauvery were obtained from

http://www.compositerunoff.sr.unh.edu (Fekete et al., 2000). Similarly, for the rivers

Mahanadi, Ponnaiyar, Vaigai, Mahaveli Ganga and Gin Ganga the riverine discharge,
riverine runoff and catchment area data were obtained from

http://www.sage.wisc.edu/riverdata/scripts/ station table.php?qual=32&filenum=1114. The

fore-mentioned website gave data for the riverine discharge and runoff data of the river
Brahmani, but the catchment area was taken from Vaithiyanathan et al. (1988).
The daily downward solar radiation flux and upward long wave radiation flux were

obtained from http://www.esrl.noaa.qov/psd/data/gridded/data.ncep.reanalysis.derived.

otherflux.html , while the daily latent heat flux and sensible heat flux data were obtained

from http://oaflux.whoi.edu .

Temperature (Locarnini et al., 2010) and salinity (Antonov et al., 2010) profile data
were taken from World Ocean Atlas 2009 available at

http://www.nodc.noaa.gov/OC5/WOAQ9/ netcdf data.html. For comparing the model MLD,

the data on the mixed-layer depths were taken from Holte et al. (2010)

(http://mixedlayer.ucsd.edu/data/monthlyclim.nc) and Keerthi et al. (2013)

(http://www.ifremer.fr/cerweb/deboyer/mld/Surface Mixed Layer Depth.php). In Holte et
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al. (2010) the MLD climatology was computed using Argo profiles and a hybrid method
(Holte and Talley, 2009), while in Keerthi et al. (2013) the monthly MLD data for the Indian
Ocean, during 1969 to 2009 was based on temperature and salinity profiles taken from
different sources namely National Oceanographic Data Centre (NODC) World Ocean
Database 2009 (WOD 09), World Ocean Circulation Experiment (WOCE) global dataset
version 3.0, Argo profile data and Tropical Atmosphere Ocean project Research moored
Array for the African-Asian-Australian Monsoon Analysis and prediction (TAO RAMA)
buoy daily data. Using this data monthly mean climatology (1969-2009) was computed for

comparing with PWP model output.
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S2
S2.1 PWP model wind speeds in April (spring- summer transition)

The cyclonic winds were introduced in a stepped manner from the 10" of April
s0 as to attain the peak value on the 12" of April (runs 1 and 2, having peak values of 63
km/hr and 87 km/hr respectively) and the 13" of April (run 3, having a peak value of
120 km/hr). The model output was analyzed and the maximum mixed-layer depths were
found to be 41 m (run 1, Panel b in Figure 4), 45 m (run 2, Panel c in Figure 4) and 61
m (run 3, Panel d in Figure 4) respectively (Figure 4). Note that in April the model

MLD was 17 m when forced with the actual winds of 11 km/hr (Panel a in Figure 4).

S2.2 PWP model wind speeds in October (fall- winter transition)

The model was forced with increasing winds in a stepped manner from 10"
October so as to attain peak value of 63 km/hr (run 1, Panel b in Figure 5) and 87 km/hr
(run 2, Panel ¢ in Figure 5) on 12" October and 120 km/hr (run 3, Panel d in Figure 5)
on 13™ October. The model MLDs were found to be 38 m (run 1), 44 m (run 2) and 62
m (run 3) respectively, while it was 30m when forced with actual winds of 13 km/hr

(Panel a in Figure 5).
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ABSTRACT: The Arabian Sea (AS) has undergone a regime shift after 1995, manifesting the disruption of its natural decadal
cycle over-riding a secular rise in its sea-surface temperature (SST). Using a suite of in situ and remote sensing data, we show
that the rate of post-1995 accelerated warming is spatially different, due to regionally and seasonally differing oceanographic
processes. Along parts of the western boundary, the accelerated warming was mediated by a reduction in the post-1995 linear
trend of wind speed during summer monsoon leading to reduced upwelling and also reduced evaporation trend. In the northeast
AS, post-1995 increase in specific humidity during late winter, lead to a decrease in the evaporative cooling and subsequent
convective mixing resulting in the increased rate of warming. The continued warming seen in the northeast AS until spring
inter-monsoon was due to the increasing net heat flux trend into the ocean along with reducing trend in evaporation. The

accelerated warming in the central AS was linked to the reduced wind speed trend.
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1. Introduction

The Arabian Sea (AS) is a tropical basin situated in the
western part of the north Indian Ocean. The distinct fea-
ture of this basin is that it is land-locked in the north at
approximately 25°N latitude and comes under the mon-
soon regime. As a result of being blocked by the Eurasian
landmass, the basin’s waters are not cooled by the polar
waters from the north, while the monsoons lead to a
strong seasonality in the hydrography and circulation.
The semi-annual wind-reversal associated with monsoons,
having south-westerly winds during summer monsoon
(June to September) and north-easterly winds during win-
ter monsoon (November to February), leads to a reversal in
the direction of surface current as well. The winds during
spring (March to May) and fall (October) inter-monsoons
are weak and variable. The waters of the basin also expe-
riences cooling twice annually in summer and winter
monsoons. During summer monsoon upwelling of cold
sub-surface waters along Somalia (Smith and Codispoti,
1980), Arabia (Smith and Bottero, 1977) and the southern
part of the west coast of India (Sharma, 1966; Varadachari
and Sharma, 1967) cools the surface waters. However, in
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sion, CSIR-National Institute of Oceanography, Dona Paula - 403 004,
Ilhas, Goa, India. E-mail: prasanna@nio.org
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the east-central AS the summer cooling was attributed to
the downward transfer of heat due to mixing of warmer
surface and the colder sub-surface waters (Ramesh Babu
and Sastry, 1984). In addition, the open-ocean upwelling
driven by positive wind-stress curl (Bauer et al., 1991)
north of the Findlater Jet (Findlater, 1969) as well as
wind-mixing contributes to the cooling of various regions
in the AS during summer monsoon (Prasanna Kumar et al.,
2001). In winter, the upper layers of the northern AS are
cooled by the radiative heat loss combined with evapora-
tive cooling and subsequent convective mixing (Prasanna
Kumar and Prasad, 1996). Based on mooring data Weller
et al. (2002) showed that during the winter, in the period
from October 1994 to October 1995, under the influence
of dry and moderate winds and clear skies when the SST
dropped by around 3 °C, the ocean lost 19.7 W m~2 and
the mixed-layer deepened by 100m in the central AS.
Meso-scale eddies and heat budgets were studied by Fis-
cher et al. (2002), while the influences of the diurnal and
intra-seasonal forcing on the mixed layer and biological
variability in the central AS were studied by McCreary
et al. (2001).

On an inter-annual timescale, De Boyer Montégut et al.
(2007) showed that the eastern AS SST is strongly con-
trolled by winds, through variation in the latent heat fluxes,
while the western AS SST is controlled by vertical pro-
cesses and horizontal advection.

Recent studies on the AS SST are indicating a secular
warming trend. It was Rupa Kumar et al. (2002) who first
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Table 1. Sources of data and their specifications.

Name of the Parameters Period Temporal and URL References/Source
data set spatial interval
International SST, specific 1960-2011 Monthly; 1°x 1° www.esrl.noaa.gov/psd/  Woodruff et al.,
Comprehensive humidity, wind data/gridded/data.coads 2011
Ocean—Atmosphere components .1deg.html
Data Set (ICOADS)
Objectively Analysed  Evaporation rate 1960-2011 Monthly; 1° x 1° Now available at http:// Yu et al., 2008
Air-Sea Fluxes rda.ucar.edu/datasets/
(OAFlux) ds260.1/
CDC Derived NCEP  Precipitation 1960-2011 Monthly; ftp://ftp.cdc.noaa.gov/ Kalnay et al., 1996
Reanalysis Products ~1.875°%x 1.875°  Datasets/ncep.reanalysis
Surface Flux .derived/surface_gauss/
prate.sfc.mon.mean.nc
NCEP/NCAR Shortwave 1960-2011 Monthly; T62 http://www.esrl.noaa.gov/ Kalnay et al., 1996
reanalysis monthly radiation (SWR), Gaussian grid psd/data/gridded/data.
means and other longwave radiation (192x94) ncep.reanalysis.derived.
derived variables data  (LWR), LHF and surfaceflux.html
SHF

WDC-SILSO, Royal International 1960-2011 Monthly; Global Now available at www WDC-SILSO,
Observatory of sunspot number .sidc.be/silso/datafiles Royal Observatory
Belgium, Brussels of Belgium,
Sunspot Number data Brussels
Keeling Carbon Carbon dioxide 1960-2011 Monthly; Mauna ftp://ftp.cmdl.noaa.gov/ Keeling et al.,
Dioxide atmospheric Loa (January ccg/co2/trends/co2_mm_  2001; Keeling
Concentration Data concentration 1960—December mlo.txt (Mauna Loa); et al., 2005

1979); Global ftp://ftp.cmdl.noaa.gov/

(January ccg/co2/trends/co2_mm_

1980—December gl.txt (Global)

2011)
Simple Ocean Data Temperature 1960-2010 Monthly; http://apdrc.soest.hawaii ~ Carton et al., 2000;
Assimilation (SODA)  section 0.5°x0.5%; 40 .edu/las/v6/constrain? Carton and Giese,
data v2.2.4 vertical levels var=3076 2008

documented the rise in sea-surface temperature (SST) of
the AS, during the period from 1904 to 1994, which was
0.5°C. Subsequently, the study by Alory eral. (2007),
based on 1960 to 1999 thermal data from Indian Ocean,
showed a warming of around 1°C over large regions in
the AS. Prasanna Kumar ez al. (2009) noted that the AS
is experiencing secular warming and undergoing a regime
shift after 1995 as seen from the disruption in the natural
decadal cycle of the SST. The heat content of the upper
ocean, in the Indian Ocean, shows a warming trend and
the Hadley Centre Sea Ice and SST show that the tropical
Indian Ocean regions warmed faster than most of the
tropical Pacific and Atlantic, since the 1950s (see Han
etal., 2014 and references therein). Roxy eral. (2014)
showed that the western tropical Indian Ocean is warming
faster than the rest of the tropical oceans, while Dinesh
Kumar ef al. (2016) reported an increasing SST of 0.12 °C
per decade in the AS for the period from 1960 to 2009.
Han et al. (2014) reviewed the decadal variability and
the long-term trends in the Indian Ocean. Although it is
unequivocally evident from the above that the AS is indeed
undergoing a secular warming, it is not known whether
the reported warming trends will be similar in all parts of
the AS. Hence, the present study attempts to understand the
nature and characteristics of this warming in different parts
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of the AS and at understanding the processes that controls
such warming.

2. Data and methodology

The data pertaining to SST, specific humidity and surface
wind components were obtained from the International
Comprehensive Ocean—Atmosphere Data Set (ICOADS)
(Woodruff et al., 2011). To our best knowledge, ICOADS
is the most complete and heterogeneous collection of
surface marine data. There are some data-coverage issues
though, a cause being no addition of delayed-mode ship
data in recent years. The ship-recorded data dominate
until 1970s; thereafter contribution of buoys and other
automated platforms has rapidly increased. Ship-recorded
data are mainly in the shipping lanes. Drifting buoys data
have near ubiquitous coverage, but as they are generally
not recovered, the recording sensors may drift which
results in a reduced accuracy. Some other problems of
ICOADS data are the change in observation practices,
i.e. bucket intake and engine intake. This was sorted
out to some extent in HADSST (Rayner et al., 2003,
2006; Kennedy et al., 2011a, 2011b). The sampling of
ICOADS is another issue. However, this was addressed
for all ICOADS variables (Gulev et al., 2007a, 2007b).
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Figure 1. Arabian Sea (equator to 25°N, 45°—80°E) SST 60-month running mean (thick solid-line) from January 1960 to December 2011, with

trend lines for the entire period (thin solid-line) and in the pre-1995 and post-1995 November periods (thin dashed-lines), Sunspot number 60-month

running mean (thick dashed and dotted line) and carbon dioxide concentration 60-month running mean (thin dotted-line with cross-marks). [Colour
figure can be viewed at wileyonlinelibrary.com].

Figures S1-S3, Supporting Information, are given to show
more information on the quality of the ICOADS SST data.
Despite a number of drawbacks, due to the widely differ-
ing data source, ICOADS data are used as the basis for
many derived products and is regarded as the long-term
marine-surface reference data set (Woodruff ef al., 2011).
In order to examine the robustness of the ICOADS data
in the AS, we have plotted the basin-averaged 60-month
running mean ICOADS SST, NOAA Optimally Interpo-
lated SST (https://www.esrl.noaa.gov/psd/data/gridded/
data.noaa.oisst.v2.html) and Kaplan SSTA (https://www
.esrl.noaa.gov/psd/data/gridded/data.kaplan_sst.html) in
the Figure S4. From the figure, it is evident that though
there are differences between data sets, all of them showed
similar trends. Hence, for the present study we principally
relied upon the ICOADS and the values were extracted for
the AS in the domain equator to 25°N and 45°-80°E. The
evaporation rate was taken from Objectively Analysed
Air-Sea Fluxes (OAFlux). The OAFlux data use optimal
blending of satellite retrievals and three atmospheric
re-analyses (Yu et al., 2008). The precipitation data are
the CDC-Derived NCEP Reanalysis Products Surface
Flux. The evaporation and precipitation difference (E — P)
were then computed, using the above-mentioned data sets.
The AS as a whole is generally dominated by evaporation;
but in order to better represent the freshwater flux, E — P
is taken. The monthly gridded data of the shortwave radi-
ation, longwave radiation (LWR), latent heat flux (LHF)
and sensible heat flux (SHF) are from the NCEP/NCAR
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reanalysis monthly means and other derived variables data
(Kalnay et al., 1996). The NCEP/NCAR reanalysis data
are classified into four types, based on the influence of
observations and the model. The variables of class ‘A’ are
influenced strongly by the observations and are more reli-
able. The flux data are of class ‘C’” which are variables not
directly affected by observations. Although the classifica-
tion is somewhat subjective, a little caution is required in
interpreting the results of the re-analysis variables of class
‘C’ (Kalnay et al., 1996). There have been some studies
showing the over-estimation or underestimation of fluxes
in the NCEP/NCAR data as seen by the studies of Josey
(2001) in the Atlantic Ocean and Moore and Renfrew
(2002), Kubota et al. (2008) in the Pacific Ocean. The
NCEP/NCAR large SHF and LHF overestimation com-
pared to World Ocean Circulation Experiment (WOCE)
ships was studied by Smith et al. (2001). However, in
the absence of large continuously observed flux data,
this reanalysis data are probably the best alternative, and
besides this the Tropflux and OAFlux data are of shorter
periods. The NCEP/NCAR flux data were used to compute
the net heat flux (NHF). All fluxes are considered positive
into the ocean. The TropFlux data, which is not used in
this analysis, is a project aimed giving heat and momen-
tum flux data at daily interval, in the region from 30°N
to 30°S. The data are available only in the period from
1979 to 2013 March. The international sunspot number
data are produced by the Solar Influences Data Analysis
Center (SIDC), World Data Center for the Sunspot Index,
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Figure 2. Legend on next column.
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at the Royal Observatory of Belgium. The Carbon dioxide
concentration values, on Mauna Loa, from 1958 March
to 2012 September and globally from 1980 January to
2012 August annually, are obtained from ftp://ftp.cmdl
.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt and ftp:/ftp
.cmdl.noaa.gov/ccg/co2/trends/co2_mm_gl.txt respectiv-
ely. The carbon dioxide concentrations at Mauna Loa are
merged to the global carbon dioxide concentration data to
extend the time series before 1980 January (Keeling et al.,
2001, 2005).

The temperature section is plotted using from Simple
Ocean Data Assimilation (SODA) data v2.2.4. The data
used and its characteristics are mentioned in Table 1.

All the data were analysed and plotted using ferret soft-
ware, in the time period from January 1960 to December
2011, wherever available. The data period was divided at
1995 November as it is the minimum of a sunspot-number
cycle period and there are differences in SST decadal
cycle and slopes across this period. The 60-month running
means were computed for the parameters, besides com-
puting the slopes of the trend lines and their correlation
coefficients with SST, both the fore-mentioned at 95% sig-
nificance levels, in the pre-1995 November and post-1995
November periods. The non-zero slopes of the trend lines
were computed (http://stattrek.com/regression/slope-test
.aspx?Tutorial=AP). The basin-averaged 60-month run-
ning mean SST slopes were found to be significant with
p-value of <0.0001.

3. Results and discussion

We first examined the trend in the basin-averaged SST in
the context of sunspot-number cycle and the atmospheric
carbon dioxide concentrations during 1960—2011, in order
to study the differential rate of warming across 1995.
Subsequently, we explored how the warming rate seen in
the SST differs regionally and the parameters responsible
for it. Finally, we investigated the processes that led to the
observed differential-warming in the AS.

3.1. Basin-averaged SST, sunspot number cycle and
atmospheric CO, concentration

The sunspot number 60-month running mean shows the
11-year cycle (Figure 1), first discovered by Schwabe
and Schwabe Herrn (1844). This 11-year solar cycle
is also seen in its luminosity (Willson and Hudson,

Figure 2. Arabian Sea slope difference (°C year™!) between the periods
from November 1995 to December 2011 and January 1960 to Novem-
ber 1995, of SST 60-month running mean (a) and of SST 5-year running
means in late-winter (January to February) (b), spring season (March
to May) (c), summer (June to September) (d) and fall season (Octo-
ber to November) (e). The regions are dotted if significant at the 95%
level. The regions are shaded above and contoured at lt-valuel > 1.964,
number of points (N)=560 (a); lt-valuel >2.015, N=44 (b—d) and
lt-valuel >2.014, N =45 (e). The approximate region of highest accel-
erated SST warming is indicated by a dashed ellipse or circle. [Colour
figure can be viewed at wileyonlinelibrary.com].
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Figure 3. Arabian Sea late-winter season (January to February) averaged, correlation coefficients of SST with NHF (a), E— P (c), LHF (e),

evaporation (g) and specific humidity (i), shaded for regions having 95% and above significance level (r>1+0.5325I, N = 14). Late-winter season

averaged slopes of NHF (W m~2) year™!) (b), E— P ((cmyear™') year™') (d), LHF (W m~2) year™!) (f), evaporation ((cm year~') year~') (h) and

specific humidity ((gkg™") year™!) (j), are cross-hatched for regions having 95% and above significance level (two-tailed -statistic GE 1+2.18I,

N = 14). Both NHF and LHF are considered positive into the ocean. The approximate region of highest accelerated SST warming is indicated by a
dashed ellipse. [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 4. Arabian Sea spring season (March to May) averaged, correlation coefficients of SST with E — P (a), NHF (c) and evaporation (e), shaded
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t-statistic GE 1+2.18|, N = 14). NHF is considered positive into the ocean. The approximate regions of highest accelerated SST warming are indicated
by a dashed ellipse or circle. [Colour figure can be viewed at wileyonlinelibrary.com].

1991). Variations in the solar luminosity (total energy
output) are caused by the changing sunspot numbers,
during the 11-year cycle (Foukal et al., 2006). The solar
irradiance affects the climate (Haigh eral., 2010) and
sunspot number is taken as a proxy for the solar irradi-
ance. The basin-averaged 60-month running mean SST
in the AS, in the period from January 1960 to December
2011, showed a gradual increasing trend, at the rate of
0.010°Cyear™!, which was over-riding the dominant
decadal cycle (Figure 1). White et al. (1997) showed that
the natural decadal cycle is closely linked to the solar
activity. A noteworthy feature was the co-variation of AS
SST and sunspot number cycle until 1995 demonstrating
the dominant decadal cyclicity, a result consistent with
Prasanna Kumar ef al. (2009). Such a link between the
decadal cycle and SST is also seen in the eastern part of
the North Indian Ocean, i.e. the Bay of Bengal, from 1960
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to 1995 (D’Mello and Prasanna Kumar, 2016). However,
this decadal relation between AS SST and sunspot number
cycle is disrupted post-1995, as can be seen in Figure 1. As
November 1995 is the minimum of the sunspot number,
it is chosen as the time to divide the time series into two
periods. The rate of warming, as inferred from the slope of
the SST, increased from 0.008 °C year~! in the pre-1995
period to 0.014 °C year™! in the post-1995 period, a result
not reported by Prasanna Kumar ef al. (2009). However,
the changes in the total energy output of the sun is unlikely
to have any significant impact on the global warming since
the 17th century (Foukal et al., 2006). The increasing SST
trend is due to the increasing CO, concentration, through
greenhouse effect (Arrhenius, 1896). However, the CO,
concentration does not show an accelerated post-1995
rise like the SSTs. Therefore, other processes should
contribute to this acceleration in SST rise.
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Figure 5. Arabian Sea spring season (March to May) averaged, correlation coefficients of SST with LHF (a), wind speed (c) and specific humidity

(e), shaded for regions having 95% and above significance level (r > 1+0.5325|, N = 14). Spring season averaged slopes of LHF (W m~2) year™') (b),

wind speed ((ms~") year™") (d) and specific humidity ((gkg™") year™!) (f), are cross-hatched for regions having 95% and above significance level

(two-tailed r-statistic GE [+2.18I, N = 14). LHF is considered positive into the ocean. The approximate regions of highest accelerated SST warming
are indicated by a dashed ellipse or circle. [Colour figure can be viewed at wileyonlinelibrary.com].

3.2. Regionally differentiated post-1995 SST
accelerated warming

A pertinent question is whether the above observed
accelerated rate of warming is spatially similar in the
entire AS. In order to address this, we computed dif-
ference of the 60-month running mean SST trend line
slopes between the post-1995 and the pre-1995 periods
(Figure 2(a)). The result showed that the highest acceler-
ated warming is spatially-segregated and occurred along
the north-eastern AS (off the Konkan, Saurashtra, Kutch
and Makran coasts), off Oman, off northern-Somalia,
central AS and parts of the southern AS. In order to study
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the temporal occurrence of the post-1995 accelerated
warming, the post-1995 SST slopes were computed for
each month, but presented seasonally or sub-seasonally
for brevity (Figures 2(b)—(e)). The seasons or sub-season
presented were based on the monthly accelerated SST rise.
Accordingly, the average values for the months of January
to February is designated as late winter and the whole
winter season, which includes the month of December,
is not considered as the accelerated SST-rise was lesser.
Other seasons include March to May as spring, June to
September as summer (as this includes the period of the
southwest monsoon) and October to November as fall.
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Figure 8. Arabian Sea fall season (October to November) averaged, correlation coefficients of SST with NHF (a), E — P (c) and LHF (e), shaded

for regions having 95% and above significance level (7> |+0.514l, N = 15). Spring season averaged slopes of NHF (W m~2) year™!) (b), E—P
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by a dashed circle. [Colour figure can be viewed at wileyonlinelibrary.com].

The highest accelerated warming occurred seasonally in
the late winter in the north-eastern AS (see Figure 2(b)),
in spring season in the central and north-eastern AS (see
Figure 2(c)), summer along the western boundary of the
AS (see Figure 2(d)) and in fall in the central AS (see
Figure 2(e)). Having delineated the regions of highest
accelerated warming both spatially and temporally, we
now focus on the processes that are responsible for the
observed changes.

3.3.

In order to decipher the factors leading to the observed
spatial and temporal pattern of the highest accelerated
warming of SST, we have examined the slopes of the
post-1995 wind, E — P (freshwater flux) and NHF, and
their correlation coefficients with SST, all parameters
being 5-year running mean. To further understand which
parameter dominantly controlled the above-mentioned

Processes controlling the accelerated warming
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fluxes, we have analysed their components, but presented
only the ones which significantly influenced SST, besides
the specific humidity. We present below the season-wise

processes responsible for the highest accelerated
warming.
3.3.1. Late winter

The post-1995 accelerated warming that occurred in the
north-eastern AS during late winter was significantly cor-
related with NHF and E—P at 95% confidence level
(Figures 3(a) and (c) respectively). The slopes of the NHF
(Figure 3(b)) showed an increasing trend, while the E — P
showed a decreasing trend (Figure 3(d)). As could be
inferred from Figure 3(b), the NHF increasing trend into
the ocean is due to the decreasing trend of the LHF release
to the atmosphere (Figure 3(f)). Similarly, an increasing
trend in the specific humidity (Figure 3(j)) leads to a
decreasing-trend in the evaporation (Figure 3(h)) resulting
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in reduced cooling. Thus, the combined effect of both pro-
cesses favoured an accelerated warming. Recall that dur-
ing winter the northern AS undergoes evaporative cooling
causing surface densification. Subsequent convective mix-
ing leads to the mixed-layer deepening (Prasanna Kumar
and Prasad, 1996; Wiggert et al., 2000). The observed
reducing trend in post-1995 evaporation will thus lead to a
lesser cooling through the above-mentioned process in the
north-eastern AS.

3.3.2. Spring

During spring, the post-1995 accelerated warming
occurred in the north-eastern and central AS (Figure 2(c)).
The central AS accelerated SST rise was caused by the
decreasing E — P trends (Figure 4(b)) and NHF increas-
ing trend into the ocean (Figure 4(d)), both of which
occurred due to the decreasing trends in evaporation
(Figure 4(f)) and LHF (Figure 5(b)) release from the
ocean to the atmosphere. Although the wind (Figure 5(c))
did not show any significant direct correlation with

© 2017 Royal Meteorological Society

the spring warming in the central AS, the wind speed
decreasing trend (Figure 5(d)) in the central AS, from
March to May was responsible for the decreasing trends
of the evaporation and LHF release. Note that a small
region of increasing specific humidity trend is also seen
(Figure 5(f)), which can decrease evaporation leading to
rise in SST. In the north-eastern AS, the increasing trend
of NHF into the ocean, due to decreasing trend of the
LHF release to the atmosphere, occurred as a consequence
of the specific humidity increasing trend (Figure 5(f)).
Significant negative correlation coefficients of SST with
E — P (Figure 4(a)) and evaporation (Figure 4(e)) as well
as positive correlation coefficients of SST with NHF
(Figure 4(c)), LHF (Figure 5(a)) and specific humidity
(Figure 5(e)) respectively, indicated the contributing
factors that led to the accelerated warming in spring.

3.3.3.  Summer monsoon

The post-1995 accelerated SST rise, in the summer mon-
soon season (from June to September), occurred at two
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Table 2. Variance between 60-month running means of the SST
and the various fluxes, in the Arabian Sea.

Net heat Evaporation Wind
flux precipitation  speed
difference
July 1962 to November 1995 0.05 0.28 0.35
November 1995 to June 2009 0.34 0.13 0.51

distinct regions along the western boundary of the AS
namely the Somali and the Arabian coasts. The averaged
SST difference, in the two periods, is shown using SODA
SST data (Figure 6(a)). Along the Somalia coast the cor-
relation coefficient between SST and wind speed was sig-
nificant at 95% level (Figure 7(a)), while off the Arabian
coast the SST was significantly correlated with £ — P at
95% level (Figure 7(c)). Note that along the Somali and
Arabian coasts, the wind speed showed a reducing-trend
in the post-1995 period (Figure 7(b)). The intensity of
reduction, however, was more along the Somali coast. The
E — P, however, showed a reducing trend only along the
Arabian coast (Figure 7(d)). Here again, the mechanism
that brought about the accelerated warming in SST was
different for both regions as would be shown below. An
examination of the zonally averaged (equator to 12°N)
mean thermal structure during June to September in the
upper 100 m of the water column across the Somalia coast,
derived from SODA, showed that the colder isotherms dur-
ing post-1995 surfaces closer to the coast than that dur-
ing pre-1995 period (Figure 6(b)). For example, the 26 °C
isotherm surfaced at 51°E during post-1995 (dashed-line),
which was beyond 52°E during pre-1995 (solid-line). Sim-
ilarly, in the vertical, the 25°C isotherm was at 15m
depth during pre-1995 period, which was at 25 m depth
during post-1995, indicating the reduction in upwelling
intensity as well as its spatial extent. This is also cor-
roborated from Figure 6(a) depicting the spatial pattern
of June to September averaged pre- and post-1995 SST.
Thus, the above results demonstrated the role of ocean
dynamics in controlling the accelerated SST warming in
the Somali region. However, a similar analysis across the
Arabian coast did not yield a similar result (figure not pre-
sented) indicating the role of processes other than reduced
upwelling contributing to the accelerated warming too.
Further analysis showed a significant correlation of evap-
oration with SST at 95% level along the Arabian coast
(Figure 7(e)) and the observed reducing trend in evapora-
tion during the post-1995 period (Figure 7(f)) was linked
to the reducing trend in the wind speed implying the role of
thermodynamic processes controlling the accelerated SST
warming.

3.3.4. Fall

The post-1995 accelerated SST rise occurred in the months
averaged from October to November in the central AS
(Figure 2(e)). Correlation coefficients significant at 95%
levels were seen between SST and NHF (Figure 8(a))
and also between SST and E—P (Figure 8(c)). The
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NHF into the ocean showed an increasing trend
(Figure 8(b)), while the E — P showed a decreasing trend
(Figure 8(d)).

The increasing trend of the NHF into the ocean was
due to a decreasing trend LHF release from the ocean to
the atmosphere (Figure 8(f)), which in turn was due to
the increasing trend in the specific humidity (Figure 9(b)).
Besides the LHF, the reducing trend in the release of LWR
to the atmosphere (Figure 9(d)) also contributed to the
increasing trend of NHF into the ocean. The decreasing
trend of E — P (Figure 8(d)) was due to the reducing evap-
oration trend (Figure 9(f)). Thus, the increasing NHF trend
into the ocean and decreasing trend in the evaporation lead
to higher SSTs.

4. Summary and concluding remark

We examined the regions, seasons and reasons for the
post-1995 highest accelerated warming seen in the AS
using a suite of in situ as well as remotely sensed ocean
and atmospheric data. The accelerated warming did not
occur uniformly throughout the AS. The regions of highest
accelerated warming were in the north-eastern AS during
late-winter and spring, central AS in spring and fall and
along the Somali and Arabian coasts during summer. In the
north-eastern AS during late winter, a post-1995 reduced
rate of evaporation resulted from an increasing trend in the
specific humidity, led to the accelerated warming. How-
ever, the continued warming-trend exhibited by this region
well into spring resulted from a reducing trend in the LHF
release to the atmosphere, due to an increasing trend in
the specific humidity. In the central AS, the accelerated
warming during spring was brought about by a combina-
tion of processes. A reducing trend in the post-1995 winds
caused reducing trends in the evaporation and reducing
trends in the LHF release to the atmosphere, leading to an
increasing NHF trend into the ocean. In addition to this
an increasing specific humidity trend in some parts in the
central AS also leads to the same effect. During fall, an
increasing trend in the NHF into the ocean contributed by
the decreasing trends of the LHF and LWR release to the
atmosphere lead to the accelerated warming. Besides this,
reducing trends in evaporation in other part of the central
AS also contributed to the accelerated post-1995 rise. In
summer, the reducing trend in the post-1995 winds caused
a reduction in the upwelling intensity as well as its spatial
extent along the Somali coast. In contrast, along the Ara-
bian coast a reducing trend in wind speeds lead to lesser
evaporation, in turn causing an accelerated warming.
Although north-eastern AS shows an accelerated warming
in summer and fall too, the mechanisms that cause the
warming in these seasons are not the same.

Some of the principal mechanisms by which the acceler-
ated SST rise in the AS can occur are due to an increas-
ing trend in the specific humidity causing a decrease in
the evaporation and hence the decrease in E — P. Another
mechanism is the increasing trend in the specific humid-
ity causing a decreasing trend in the LHF release to the

Int. J. Climatol. (2017)



J.R.D’MELLO AND S.

atmosphere, leading to a decreasing trend in the NHF
release to the atmosphere, thus causing an increasing SST
trend. Similarly, a decreasing wind speed can proceed a
SST warming through reduced evaporation and E — P. The
decreasing wind speeds can also reduce the upwelling
off the Somali and Omani coasts in the summer caus-
ing a reduced cooling of SST. A reduction of the LWR
release to the atmosphere can also cause a reduction in
the NHF release to the atmosphere, thereby increasing
the SST. The relative contributions of the heat, freshwater
and momentum fluxes on the SST across-1995 are shown
in Table 2. The different air—sea processes and reduced
upwelling along the Somali coast add to the rise caused by
the increase in the carbon dioxide concentrations causing
acceleration in the post-1995 SST rise in the AS.

An increased rate of warming in the AS, a region of very
high phytoplankton and fish production, can have serious
implications to the structure and functioning of ecosys-
tem. It can also impact the mid-depth oxygen minimum
zone (OMZ) and seasonal hypoxia experienced along the
eastern boundary. A lot of future work has to be vested in
understanding and quantifying the full impact of acceler-
ated warming on ecosystem as it will alter the hydrological
cycle as well as food-web dynamics of this region.
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Supplementary Figure 1.
Arabian Sea basin-averaged number of ICOADS SST observations 60-month running-mean
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Supplementary Figure 2.
Arabian Sea average number of monthly observations of SST, in the period from 1960 January to
2011 December
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Supplementary Figure 3.
Arabian Sea ICOADS average SST 60-month running mean (thick black line) and the envelope of
standard error (dashed lines), in the period from 1960 January to 2011 December
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Supplementary Figure 4.
Arabian Sea 60-month running means of ICOADS SST (black), NOAA Optimally Interpolated
SST (green) and Kaplan SSTA + 27.65 (red)



