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Key points  

• Accelerated-warming of the Arabian Sea after-1995  

• Decreased cooling due to reduced summer-upwelling and winter convective-mixing  

• Increasing humidity, reducing wind-speed and evaporation trends cause SST-rise 

 

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 feature of this basin is that it is land-locked in the north at approximately 25°N latitude and 

comes under the monsoon 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 southwesterly winds during summer-monsoon (June to September) and 

northeasterly winds during winter-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) 

intermonsoons are weak and variable. The waters of the basin also experiences 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 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 

evaporative-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/m2 and the mixed-layer deepened by 100 m in the 

central AS. Meso-scale eddies and heat-budgets were studied by Fischer 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 time scale De Boyer Montégut et al. (2007) showed that the eastern AS SST is 

strongly controlled by winds, through variation in the latent heat fluxes, while the western AS SST is 

controlled by vertical processes and horizontal advection.  

Recent studies on the AS SST are indicating a secular warming-trend. It was RupaKumar et al. 

(2002) who first documented the rise in sea surface temperature (SST) of the AS, during the period 
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from 1904 to 1994, which was 0.5°C. Subsequently, the study by Alory et al. (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 et 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 et al., 2014 and references therein). 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 2009. Han et al. (2014) reviewed the decadal variability and the long term-

trends in the Indian Ocean. Though 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 of the AS and at understanding the processes that controls such 

warming.  

2. Data and Methodology  

The data pertaining to SST, specific humidity, 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, Rayner et al., 2006, Kennedy et al., 2011a; 

Kennedy et al., 2011b). The sampling of ICOADS is another issue. However this was addressed for 

all ICOADS variables (Gulev et al., 2007a; Gulev et al., 2007b). Supplementary figures 1, 2 and 3 

are given to show more information on the quality of the ICOADS SST data. Despite a number of 

drawbacks, due to the widely differing data-source, ICOADS data is used as the basis for many 

derived products and is regarded as the long-term marine-surface reference data-set (Woodruff et al., 
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2011). In order to examine the robustness of the ICOADS data in the Arabian Sea, we have plotted 

the basin-averaged 60-month running mean ICOADS SST, NOAA Optimally Interpolated 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 supplementary figure 4. 

From the figure it is evident that though there are differences between data sets, all of them showed 

similar trend. 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°E to 80°E. The evaporation rate was 

taken from Objectively Analyzed Air-Sea Fluxes (OAFlux). The OAFlux data uses 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 Arabian Sea 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 radiation, longwave radiation (LWR), latent 

heat flux (LHF) and sensible heat flux (SHF) are from the NCEP/NCAR 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 reliable. The flux data are of class 

“C” which are variables not directly affected by observations. Although the classification 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 compared 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 is 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 momentum flux data at daily interval, in the 

region from 30°N to 30°S. The data is 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, at the Royal Observatory of Belgium. The Carbon 

dioxide concentration values, on Mauna Loa, from 1958 March to 2012 September and globally from 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
https://www.esrl.noaa.gov/psd/data/gridded/data.kaplan_sst.html
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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 respectively. 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; Keeling et al., 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 the Table 1.  

All the data were analysed and plotted using ferret software, in the time period from 1960 January to 

2011 December, 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 

computing the slopes of the trendlines and their correlation coefficients with SST, both the fore-

mentioned at 95% significance 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 running mean SST slopes were found to be significant 

with p-value <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 to 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 CO2 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, 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 et al., 2010) and sunspot number is taken as a proxy for the solar-

irradiance. The basin-averaged 60-month running-mean SST in the AS, in the period from 1960 

January to 2011 December, showed a gradual increasing-trend, at the rate of 0.010°C/year, which 

was overriding the dominant decadal-cycle (Figure 1). White et al. (1997) showed that the natural 

ftp://ftp.cmdl.noaa.gov/ccg/co2/
http://stattrek.com/regression/slope-test.aspx?Tutorial=AP
http://stattrek.com/regression/slope-test.aspx?Tutorial=AP
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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 et 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 to 1995 

(D’Mello and Prasanna Kumar, 2015). However, this decadal relation between Arabian Sea 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 in Prasanna Kumar et 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 seventeenth-century (Foukal et al., 2006). The increasing 

SST-trend is due to the increasing CO2 concentration, through greenhouse effect (Arrhenius, 1896). 

However the CO2 concentration does not show an accelerated post-1995 rise like the SSTs. 

Therefore other processes should contribute to this acceleration in SST-rise.  

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 difference of the 60-month running-mean SST-

trendline slopes between the post-1995 and the pre-1995 periods (Figure 2a). The result showed that 

the highest accelerated-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 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 2b-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 south-west monsoon) 

and October to November as fall. The highest accelerated-warming occurred seasonally in the late-

winter in the north-eastern AS (see Figure 2b), in spring-season in the central and north-eastern AS 

(see Figure 2c), summer along the western-boundary of the AS (see Figure 2d) and in fall in the 

central AS (see Figure 2e). Having delineated the regions of highest accelerated-warming both 
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spatially and temporally, we now focus on the processes that are responsible for the observed 

changes.  

3.3 Processes controlling the accelerated-warming  

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 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 were 

significantly correlated with NHF and E-P at 95% confidence level (Figures 3a and 3c respectively). 

The slopes of the NHF (Figure 3b) showed an increasing-trend, while the E-P showed a decreasing-

trend (Figure 3d). As could be inferred from Figure 3b the NHF increasing-trend into the ocean is 

due to the decreasing-trend of the LHF release to the atmosphere (Figure 3f). Similarly, an 

increasing-trend in the specific humidity (Figure 3j) leads to a decreasing-trend in the evaporation 

(Figure 3h) resulting in reduced-cooling. Thus, the combined-effect of both processes favoured an 

accelerated-warming. Recall that during winter the northern AS undergoes evaporative-cooling 

causing surface-densification. Subsequent convective-mixing 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 2c). The central AS accelerated SST-rise was caused by the decreasing E-P trends (Figure 

4b) and NHF increasing-trend into the ocean (Figure 4d), both of which occurred due to the 

decreasing-trends in evaporation (Figure 4f) and LHF (Figure 5a) release from the ocean to the 

atmosphere. Though the wind (Figure 5c) did not show any significant direct correlation with the 

spring-warming in the central AS, the wind-speed decreasing-trend (Figure 5d) in the central AS, 
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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 5f), 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 5f). Significant negative correlation coefficients of 

SST with E-P (Figure 4a) and evaporation (Figure 4e) as well as positive correlation coefficients of 

SST with NHF (Figure 4c), LHF (Figure 5a) and specific humidity (Figure 5e) 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-monsoon season (from June to September), 

occurred at two 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 6a). Along the Somalia coast the correlation coefficient between SST and wind-speed was 

significant at 95% level (Figure 7a), while off the Arabian coast the SST was significantly correlated 

with E-P at 95% level (Figure 7c). Note that along the Somali and Arabian coasts, the wind-speed 

showed a reducing-trend in the post-1995 period (Figure 7b). The intensity of reduction, however, 

was more along the Somali coast. The E-P, on the other hand, showed a reducing-trend only along 

the Arabian coast (Figure 7d). 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 

100m of the water column across the Somalia coast, derived from SODA, showed that the colder-

isotherms during post-1995 surfaces closer to the coast than that during pre-1995 period (Figure 6b). 

For example, the 26°C isotherm surfaced at 51°E during post-1995 (red line), which was beyond 

52°E during pre-1995 (black line). Similarly, in the vertical, the 25°C isotherm was at 15m depth 

during pre-1995 period, which was at 25m depth during post-1995, indicating the reduction in 

upwelling-intensity as well as its spatial-extent. This is also corroborated from the Figure 6a 

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 presented) indicating the role of processes other than reduced-upwelling contributing to 

the accelerated-warming too. Further analysis showed a significant correlation of evaporation with 
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SST at 95% level along the Arabian coast (Figure 7e) and the observed reducing-trend in evaporation 

during the post-1995 period (Figure 7f) 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 2e). Correlation coefficients significant at 95% levels were seen between SST 

and NHF (Figure 8a) and also between SST and E-P (Figure 8c). The NHF into the ocean showed an 

increasing-trend (Figure 8b), while the E-P showed a decreasing-trend (Figure 8d).  

The increasing-trend of the NHF into the ocean was due to a decreasing-trend LHF release from the 

ocean to the atmosphere (Figure 8f), which in turn was due to the increasing-trend in the specific 

humidity (Figure 9b). Besides the LHF, the reducing-trend in the release of LWR to the atmosphere 

(Figure 9d) also contributed to the increasing-trend of NHF into the ocean. The decreasing-trend of 

E-P was due to the reducing evaporation trend (Figure 9f). Thus, the increasing NHF trend into the 

ocean and decreasing-trend in the evaporation lead to higher SSTs. 

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. However, 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 combination 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-
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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 Arabian coast a reducing-trend in wind-speeds 

lead to lesser-evaporation, in-turn causing an accelerated-warming. Though North-East Arabian Sea 

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 accelerated SST rise in the AS can occur are due to 

an increasing 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 humidity causing a 

decreasing trend in the LHF release to the 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 causing 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 Arabian Sea.  

An increased rate of warming in the Arabian Sea, a region of very-high phytoplankton and fish 

production, can have serious implications to the structure and functioning of ecosystem. 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 accelerated-warming on ecosystem as it will alter the hydrological-cycle as well as food-

web dynamics of this region. 
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Figure Captions  

Figure 1. Arabian Sea (Eq.- 25 °N, 45 °E- 80 °E) SST 60-month running-mean (thick black line) 

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), Sunspot Number 60-month 

running-mean (thin blue line) and Carbon dioxide Concentration 60-month running-mean (thin red 

line with cross marks).  

Figure 2. 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 (Fig. 2a) and of 

SST 5-year running-means in late-winter (January to February) (Fig. 2b), spring season (March to 

May) (Fig. 2c), summer (June to September) (Fig. 2d) and fall season (October to November) (Fig. 

2e). 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 (Fig. 2a); |t-value| > 2.015, N = 44 

(Figs. 2b-2d) and |t-value| > 2.014, N= 45 (Fig. 2e). The approximate region of highest accelerated 

SST warming is indicated by a dashed ellipse or circle.  

Figure 3. Arabian Sea late-winter season (January to February) averaged, correlation coefficients of 

SST with net heat flux (NHF) (3a), evaporation precipitation difference (E-P) (3c), latent heat flux 

(LHF) (3e), evaporation (3g) and specific humidity (3i), coloured for regions having 95 % and above 

significance level (r>|+/-0.5325|, N=14). Late-winter season averaged slopes of NHF ((W/m2)/year) 

(3b), E-P ((cm/year)/year) (3d), LHF ((W/m2)/year) (3f), evaporation ((cm/year)/year) (3h) and 

specific humidity ((g/kg)/year) (3j), are shaded for regions having 95 % and above significance level 

(2-tailed t-statistic GE |+/-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.  

Figure 4. Arabian Sea spring season (March to May) averaged, correlation coefficients of SST with 

evaporation precipitation difference (E-P) (4a), net heat flux (NHF) (4c) and evaporation (4e), 

coloured for regions having 95 % and above significance level        (r>|+/-0.5325|, N=14). Spring 

season averaged slopes of E-P ((cm/year)/year) (4b), NHF ((W/m2)/year) (4d) and evaporation 

((cm/year)/year) (4f), are shaded (cross-hatching) for regions having 95 % and above significance 

level (2-tailed t-statistic GE |+/-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.  

Figure 5. Arabian Sea spring season (March to May) averaged, correlation coefficients of SST with 

latent heat flux (LHF) (5a), wind speed (5c) and specific humidity (5e), coloured for regions having 

95 % and above significance level (r>|+/-0.5325|, N=14). Spring season averaged slopes of LHF 

((W/m2)/year) (5b), wind speed ((m/s)/year) (5d) and specific humidity ((g/kg)/year) (5f), are shaded 

(cross-hatching) for regions having 95 % and above significance level (2-tailed t-statistic GE |+/-

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 or circle. 

Figure 6. 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 till 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). 
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Figure 7. Arabian Sea summer season (June to September) averaged, correlation coefficients of SST 

with wind speed (7a), evaporation precipitation difference (E-P) (7c) and evaporation (7e), coloured 

for regions having 95 % and above significance level (r>|+/-0.5325|, N=14). Summer season 

averaged slopes of wind speed ((m/s)/year) (7b), E-P ((cm/year)/year) (7d) and evaporation 

((cm/year)/year) (7f) are shaded (cross-hatching) for regions having 95 % and above significance 

level (2-tailed t-statistic GE |+/-2.18|, N=14|). The approximate regions of highest accelerated SST 

warming are indicated by dashed ellipses. 

Figure 8. Arabian Sea fall season (October to November) averaged, correlation coefficients of SST 

with net heat flux (NHF) (8a), evaporation precipitation difference (E-P) (8c) and latent heat flux 

(LHF) (8e), coloured for regions having 95% and above significance level (r>|+/-0.514|, N=15). 

Spring season averaged slopes of NHF ((W/m2)/year) (8b), E-P ((cm/year)/year) (8d) and LHF 

((W/m2)/year) (8f), are shaded (cross-hatching) for regions having 95 % and above significance level 

(2-tailed t-statistic GE |+/-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. 

Figure 9. Arabian Sea fall season (October to November) averaged, correlation coefficients of SST 

with specific humidity (9a), longwave radiation (LWR) (9c) and evaporation (9e), coloured for 

regions having 95% and above significance level (r>|+/-0.514|, N=15). Spring season averaged 

slopes of specific humidity ((g/kg)/year) (9b), LWR ((W/m2)/year) (9d) and evaporation 

((cm/year)/year) (9f), are shaded (cross-hatching) for regions having 95 % and above significance 

level (2-tailed t-statistic GE |+/-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. 
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Table 1. Sources of data and their specifications.  

Name of the 

Dataset  
Parameters Period  

Temporal and 

Spatial Interval 
URL 

References/ 

Source 

International 

Comprehensive 

Ocean-

Atmosphere Data 

Set (ICOADS) 

Sea Surface 

Temperature 

(SST), Specific 

Humidity, Wind 

components 

1960- 

2011 
Monthly; 1°×1° 

www.esrl.noaa.gov/psd/dat

a/gridded/data.coads.1deg.

html 

Woodruff et 

al., 2011 

Objectively 

Analyzed Air-Sea 

Fluxes (OAFlux) 

Evaporation rate 
1960- 

2011 
Monthly; 1°×1° 

Now available at 

http://rda.ucar.edu/datasets

/ds260.1/ 

Yu et al., 

2008 

CDC Derived 

NCEP Reanalysis 

Products Surface 

Flux 

Precipitation 
1960- 

2011 

Monthly; 

~1.875°×1.875° 

ftp://ftp.cdc.noaa.gov/Data

sets/ncep.reanalysis.derive

d/surface_gauss/prate.sfc.

mon.mean.nc 

Kalnay et 

al., 1996 

NCEP/NCAR 

reanalysis 

monthly means 

and other derived 

variables data 

Shortwave 

radiation (SWR), 

Longwave 

radiation (LWR), 

Latent Heat Flux 

(LHF) and 

Sensible Heat 

Flux (SHF) 

1960-

2011 

Monthly; T62 

Gaussian grid 

(192×94) 

http://www.esrl.noaa.gov/p

sd/data/gridded/data.ncep.r

eanalysis.derived. 

surfaceflux.html  

Kalnay et 

al., 1996 

WDC-SILSO, 

Royal 

Observatory of 

Belgium, Brussels 

Sunspot Number 

data 

International 

sunspot number 

1960-

2011 
Monthly; Global 

Now available at 

www.sidc.be/silso/datafile

s  

WDC-

SILSO, 

Royal 

Observatory 

of Belgium, 

Brussels 

Keeling Carbon 

Dioxide 

Concentration 

Data 

Carbon dioxide 

atmospheric 

concentration  

1960-

2011 

Monthly; Mauna 

Loa (1960 

January- 1979 

December); 

Global (1980 

January- 2011 

December) 

ftp://ftp.cmdl.noaa.gov/ccg

/co2/trends/co2_mm_mlo.t

xt (Mauna Loa);  

 
ftp://ftp.cmdl.noaa.gov/ccg

/co2/trends/co2_mm_gl.txt 

(Global) 

Keeling et 

al., 2001; 

Keeling et 

al., 2005 

Simple Ocean 

Data Assimilation 

(SODA) data 

v2.2.4 

Temperature 

Section 

1960-

2010 

Monthly; 

0.5°×0.5°; 40 

vertical levels  

http://apdrc.soest.hawaii.e

du/las/v6/constrain?var=30

76  

Carton et al., 

2000; Carton 

and Giese, 

2008 

 

 

 

http://www.esrl.noaa.gov/psd/data/gridded/data.coads.1deg.html
http://www.esrl.noaa.gov/psd/data/gridded/data.coads.1deg.html
http://www.esrl.noaa.gov/psd/data/gridded/data.coads.1deg.html
http://rda.ucar.edu/datasets/ds260.1/
http://rda.ucar.edu/datasets/ds260.1/
ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/surface_gauss/prate.sfc.mon.mean.nc
ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/surface_gauss/prate.sfc.mon.mean.nc
ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/surface_gauss/prate.sfc.mon.mean.nc
ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/surface_gauss/prate.sfc.mon.mean.nc
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.%20surfaceflux.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.%20surfaceflux.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.%20surfaceflux.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.%20surfaceflux.html
http://www.sidc.be/silso/datafiles
http://www.sidc.be/silso/datafiles
ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt
ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt
ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt
ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_gl.txt
ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_gl.txt
http://apdrc.soest.hawaii.edu/las/v6/%20constrain?var=3076
http://apdrc.soest.hawaii.edu/las/v6/%20constrain?var=3076
http://apdrc.soest.hawaii.edu/las/v6/%20constrain?var=3076
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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 Flux 

Evaporation 

Precipitation Difference 

Wind Speed 

1962 July to 1995 November 0.05 0.28 0.35 

1995 November to 2009 June 0.34 0.13 0.51 
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Figures  

 

Figure 1. Arabian Sea (Eq.- 25 °N, 45 °E- 80 °E) SST 60-month running-mean (thick black line) 

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), Sunspot Number 60-month 

running-mean (thin blue line) and Carbon dioxide Concentration 60-month running-mean (thin red 

line with cross marks).  
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Figure 2. 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 (Fig. 2a) and of 

SST 5-year running-means in late-winter (January to February) (Fig. 2b), spring season (March to 

May) (Fig. 2c), summer (June to September) (Fig. 2d) and fall season (October to November) (Fig. 

2e). 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 (Fig. 2a); |t-value| > 2.015, N = 44 

(Figs. 2b-2d) and |t-value| > 2.014, N= 45 (Fig. 2e). The approximate region of highest accelerated 

SST warming is indicated by a dashed ellipse or circle.  
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Figure 3. Arabian Sea late-winter season (January to February) averaged, correlation coefficients of 

SST with net heat flux (NHF) (3a), evaporation precipitation difference (E-P) (3c), latent heat flux 

(LHF) (3e), evaporation (3g) and specific humidity (3i), coloured for regions having 95 % and above 

significance level (r>|+/-0.5325|, N=14). Late-winter season averaged slopes of NHF ((W/m2)/year) 

(3b), E-P ((cm/year)/year) (3d), LHF ((W/m2)/year) (3f), evaporation ((cm/year)/year) (3h) and 

specific humidity ((g/kg)/year) (3j), are shaded for regions having 95 % and above significance level 

(2-tailed t-statistic GE |+/-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.  
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Figure 4. Arabian Sea spring season (March to May) averaged, correlation coefficients of SST with 

evaporation precipitation difference (E-P) (4a), net heat flux (NHF) (4c) and evaporation (4e), 

coloured for regions having 95 % and above significance level        (r>|+/-0.5325|, N=14). Spring 

season averaged slopes of E-P ((cm/year)/year) (4b), NHF ((W/m2)/year) (4d) and evaporation 

((cm/year)/year) (4f), are shaded (cross-hatching) for regions having 95 % and above significance 

level (2-tailed t-statistic GE |+/-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.  
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Figure 5. Arabian Sea spring season (March to May) averaged, correlation coefficients of SST with 

latent heat flux (LHF) (5a), wind speed (5c) and specific humidity (5e), coloured for regions having 

95 % and above significance level (r>|+/-0.5325|, N=14). Spring season averaged slopes of LHF 

((W/m2)/year) (5b), wind speed ((m/s)/year) (5d) and specific humidity ((g/kg)/year) (5f), are shaded 

(cross-hatching) for regions having 95 % and above significance level (2-tailed t-statistic GE |+/-

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 or circle. 
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Figure 6. 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 till 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). 
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Figure 7. Arabian Sea summer season (June to September) averaged, correlation coefficients of SST 

with wind speed (7a), evaporation precipitation difference (E-P) (7c) and evaporation (7e), coloured 

for regions having 95 % and above significance level (r>|+/-0.5325|, N=14). Summer season 

averaged slopes of wind speed ((m/s)/year) (7b), E-P ((cm/year)/year) (7d) and evaporation 

((cm/year)/year) (7f) are shaded (cross-hatching) for regions having 95 % and above significance 

level (2-tailed t-statistic GE |+/-2.18|, N=14|). The approximate regions of highest accelerated SST 

warming are indicated by dashed ellipses. 
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Figure 8. Arabian Sea fall season (October to November) averaged, correlation coefficients of SST 

with net heat flux (NHF) (8a), evaporation precipitation difference (E-P) (8c) and latent heat flux 

(LHF) (8e), coloured for regions having 95% and above significance level (r>|+/-0.514|, N=15). 

Spring season averaged slopes of NHF ((W/m2)/year) (8b), E-P ((cm/year)/year) (8d) and LHF 

((W/m2)/year) (8f), are shaded (cross-hatching) for regions having 95 % and above significance level 

(2-tailed t-statistic GE |+/-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. 
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Figure 9. Arabian Sea fall season (October to November) averaged, correlation coefficients of SST 

with specific humidity (9a), longwave radiation (LWR) (9c) and evaporation (9e), coloured for 

regions having 95% and above significance level (r>|+/-0.514|, N=15). Spring season averaged 

slopes of specific humidity ((g/kg)/year) (9b), LWR ((W/m2)/year) (9d) and evaporation 

((cm/year)/year) (9f), are shaded (cross-hatching) for regions having 95 % and above significance 

level (2-tailed t-statistic GE |+/-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. 
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Supplementary Figure 1.  

Arabian Sea basin-averaged number of ICOADS SST observation 60-month running mean.  

 

Supplementary Figure 2.  
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Arabian Sea average number of monthly observations of SST, in the period from 1960 January to 

2011 December 

 

Supplementary Figure 3. 
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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.  

Supplementary Figure 4.  

Arabian Sea 60-month running means of ICOADS SST (black), NOAA Optimally Interpolated 

SST (green) and Kaplan SSTA+27.65 (red) 

 




