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1  Introduction

The ocean surface acts as a permeable interface for 
exchanges of heat, water, momentum, gases and other 
materials in the ocean-atmosphere coupled system. 
Turbulent exchanges across the air–sea interface play a 
dominant role compared to molecular diffusion of heat 
transfer (Sura and Newman 2008). Turbulent heat fluxes 
are commonly derived with the help of bulk formulae, in 
which the air–sea thermal gradient is a significant fac-
tor. For example, in the case of sensible heat flux, the 
exchange of heat is proportional to the air–sea tempera-
ture difference (Fairall et  al. 1996, 2003). Similarly, in 
computing latent heat flux, air–sea thermal differences 
indirectly controls the heat exchange through its influ-
ence on specific humidity. Besides, air–sea thermal 
gradient controls the lower atmospheric stability which 
is another factor controlling the turbulent exchanges 
between ocean and atmosphere (Fairall et  al. (1996, 
2003) and references therein). Thus, sea surface tem-
perature (SST) and air temperature (Tair) are two funda-
mental parameters that measure the strength and sign of 
energy and mass transfer between the two closely cou-
pled components of the climate system at different tem-
poral and spatial scales. The above aspects make air–sea 
temperature difference, denoted as Tdiff = (Tair-SST), 
an important parameter in climate studies and projec-
tions. Apart from this, Tdiff is also an important param-
eter in numerical ocean modelling that uses bulk para-
metrization to correct wind stress, sensible and latent 
heat fluxes (Kara et al. 2007).

Abstract  Eastern equatorial Indian ocean (EEIO) is one of 
the most climatically sensitive regions in the global ocean, 
which plays a vital role in modulating Indian ocean dipole 
(IOD) and El Niño southern oscillation (ENSO). Here we pre-
sent evidences for a paradoxical and perpetual lower co-var-
iability between sea-surface temperature (SST) and air-tem-
perature (Tair) indicating instantaneous thermal decoupling in 
the same region, where signals of the strongly coupled varia-
bility of SST anomalies and zonal winds associated with IOD 
originate at inter-annual time scale. The correlation minimum 
between anomalies of Tair and SST occurs in the eastern 
equatorial Indian ocean warm pool region (≈70°E–100°E, 
5°S–5°N), associated with lower wind speeds and lower sen-
sible heat fluxes. At sub-monthly and Madden–Julian oscilla-
tion time scales, correlation of both variables becomes very 
low. In above frequencies, precipitation positively contributes 
to the low correlation by dropping Tair considerably while 
leaving SST without any substantial instant impact. Precipi-
tation is led by positive build up of SST and post-facto drop 
in it. The strong semi-annual response of SST to mixed layer 
variability and equatorial waves, with the absence of the same 
in the Tair, contributes further to the weak correlation at the 
sub-annual scale. The limited correlation found in the EEIO 
is mainly related to the annual warming of the region and 
ENSO which is hard to segregate from the impacts of IOD.
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At global scale, except for polar and high latitude 
regions, Tdiff is negative, indicating that the ocean is emit-
ting heat to the atmosphere (Cayan 1980). However, con-
siderable variability exists in the magnitude and sign of the 
heat flux on different spatial and temporal scales (Cayan 
1980). There have been several past attempts to elucidate 
the relation between these two variables at different spa-
tiotemporal scales (Roll 1965; Cayan 1980; Basher and 
Thompson 1996; Kara et  al. 2007). Cayan (1980) carried 
out a detailed analysis of the empirical relation between 
SST and Tair in the North Pacific and North Atlantic from 
monthly to interannual time scales and found similar pat-
terns of SST and Tair variances. He also noted similari-
ties in spatiotemporal patterns of their co-variability in 
both North Pacific and North Atlantic regions. Kara et al. 
(2007) carried out a multivariate analysis for finding factors 
affecting Tdiff at the global scale using two flux products. 
A major result of their analysis is that neither SST nor Tair 
exhibits any skill in regulating Tdiff, and at seasonal time 
scales Tdiff is mostly controlled by net solar radiation at 
the sea surface. This is an important aspect since it is Tdiff 
rather than SST or Tair, that affect the sign and magnitude 
of the air–sea turbulent exchanges and thereby air–sea 
coupling.

To the best of our knowledge, there have been no 
detailed studies so far analyzing the co-variability of Tair 
and SST in the Indian ocean. The Indian ocean is unique 
in many oceanographic features mainly due to the seasonal 
reversal of currents under the influence of the Indian Mon-
soon system (Schott and McCreary 2001). Studies carried 
out by Saji et al. (1999) and Webster et al. (1999) hypoth-
esized that large-scale coupled ocean-atmosphere interac-
tions cause inter-annual climate variability in the tropical 
Indian ocean which has significant ENSO independent 
component. The above mode of variability was named as 
the Indian ocean dipole (IOD) which is characterized by 
an east–west equatorial SST gradient with negative SST 
anomalies occurring in the southeast tropical Indian ocean 
off Sumatra-Java coast and positive SST anomalies in the 
western Indian ocean during its positive phase. Anoma-
lous surface easterly winds accompany these SST anoma-
lies along the equator, together with reduced rainfall in the 
eastern tropical basin and increased rainfall over the west-
ern tropical basin. The IOD is associated with wind-driven 
upwelling, variation of surface heat fluxes, and reduced 
eastward transport of mass and heat by the equatorial cur-
rent (Saji et al. 1999). Equatorial oceanic Rossby and Kel-
vin waves play important roles in the intensification, dura-
tion, and termination of the IOD (Webster et al. 1999).

On intraseasonal time scales, the Madden-Julian Oscil-
lation (MJO); (e.g., Madden and Julian 1994; Hendon and 
Salby 1994), convectively coupled westward propagat-
ing Rossby waves and eastward propagating Kelvin waves 

dominante atmospheric intraseasonal oscillations (ISO) 
(e.g., Wheeler and Kiladis 1999; Chatterjee and Goswami 
2004). Krishnamurti et  al. (1988) analyzed MONEX data 
and showed that heat fluxes induced by Tair and specific 
humidity have negligible effects on SST compared to the 
MJO forced winds. However, later studies using satellite 
observed outgoing longwave radiation (OLR) showed evi-
dence for the influence of anomalous latent heat fluxes and 
surface insolation on intraseasonal SST (e.g., Shinoda and 
Hendon 1998). More recent studies showed that multiple 
factors like heat fluxes associated with the MJO, oceanic 
upwelling and advection, and variability of mixed layer 
also contribute to the intraseasonal SST variability (e.g., 
Waliser et al. 2003, 2004; Han et al. 2007; Duncan and Han 
2009; Vialard et al. 2012).

The importance of turbulent heat fluxes on SST variabil-
ity and air–sea coupling at various time scales discussed 
above demonstrates that a careful study of the SST-Tair co-
variability on multiple timescales over the Indian ocean is 
needed to understand the detailed picture of ocean-atmos-
phere coupling and its related processes. In this paper, we 
focus mainly on sub-monthly to interannual scales of Tair-
SST relationship over the Indian ocean, particularly on the 
low correlation between the two variables in the eastern 
equatorial Indian Ocean (EEIO).

2 � Data and methods

In this study, we use SST and Tair obtained from TROP-
FLUX analysis, model simulations and observations. Wind 
stress data from TROPFLUX is also used in this study. 
TROPFLUX is derived primarily from the combination of 
ERA-I (ECMWF interim reanalysis; Dee et al. 2011) data 
for turbulent and long-wave fluxes, and International Satel-
lite Cloud Climatology Project (ISCCP) (Zhang et al. 2006, 
2007) surface radiation data for short wave flux (Kumar 
et  al. 2012). All input products are bias and amplitude-
corrected using Global Tropical Moored Buoy Array data, 
before computation of net surface heat flux and wind stress 
using the COARE v3 bulk algorithm.

A precise description of the flux computation procedure, 
as well as a detailed comparison with other daily air–sea 
heat flux products (OAFLUX, NCEP, NCEP2, ERA-I), 
is provided in Kumar et  al. (2012, 2013). We have cho-
sen the period from 2002 to 2014 as our study window 
as the source of the SST analysis used in TROPFLUX is 
improved with data assimilation during this time. However, 
for interannual study, we make use of monthly means of 
total data available from 1979 to 2014.

We obtained SST from HYCOM model setup at quar-
ter degree resolution for the Indian ocean (details are avail-
able in Joseph et  al. 2012). Tair is obtained from Navy’s 
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Operational Global Atmospheric Prediction System 
(NOGAPS) [Numerical Weather Prediction (NWP) model 
(further referred as HYC-NGP data)]. This secondary 
source of data was used to verify the correlation results of 
TROPFLUX data. Wind stress vectors plotted over correla-
tion of HYC-NGP data are from NOGAPS which is used 
for forcing the model. We have also corroborated the cor-
relation analysis using SST and Tair data from Research 
Moored Array for African–Asian–Australian Monsoon 
Analysis and Prediction (RAMA) (McPhaden et al. 2009). 
Precipitation data of Global Precipitation Climatology Pro-
ject (GPCP) is obtained from http:apdrc.soest.hawaii.edu/
datadoc/gpcpdaily.php. We obtained Dipole mode Index 
(DMI) data from http://www.jamstec.go.jp/frcgc/research/
d1/iod/HTML/Dipole%20Mode%20Index.htm and Niño-
3.4 index from http://www.esrl.noaa.gov/psd/gcos_wgsp/

Timeseries/Data/nino34.long.anom.data. We have used 
classification of ENSO and IOD years available at http://
ggweather.com/enso/oni.htm for the present work.

3 � Variability of SST and Tair in the Indian ocean

The basin mean state of SST and Tair distribution in the 
Indian ocean and their respective standard deviations 
(STD) using 11 years (2002–2012) of data are presented in 
Fig.  1. Evidently SST increases from the south and north-
west towards the region of maximum in the warm pool of 
the EEIO ( top-left panel of Fig. 1). The climatological max-
imum of Tair is about 1  °C less than that of SST over the 
basin (top-right panel). The location of the Tair maximum is 
notably different from that of SST. While, the SST maximum 

Fig. 1   The mean (top panels) and standard deviation (bottom pan-
els) of SST (left) and Tair (right) computed using 11 years of TROP-
FLUX data from 2002 to 2012. Color scales indicate SST and Tair 

variability in °C. Location of box average used for statistical analysis 
and near by RAMA buoy locations are marked in top left panel

http://www.jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole%20Mode%20Index.htm
http://www.jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole%20Mode%20Index.htm
http://www.esrl.noaa.gov/psd/gcos%5fwgsp/Timeseries/Data/nino34.long.anom.data
http://www.esrl.noaa.gov/psd/gcos%5fwgsp/Timeseries/Data/nino34.long.anom.data
http://ggweather.com/enso/oni.htm
http://ggweather.com/enso/oni.htm
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is approximately symmetric about the equator, the Tair maxi-
mum region appears asymmetric with most area locating 
north of the equator and surrounding India. Thus, the clima-
tological means of SST and Tair have notable differences in 
their spatial distributions in the Indian ocean.

In contrast to the mean SST that attains its maximum in 
EEIO, the standard deviation (STD) of SST obtains its min-
imum in this region. The magnitude of SST–STD increases 
poleward on both sides of the equator and westward along 
the equator, a spatial pattern that is roughly opposing to 
that of the mean SST (compare top-left and bottom-left 
panels of Fig. 1). Large-scale variability of SST is observed 
in the southern basin with largest STD value being ≈2 °C 
near 30°S. Near the coasts of East Africa and Oman as well 
as in the northern Bay of Bengal, SST–STD values exceed 
1 °C. The STD pattern of Tair roughly follows the same of 
the SST (bottom panels of Fig. 1). In general, the STD of 
Tair is higher than that of SST.

Variability of SST in the Indian ocean consists of intra-
seasonal, seasonal and interannual time scales. To under-
stand the patterns of SST and Tair variability on each of 
these time scales, we have filtered the daily data of SST 
and Tair using a 121-day high pass filter (ISO), 121 and 
365-day band pass filter (seasonal), and 365-day low pass 
filter (inter-annual), respectively. Using the filtered data, 
the STD is computed for all three bands. The STD of fil-
tered data at each grid point is divided by the total STD 
of the 3 bands, which represents the percentage ratio of 
STD for each band to the total STD (Fig. 2). Interestingly, 
the patterns of SST and Tair variability, especially their 
maxima and minima, show marked differences. On intra-
seasonal time scales, both Tair and SST variations explain 
the most of the total variance in the central EEIO, and the 
percentages decrease away from the EEIO both zonally and 
meridionally (top panels of Fig.  2). While the ISO band 
accounts for 30–40  % of the total STD in SST (top-left) 

Fig. 2   Percentage ratio of 
standard deviation of SST (left) 
and Tair (right) in the intra-
seasonal band (<121 days high 
pass, row-1), seasonal band 
(>121d < 365d, row-2) and 
interannual band (>365 days, 
row-3). Percentage of each 
band is obtained by dividing 
respective STDs with total STD 
multiplied by 100
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in the central-EEIO, Tair explains 45–60  % of total STD 
in this region, which is approximately 15–20 % more com-
pared to SST. The situation for the seasonal band, how-
ever, reverses, with the percentage minima occurring in the 
central-EEIO for Tair and SST (middle panels of Fig.  2), 
and SST STD accounting for larger percentages (35–50 %) 
than Tair STD (30–45 %) relative to their total STDs. On 
inter-annual time scales, both SST and Tair variations 
(bottom panels of Fig. 2) obtain the minimum amplitudes 
comparing to intraseasonal variability and seasonal cycle, 
explaining 20–25 % total SST STD in the central-eastern 
equatorial basin south of the equator and 15–20  % Tair 
STD in the southeast tropical Indian ocean. In difference to 
the intraseasonal and seasonal variability whose maxima/
minima regions collocate, the region of maxima/minima 
for interannual variability of SST and Tair differ.

4 � The perpetual SST–Tair relation and its 
seasonality

Using eleven years of SST and Tair daily data from TROP-
FLUX, we computed correlation between them for the 
Indian ocean (Fig.  3, top-left panel). Similar correlation 
analysis was also performed using HYC-NGP data (Fig. 3, 
top-right panel). The high correlation between SST and 
Tair is suggestive of tight thermal coupling between ocean 
and atmosphere (Cayan 1980). The Indian ocean has strong 
seasonal cycle due to the influence of Indian Monsoon 
(Wyrtki 1973; Cutler and Swallow 1984; Hastenrath and 
Greischar 1991; Shetye and Gouveia 1998; Shenoi et  al. 
1999; Schott and McCreary 2001; Shankar et  al. 2002; 
Nagura and McPhaden 2008; Iskandar et  al. 2009). To 
assess the influence of seasonal cycle, we have removed the 

Fig. 3   Correlation of SST and Tair computed using daily TROP-
FLUX (left) and model (right) data with seasonal cycle (row-1) and 
after removal of seasonal-cycle (row-2). Annual mean wind stress 

vectors are plotted, and annual mean SST (°C) is contoured over the 
correlation maps (white dash contours)
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“mean” seasonal cycle from both datasets and re-calculated 
the correlation using the anomalies (Fig. 3, bottom panels). 
In both the original daily data that include seasonal cycle 
and anomaly data that exclude the seasonal cycle, the pat-
terns of correlation remain similar with reduced correla-
tions in the EEIO for the anomalies.

The most prominent feature of the correlation maps 
made from both TROPFLUX and HYC-NGP data with and 
without the seasonal cycle is the low correlation tongue 
observed in the equatorial region extending from the east-
ern boundary to 60°E. Though the correlation is positive, it 
is intriguing that the correlation drops below 0.5 within this 
tongue even with seasonal cycle included, when the rest of 
the Indian ocean shows strong ocean-atmosphere thermal 
coupling with Tiar and SST correlation of R > 0.8 (Fig. 3, 
row-1). Even though the patterns are similar for both data-
sets, the correlation for HYC-NGP data has noticeable 
drops, with R < 0.4 (Fig. 3, row-1, right) in the EEIO com-
pared to the TROPFLUX map. The SST remains above 28 
°C in both TROPFLUX and HYC-NGP data for the entire 
tongue region. Wind stress vectors of both TROPFLUX 
and NOGAPS plotted over correlation maps shows a simi-
lar pattern on a basin scale. For both data, wind stress is 
considerably low in the EEIO, where the low correlation of 
SST & Tair is observed.

In the bulk flux formulation (Fairall et  al. 1996, 2003), 
sensible heat flux (shf) is directly proportional to both wind 
speed and Tdiff. In cases where Tdiff (absolute value) is 
<1, it reduces the contribution of wind to the shf as Tdiff 
is a multiplication factor. For regions where Tdiff is >1, 
with high wind speeds, both contribute positively to shf. In 
the EEIO, we have Tdiff >1 throughout the year and lower 
wind speeds, which makes it a case worth examining. Fig-
ure  4a shows the histogram of wind speed distribution in 
EEIO, where 90 % of wind speed values fall below 7ms

−1 
and mean wind speed is ≈ 4.5ms

−1. Tair, SST, Tdiff, and 
shf from the EEIO, are plotted against 11 equal bins of 
wind speed between its minimum (≈ 0.5ms

−1) and maxi-
mum (≈ 13ms

−1) to understand their behavior under dif-
ferent wind regimes (Fig.  4 (bottom panel)). The plot of 
Tair against wind speed bins (Fig. 4b) shows that from 0.5 
to ≈ 4ms

−1, Tair decreases with increase in wind speed. 
It further shows a slight increase up to 7ms

−1 and after 
that reduces slightly up to 12ms

−1. However, SST shows 
a more linear relation and continuously decreases with 
increase in wind speed (Fig. 4c). The relation of Tdiff with 
wind speed (Fig.  4d) is expected to be resultant of both 
Tair and SST. This relationship is highly nonlinear, with a 
maximum Tdiff (absolute value) of ≈1.42  °C when wind 
speed is ≈ 3.5ms

−1 (shf<10 Watts m −2) and minimum of 

Fig. 4   Variability of mean Tair, 
SST, Tdiff and shf against 11 
equal bins of wind speed from 
its minimum to maximum
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≈0.85  °C when wind speed is ≈ 10ms
−1. Relation of shf 

with wind speed is reflecting the decrease in SST to a cer-
tain extent (Fig. 4e) through its contribution from Tdiff and 
drag coefficient components in the shf equation. We do not 
attach much significance to the association of variables 
to the last bin of wind speed as there is less percentage of 
data above 12ms

−1 . Thus, in the EEIO, both Tair and SST 
shows almost parallel decreasing tendency for wind speeds 
up to ≈ 4ms

−1. After that, Tair shows a slight increase up 
to 7ms

−1 as shf increases, while SST continuously reduces 
with increase in wind speed. However, 90 % of the winds 
in this area are less than 7ms

−1. The lower wind speed and 
associated lower shf, therefore compliments the mainte-
nance of larger Tdiff which prevails in this region, though 
there is non-linear relation exists between wind speed and 
Tdiff.

In the Indian ocean, there is the directional change of the 
winds from easterlies in the southern hemisphere to west-
erlies in the northern hemisphere for seasons other than 
winter (Schott and McCreary 2001). Associated with the 
above transition, a region of low annual mean wind-stress 
is observed east of 60°E along the equator as seen in the 
maps. Even though the annual mean winds are weak, there 
is significant interannual variability associated with ENSO/
IOD events (Saji et al. 1999), during which there are large 
amplitude wind stress anomalies in this part of the ocean.

To examine the seasonality of the Tair-SST relationship, 
we used eleven years SST and Tair daily data from both 
TROPFLUX and HYC-NGP outputs. We made seasonal 
bins for December, January, February (DJF); March, April, 

May (MAM); June, July, August (JJA) and September, 
October, November (SON) and computed the correlations 
for each season (Fig.  5). Lower correlation between SST 
and Tair in the EEIO is a common feature observed across 
seasons for both data sets, though the spatial extent of low 
correlation patch varies among seasons.

During DJF, TROPFLUX data (Fig.  5, left-4 panels) 
show an area of low correlation extending south-west-
wards and reaching western boundary of the basin. During 
this period, winds blow from the northeast, parallel to the 
African coast, in the Arabian Sea (AS) and Bay of Bengal 
(BoB). In the south-west Indian ocean, strong south-east-
erly winds are observed, which meet with the northeasterly 
winds at about 10°S near the African coast. The confluence 
of winds from opposite directions results in reduced wind 
stress from 15°S to 5°S, north of Madagascar and western 
equatorial Indian ocean (WEIO), forming the inter-tropical 
convergence zone(ITCZ). SST remains high in the ITCZ 
region ranging from 28 to 29 °C. Poor SST -Tair correla-
tion with R < 0.4 is observed within ITCZ, over the warm 
pool. The SST-Tair correlation is much stronger during 
this time in the south of 15°S, where stronger winds exist, 
inducing strong mixing and air–sea coupling. The HYC-
NGP correlation pattern (Fig. 5, right-4 panels) has differ-
ences on the shape of the low correlation region bounded 
by the R = 0.4 contour, though both data sets show generic 
features of correlation.

During boreal spring (MAM), the direction of winds 
in the entire northern IO reverses. Winds gain strength in 
the south-west boundary of the basin, where, winds were 

Fig. 5   Seasonal correlation maps of SST and Tair using 11 years of 
TROPFLUX data (left-4 panels). Same computed using HYCOM 
SST and Tair from NOGAPS atmospheric forcing used to run the 

model (2003–2010) (right-4 panels). Seasonal climatology of wind-
stress vectors is overlaid on the correlation map, and mean seasonal 
SST (°C) is contoured over the maps (white dashed contours)
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minimum during DJF. The stronger winds impart tight air–
sea coupling and the low correlation band (R < 0.4) is lim-
ited to the east of 50°E. From 70°E to 90°E, the thermal 
decoupling becomes more prominent with the development 
of a larger patch of lower correlation (R < 0.2). During this 
season, the contour of the highest SST (29 °C) extends to 
a larger area developing northward, reaching the middle 
of the eastern AS, hugging the western Indian coastline 
and crossing to BOB extending up to Myanmar coast. The 
correlation becomes stronger in the western AS (R > 0.8) 
and in the northern BoB, where there are large areas with 
(R > 0.8). At Southern IO, though the correlation remains 
higher, the patch of the highest correlation (R > 0.8) gets 
limited between 50°E to 70°E. The gross pattern of spatial 
correlation in the case of model SST and Tair, in general, 
shows good agreement with the same of TROPFLUX dur-
ing MAM.

During the southwest monsoon season (JJA), the Indian 
ocean is characterized by strong monsoon winds for the 
entire basin except for the EEIO region. The winds are 
particularly high on the north-east side of the Madagascar 
to the south-east coast of Pakistan, inducing strong air–
sea thermal coupling as reflected in the strong correlation 
between the SST and Tair along the western margin of the 
basin. In general regions of weak winds and high rainfall 
are associated with low correlation and high winds and low 
rainfall are associated with higher correlation. However, 
there are exceptions to this general rule, of between the 
strong (weak) winds and strong (weak) SST-Tair correla-
tion. For example, towards southeastern side of BoB, the 
correlation remains weak in spite of winds with moderate 
speed prevailing there. Thus, during JJA the region of low 
correlation assumes a crescent shape roughly following 
rainfall pattern. In the southern Indian ocean, the correla-
tion remains high R > 0.6 to large extent, and the R > 0.8 
contour remains limited to the south-west region of the 
basin marked by its strong winds and poor rainfall.

During boreal fall (SON), both TROPFLUX and HYC-
NGP Tair–SST correlation becomes negative east of Sri 
Lanka, with HYC-NGP maps showing slightly larger spa-
tial extent compared to the former, which could be due to 
deficiencies in NWP and HYCOM. However negative cor-
relation observed close to the Sri Lankan coast, in both data 
sets, could be induced by upwelling and cooling of SST 
while Tair remains warmer.

The analysis of the seasonal pattern of correlation from 
both TROPFLUX and HYC-NGP data shows that broadly, 
the correlation of the former is lower compared to the later. 
We note that the model setup is at quarter degree resolu-
tion and re-gridded to one degree to make it at the same 
resolution of TROPFLUX, which may have contributed to 
the differences. However, the larger patterns remains same 

across seasons in both data-sets. Thus, the above analysis 
of correlation maps makes it clear that there is the low cor-
relation between Tair and SST in the EEIO, which is per-
ennial in nature, though there are seasonal changes in pat-
tern and intensity of correlation. Most of the differential 
variability between SST and Tair causing weak correlation 
in EEIO exists in the intraseasonal band as evident from 
≈ 20% more variability of Tair compared to SST (Fig.  2, 
row-1). In the seasonal band, Tair shows about 10% less 
variability compared to the SST.

5 � Probability distribution and regression analysis 
of SST, Tair and Tdiff

Analysis of the Tdiff carried out by Kara et al. (2007) dem-
onstrated that, on a global scale, neither Tair nor SST has 
control over their differences (Tdiff), but other atmospheric 
parameters influence the spatiotemporal variability of 
Tdiff. Given the low correlation observed in the EEIO, we 
examine the statistical distribution of area average of Tair 
and SST from EEIO and compare it with that from a high 
correlation region in the South West Indian ocean (SWIO; 
refer Fig. 1, top left panel, boxes). Availability of RAMA 
buoy measurements for SST and Tair from this region also 
prompted us to choose the area apart from contrasting SST-
Tair relation. We also regressed the SST and Tair against 
Tdiff from EEIO and SWIO to examine the control of each 
variable on Tdiff.

Figure  6 shows the probability density distribution his-
tograms of SST (green) and Tair (red) from EEIO (left) and 
SWIO (right). These histograms show probability density of 
each bin on Y-axis. The probability envelopes plotted over 
the histograms are generated using the respective means 
and STD of the individual variables and thus represent the 
theoretical curve of them if they were following the normal 
distribution. However, histograms show that there are devia-
tions from the normality particularly in the case of SWIO, 
where there is a substantial bi-modal distribution of SST 
and Tair. In the EEIO, Tair distribution is more platykurtic 
compared to SST. The means of SST are more than 1 °C 
higher, which makes their distributions stand apart. In con-
trast, the histograms in the SWIO show more comparable 
distributions with means of Tair and SST just 0.5 °C apart.

In the EEIO, STD of both Tair (STD = 0.69) and SST 
(STD = 0.52) are substantially smaller than those of the 
SWIO, and among them, SST varies less than Tair. In the 
SWIO, STD is much higher for both SST (1.6) and Tair 
(1.69), and hence, normal curves are broader with a plat-
ykurtic shape for both variables. The distributions of SST 
and Tair mostly overlap in the SWIO, which is different 
from the EEIO where the overlap is much smaller.
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The scatter plots of Tair vs. SST from SWIO & EEIO 
with correlation values of 0.9 and 0.44 respectively using 
TROPFLUX and 0.97 & 0.56, using RAMA buoy data are 
presented in Fig. 7 (a to d). While the Tair-SST relation in 
SWIO is comparable to that of global ocean (Kara et  al. 
2007), EEIO shows evident differences. Tair and SST show 

a good linear relationship in the SWIO (Fig. 7 (a and c)), 
but their relation is nonlinear in the EEIO, with the linear 
regression lines being significantly different as seen in the 
scatter diagram. Interestingly, neither Tair nor SST deter-
mines Tdiff in the SWIO (Fig. 7 e, g, i, k) with a maximum 
linear correlation of only 0.3 which is in line with global 

Fig. 6   Probability density 
distributions (histograms) of 
Tair (red) and SST (green) from 
EEIO (left) and SWIO (right). 
Dashed lines shows the theo-
retical Gaussian curve generated 
using mean (μ) and standard 
deviation (σ) of box averages of 
Tair and SST. Units of SST and 
Tair are in °C
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Fig. 7   TROPFLUX [Column-1 & 2] a(b)-SST vs. Tair regression 
from SWIO (EEIO); c(d)-RAMA [Column-3&4] SST-vs.-Tair regres-
sion from SWIO(EEIO); e(f)-Tair-vs.-Tdiff from SWIO(EEIO); g(h)-

Tair-vs.-Tdiff SWIO(EEIO); i(j)-SST-vs.-Tdiff SWIO(EEIO) and 
k(l)-SST-vs.-Tdiff SWIO(EEIO). P value in each plot indicate prob-
ability of zero correlation
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scenario. Over the EEIO, however, Tair and Tdiff relation-
ship is more linear than SST-Tair relation (compare Fig. 7, 
h with b and d) with R = 0.71, indicating that Tair is more 
important in determining Tdiff in this region. However, 
SST does not have much influence in determining Tdiff 
as shown by its lower negative correlation of 0.3 and 0.2 
(Fig. 7j, l) in TROPFLUX and Rama data respectively.

Thus, over the EEIO, the relation between the Tair and 
SST is not consistent with the global pattern presented by 
Kara et al. (2007). In the EEIO almost 100 % of SST data 
points are higher than Tair with just 32 occurrences of Tair 
above SST out of 4747 data pairs. The mean of SST is 
found to be 29.13, and same of Tair is observed to be 27.91, 
with an average difference of −1.22 °C. Maximum Tdiff 
found in this area is −3.8 °C.

6 � Intraseasonal SST and Tair relation and role 
of precipitation

The interaction between the upper-ocean and large-scale 
organised convection plays a dominant role in modulating 
tropical ISO (Lau and Waliser 2012). Recent studies have 
shown that, apart from the contribution of variability on 
intraseasonal timescale, ISOs impact Indian ocean Dipole 
(IOD), which is an inter-annual mode of variability in the 
Indian ocean (Saji et al. 1999). Surface westerly anoma-
lies associated with ISOs force downwelling oceanic Kel-
vin waves, which damp the negative SST anomalies of 
IOD (Rao 2004; Han et al. 2006). There have been exten-
sive studies on the intraseasonal variability of both ocean 
and atmosphere from the Indian ocean region. Neverthe-
less, accurate simulation of atmospheric ISOs and related 
coupled process are yet to reach a matured state for this 
tropical ocean basin (Slingo et al. 1996; Lin et al. 2006; 
Han et al. 2007). With this background and also with an 
observation of higher percentage ratio of intraseasonal 
variance at EEIO in both SST and Tair as reported earlier, 
we have divided the intraseasonal period to sub-monthly 
and MJO bands to analyse Tair-SST co-variability in these 
windows.

The EEIO is one of the regions with high rainfall in 
IO (Fujita et  al. 2013). There are several previous studies 
exploring the relationship between P and SST at different 
timescales (Meehl 1997; Trenberth and Shea 2005; Wu 
and Kirtman 2005; Wu et al. 2006; Wu and Kirtman 2007; 
Roxy and Tanimoto 2012; Roxy et  al. 2013). The P–SST 
relationship dependents on the choice of timescale, because 
of processes linking both variables differ. At biennial scale, 
enhanced convection feedback to the ocean through winds 
resulting increased latent heat flux and mixing (Meehl 
1997). In the above study, the author showed a resultant 
reversal of SST anomalies persisted in the oceanic memory 

leading to a reversal of rainfall anomalies during the sub-
sequent year. Wu and Kirtman (2007) showed that anom-
alous convection resulting from higher evaporation and 
moisture convergence triggered by SST anomalies results 
in positive SST-rainfall correlation. The authors also argue 
that anomalous convection can negatively feedback on SST 
due to increased cloudiness, wind–evaporation, mixing and 
upwelling, resulting negative rainfall–SST and rainfall– 
SST tendency correlation. Thus, Wu and Kirtman (2007) 
suggests seasonal changes in rainfall–SST relation in the 
Indo-Pacific basins.

The studies by Meehl (1997) and Wu and Kirtman 
(2007) were using monthly means of both variables and 
described the evolution of rainfall–SST monthly lead-
lag relation through the atmospheric feedback loop. This 
“longer temporal window” of rainfall and SST relation 
is distinct from the short term (few days scale) impact of 
rainfall on SST. At intraseasonal scale, we are focusing 
on rainfall–SST and rainfall–Tair relation within a lead-
lag window of less than 40 days. Previous studies by Han 
et al. (2007), Duncan and Han (2009), Vialard et al. (2012) 
explains factors affecting intraseasonal SST variability 
at the EEIO for different seasons. These studies showed 
that SST variability in this region is primarily affected by 
intraseasonal wind speed (through latent and sensible heat 
fluxes & entrainment) and wind stress (through upwelling 
and advection). So on a seasonal scale, the above processes 
rather than P controls the SST variability.

Intraseasonal SST variability associated with mixed 
layer processes from Indian ocean is examined in several 
recent studies (Waliser et al. 2003, 2004; Duvel et al. 2004; 
Duvel and Vialard 2007; Jayakumar et  al. 2011; Vialard 
et  al. 2012). Previous efforts to understand the intra-sea-
sonal variability of SST dominated by MJO from the EEIO 
showed linkages to atmospheric fluxes, horizontal advec-
tion, mixed layer depth (MLD) and Barrier layer thickness 
(BLT) (Schiller and Godfrey 2003; Drushka et  al. 2012, 
2014). An active phase of MJO shows anomalously deep 
convection with wavelengths of 12000 – 20000 km coupled 
to zonal surface winds (Wheeler and Hendon 2004) propa-
gating eastward at a speed of 5ms

−1 (Zhang et  al. 1995). 
Zonally, on either side of an active MJO, weak anomalies of 
convection and wind exists and such phases are described 
as suppressed MJOs (Drushka et  al. 2012). The authors 
showed that during November to April, MLD variations 
in MJO timescale modulate approximately 40% of Mixed 
layer temperature (MLD_T) variability. MLD_T is signifi-
cantly correlated to net heat flux during active phase with a 
caveat that MLD_T has only 50-80 % less variance in com-
parison to the same of net flux (Drushka et al. 2012). The 
above study also finds that vertical entertainment accounts 
for almost 50 % of MLD_T variance during active phase of 
MJO and do not contribute much during suppressed phase. 
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Heat flux associated with horizontal and vertical convection 
is found to co-vary with tendency of MLD_T. However, 
their contribution to the tendency of MLD_T at average 
MJO time scale is found to be negligible compared to net 
flux and vertical entrainment (Drushka et al. 2012).

Fresh water input from strong mean P and rivers main-
tain a perennial thick barrier layer (>25 m) at EEIO, which 
forms due to differences in haline and thermal stratifica-
tion in the upper layers of the ocean (Masson et al. 2002). 
Recent observational study by Drushka et al. (2014) shows 
BLT variability at sub-seasonal scale exceeds 20 m in the 
EEIO. Estimate from this study show that MJO forced SST 
anomalies can be as high as 0.4  °C when barrier layer is 
thin and it reduces to 0.2  °C, when barrier layer is thick. 
The authors suggest BLT variability is due to both MLD 
and isothermal layer depth (ILD) variations in EEIO, 
where intraseasonal variability is associated with MJO 
(dominantly), monsoon active break cycles and biweekly 
oscillations.

Thus, the discussion above shows that the intraseasonal 
variability of SST in the EEIO is driven by several sub-
surface and atmospheric process. In the present study, we 
focus on the resultant or net SST changes at a given time 
window and assess its relation with Tair which is measured 
from the atmosphere where lower thermal inertia prevails.

10–30 days sub-monthly correlation: The relative 
importance of sub-monthly ISOs and MJOs in driving SST 
variability in the Indian ocean during boreal winter and 
summer have been examined by (Han et  al. 2006; Dun-
can and Han 2009; Vialard et al. 2012). Han et al. (2006) 

showed that, in spite of stronger winds associated with 
sub-monthly ISOs compared to the MJOs, more substantial 
SST variability is associated with the latter. Quasi-biweekly 
variability forced by sub-monthly ISOs are also reported 
from the meridional currents of the equatorial Indian ocean 
(Reppin et  al. 1999; Sengupta and Ravichandran 2001; 
Masumoto 2005; Miyama et al. 2006).

SST and Tair data filtered for 10–30 days period is pre-
sented in Fig.  8 (upper panel). Tair shows a larger varia-
bility in this band compared to the SST as indicated by its 
higher STD. There are sub monthly events in Tair data with 
amplitude as high as 0.7 °C while the same of SST shows 
maximum value only up to 0.4  °C, indicating rapid and 
energetic response of Tair to sub-monthly ISOs compared 
to SST. Such distinct response of these variables result in 
extremely poor simultaneous correlation between them.

Correlation between Tair and SST is computed for each 
month taking 11 years of filtered daily data (Fig. 8) (lower 
panel). The significance level of correlations at 95 % is 
obtained for each month following Gayen (1951). The cor-
relations are above significant level only for months of Jan-
uary, March and July. Maximum correlation (R = 0.3) is 
for the month of January. Correlation becomes negative for 
a period from May to mid-June, even though it is not above 
significant level and values are very low. The mean correla-
tion for all months is just 0.08.

We have used cross correlation function (CCF) analy-
sis for understanding the lead-lag relation of rainfall with 
SST and Tair. The 95 % significance level of CCF in all 
cases are obtained following Bretherton et al. (1999). The 

Fig. 8   10–30 day band passed SST and Tair time series 
(70°E–90°E:3°S–3°N] averaged data) (top panel) with respective 
one standard deviations (dashed lines). Lower panel shows correla-

tions computed for each month using filtered daily data (2003–2013). 
Dashed red line indicate 95 % significance level of correlation
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CCF analysis of P vs. Tair and same vs. SST (Fig. 9) shows 
that Tair has a relatively high simultaneous correlation  
(R = −0.56; Fig. 9, lower panel) with P, indicating a sud-
den drop in Tair associated with rain, which corroborates 
previous studies (Bhat 2002; Rahaman and Ravichandran 
2013). Tair warms up again after rain and reaches maximum 
on eighth day as shown by maximum positive correlation  
(R = 0.38). Unlike Tair-P correlation, there is near zero 
simultaneous correlation between P and SST which is in 
agreement with previous studies (Han et  al. 2007; Dun-
can and Han 2009). The SST-P CCF (Fig. 9, upper panel) 
shows that warm SST precedes the rain (indicated by R = 
0.25 at four-day lead) which is above 95 % significance 
level. The relation later reverses with maximum negative 
correlation (R = 0.29) on fourth day after rainfall suggest-
ing a drop in SST after rainfall. Signs of our P–SST lead-
lag correlations are in agreement with the analysis carried 
out by Roxy et al. (2013). Previous study by Duncan and 
Han (2009) showed that, during boreal summer, P has the 
largest relative amplitude compared to its total variability 
in the warm pool region(EEIO) for sub-monthly scales. 
The non-linear relationship between P and SST and rela-
tively linear relation with Tair in the EEIO contributes to 
SST-Tair minimum correlation. Thus, at sub-monthly scale, 
P plays a significant role in modulating SST-Tair relation.

30-90 days band passed correlation: Winds associated 
with MJO induce 30–60 day variability in SST (McPhaden 
1982; Kessler 2005). MJOs dominates the 30–90 day 

window of atmospheric variability in the Indian ocean 
(Madden and Julian 1972, 1994; Han et  al. 2007). Our 
analysis of the 30–90 day band-pass filtered data of Tair 
and SST showed considerable interannual variability in the 
ISO intensities in 30–90 day period (Fig. 10, upper panel).

ISO events in 30–90 day window are mostly character-
ized by sharper and higher amplitude variability of Tair 
compared to SST. However, there are few events, where 
SST has higher amplitude response compared to Tair. For 
example, during April–May of 2003 and those months of 
2005, SST amplitudes are higher than those of Tair. In the 
entire period of analysis, both Tair and SST show a maxi-
mum number of ISO signals in 2008 crossing the 1-STD 
limit. As observed from the time series (Fig.  10, upper 
panel), both Tair and SST have incoherent variability in this 
window with amplitudes reaching up to 0.5 °C. Also, SST 
has diametrically opposite anomalies compared to Tair dur-
ing many events. In some cases, multiple light responses 
in Tair is reflected against a single significant response in 
SST, in few other cases, SST lags behind Tair and for some 
events, the lead-lag reverses. Such inconsistent behaviour 
of Tair and SST contributes to very poor correlation.

The monthly variations in the  correlation between fil-
tered Tair and SST is presented in Fig. 10 (lower panel) with 
significance levels calculated same way as earlier. There is 
a significant negative correlation in January for this band, 
unlike the 10–30 day filtered data. Further, a significant 
negative correlation exists for the month of April and May 

Fig. 9   CCF between SST and P 
(upper panel) and CCF between 
Tair and P (lower panel), using 
10–30 day filtered time series. 
Red horizontal dashed lines 
indicate 95 % significance level 
(N = 4744) and vertical dashed 
line shows R at zero lag. +ve 
x-axis values shows P lags SST/
Tair and −ve values shows P 
leads SST/Tair
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in this band. The maximum positive correlation occurs for 
the month of July and slightly reduced correlation contin-
ues to exist up to December which is weak but significant at  
95 % level. The average correlation for the entire period is 
only 0.11.

We assess the role of P in Tair-SST relationship using 
the CCF of both variables with rainfall (Fig. 11). For 30–90 
day window, SST shows nine days lead (max R = 0.53) to 
the occurrence of P, indicating the positive contribution of 
warm SST to subsequent rainfall. SST- P correlation drop to 

Fig. 10   30–90 day band passed SST and Tair time series 
(70E–90E:3S–3N] averaged data) (top panel) with respective one 
standard deviations (dashed lines). Lower panel shows correlations 

computed for each month using filtered daily data (2003–2013). 
Dashed red line indicate 95 % significance level of correlation

Fig. 11   CCF of SST versus P 
(upper panel) and CCF of Tair 
versus P (lower panel), using 
30–90 day filtered time series. 
Red horizontal dashed lines 
indicate 95 % significance level 
(N = 4744) and vertical dashed 
line shows R at zero lag. +ve 
x-axis values shows P lags SST/
Tair and −ve values shows P 
leads SST/Tair.100–200 day 
band passed time series of SST 
and Tair obtained by averaging 
selected region with correla-
tion less than 0.45 in the EEIO. 
Horizontal dashed lines indicate 
respective standard deviations 
of both SST and Tair
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the negative side (R = −0.51) 11 days after rain, due to SST 
cooling after the occurrence of rain. This lagged correlation 
is close to the 12 days lag reported by Roxy et  al. (2013) 
using 10–90 day filtered data. Interestingly Tair has a differ-
ent lead-lag relationship with P, and it has relatively stronger 
(R = −0.62) simultaneous negative correlation indicating 
Tair drop associated with rainfall. However, before 21 days, 
there is positive correlation suggesting warm Tair leads the 
rainfall events. Thus, warm SSTA leads to P and after the 
rain and high winds (i.e. after the passage of MJO), SST 
cools. These results are consistent with the existing MJO 
studies (Waliser et al. 1999; Lau and Waliser 2012).

7 � Variability of Tair and SST in 100–200 days 
window

The existence of annual and semi-annual planetary waves 
in the Indian ocean affects the variability of SST in the 
EEIO as they induce upwelling/downwelling through their 
influence on the thermocline (Rao et al. 2010). Propagation 
of semi-annual Rossby and Kelvin waves and their con-
structive/destructive interaction (Fu 2007) also affects the 
variability of SST in the EEIO.

Wyrtki jets (Wjs) play a major role in modulating mixed 
layer thickness and zonal heat transport in the equatorial 
Indian ocean (Wyrtki 1973). The EEIO has a characteristic 
thinning of the mixed layer associated with equatorial waves 
and capping of freshwater resulting from heavy P (Han et al. 
1999; Gnanaseelan et  al. 2012). Previous studies show that 
barrier layer exists in EEIO as a permanent feature, and it 
shows variability from intraseasonal to interannual timescales 
(Sprintall and Tomczak 1992; Masson et  al. 2002; Drushka 
et  al. 2014). These studies indicate that barrier layer has a 
profound influence on SST variability in this region as it can 
trap heat in the surface layer of the ocean. Cane and Sarachik 
(1981) and Han et  al. (1999) showed that reflected Rossby 
waves enhance the jets if the wind is periodic and construc-
tively resonate with the wind forcing. The enhancement 

happens because, by the time reflected Rossby waves propa-
gate back to the interior ocean, winds change direction during 
normal wind conditions of the EEIO. The processes described 
above have a strong influence on the SST in the region.

Tair and SST data were filtered with 100 and 200 days 
as bounds to examine differences in sub-annual variabil-
ity of both variables above intraseasonal scale. In this case, 
time series of SST and Tair are constructed by area averag-
ing of data from EEIO, where correlation is less than 0.45 
(Fig. 12). A notable difference in this case compared to other 
bands examined is the lower STD of Tair compared to SST 
(Fig.  12). As in the case of intraseasonal bands, there are 
instances of Tair having opposite anomalies compared to 
SST, which reduces the correlation between them. A correla-
tion of 0.44 implies that Tair can explain only 19.3 % varia-
bility of SST, which is intriguing at this low-frequency band.

Spatially, the lower correlation region of 100–200 day 
band in the EEIO has a tongue-shaped structure with more 
or less same spatial extent as in the case of raw data. How-
ever, there are three centres of minimum correlation within 
the larger tongue (Fig.  13 (top left panel)). We have con-
structed time series by averaging SST and Tair data from 
three boxes of minimum correlation marked in Fig. 13 (top 
left panel). Fast Fourier Transforms (FFTs) were computed 
to analyse dominant modes of variability from them. Further, 
the percentage of variance attached to each frequency were 
calculated and plotted against period (Fig. 13; Variances are 
within 100–200-day band, which excludes annual cycle). 
Box B:1 shows SST with a strong semi-annual spectral 
peak of 59 % variance associated with semiannual Wjs and 
related mixed layer and wave dynamics, corroborating previ-
ous study (Han et al. 1999). In the case of Tair, at 121-day 
frequency, there is a prominent peak, which explains 25 % 
of the variance. Previous studies showed that winds from the 
equatorial Indian ocean have significant energy at 120 days 
frequency (Fu 2007; Girishkumar et  al. 2013). However, it 
is not clear from the present analysis that how it selectively 
influences Tair at box B:1. Apart from this, Tair also shows 
another sharp peak with 9 % variance at 106 day period.

Fig. 12   100–200 day band passed time series of SST and Tair obtained by averaging selected region with correlation less than 0.45 in the EEIO. 
Horizontal dashed lines indicate respective standard deviations of both SST and Tair
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The SST from the box: B:2, south of the equator also 
shows semi-annual frequency as the dominant mode of var-
iability in SST with 28 % of the variance. Tair has no spec-
tral peak at this frequency. Nevertheless, Tair has energy 
distributed in multiple peaks lower than 140 days contribut-
ing to minimum correlation between them.

SST from box B:3 has 40 % variance in the semi-annual 
frequency, with its location falling on the equator. In con-
trast to north and south boxes, Tair shows a relatively 
higher percentage (16 %) of semiannual variance here. Tair 
also shows spectral peaks with 9 and 6 % variances at 112 
and 130 days respectively at this location. Semiannual vari-
ations of SST is influenced by zonal current along the equa-
tor either directly (advection) or by exciting Rossby waves 
at the eastern boundary (Godfrey and Panel 1994). Though 
planetary waves exist in the atmosphere, there is no such 

mechanism in the atmosphere which reflects waves on the 
eastern boundary of IO as in the case of the ocean. CCF 
analysis of SST and Tair against precipitation in this win-
dow did not produce significant correlations. Thus, analysis 
of SST and Tair in 100–200 days window shows that at the 
semiannual frequency, Wjs and planetary waves modulate 
SST which is in agreement with previous studies, whereas, 
Tair variability in the above frequency is less pronounced.

8 � Variability of Tair and SST at interannual 
timescales

In order to understand the behavior of Tair and SST at vari-
ous timescales from the EEIO, we have computed cross 
wavelet coherence (Grinsted et  al. 2004) of box averaged 

Fig. 13   Correlation map of 100–200 days band pass filtered SST-Tair data (top-left panel). B1, B2 and B3 are 3 boxes of minimum correlation 
centers selected for FFT analysis presented in rest of the panels
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time series of them from the EEIO. We have also computed 
wavelet power using indices of Niño-3.4 and Dipole mode 
Index (DMI) (DMI only up to 2012 available at the source; 
Fig. 14, panel b and c respectively). Figure 14a shows a sig-
nificant variability of coherence from semi-annual to inter-
annual scale. The arrows show relative phases (lead/lag) 
of SST and Tair. Arrows heading east (west) indicate both 
SST and Tair are in phase (out of phase). Arrows pointing 
northeast (southeast) indicate SST (Tair) leads Tair (SST) 

and are in phase. Arrows heading northwest (southwest) 
indicate Tair (SST) leads SST (Tair) and they are out of 
phase. Following the above convention, the time-varying 
phases of SST leading Tair (arrows heading slightly north-
east and later become perfectly eastward by 2005) at the 
annual frequency are observed during years 1985, 1990, 
2005 and 2010. At annual frequency, coherence is relatively 
persistent at EEIO, though it becomes discontinuous from 
1997 to 2003. From year 2003 onward, the coherence at 
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Fig. 14   a Wavelet coherence computed using monthly mean time-
series of SST and Tair from EEIO. Arrows indicate phase angle, 
which are plotted where they are significant at 95  %. White color 
contours indicate coherence significant at 95  %. Cone of influence 
is indicated by semi-transparent white envelope. Plots in (black line) 
second column shows average coherences corresponding to each fre-
quency in respective locations. Green circle envelope indicate aver-

age coherence significant at 95 %. Major interannual events happened 
during the period of analysis is marked with their year (white dashed 
vertical lines) and codes in red color at top horizontal axis (EPI = 
El-Niño + Positve IOD, PI = Positive IOD, L = La Niña, LNI = 
La Niña + Negative IOD, NI = Negative IOD). b Wavelet power of 
Niño-3.4 index and c wavelet power of DMI (only up to 2012)
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the annual frequency is relatively continuous. Comparison 
of Fig.  14a,   b shows correspondence between enhanced 
power of Niño3.4 index and the coherent variability of SST 
and Tair. As the energy of IOD index (Fig. 14c) is observed 
in similar periods of ENSO, it is difficult to isolate contri-
bution of IOD to SST-Tair coherence. A notable feature of 
the coherence pattern is the absence of it, at the annual fre-
quency between 1997 to 2003, from the year of the largest 
IOD of the century occurred together with El-Niño.

There are other lower frequencies where, significant 
coherence exist between Tair and SST, for example from 
1985 to 1990, at biennial (24 months) frequency, both SST 
and Tair show significant coherence with SST having a slight 
lead over Tair. There is high coherence around pentadal (60 
months) frequency, with associated changes in phase relation 
between Tair and SST. The broad band of pentadal coherence 
reduces considerably for a short period between 1992 and 
1995 corresponding to the reduced wavelet power of Niño3.4 
(Fig. 14a, b). The wavelet power of Niño3.4, and DMI inten-
sify close to 1997 and continues up to 2002, but coherence of 
Tair-SST occurs with Tair slightly leading SST.

In order to understand gap in annual coherence observed 
in Fig.  14a starting from 1997, we have plotted monthly 
timeseries anomalies of Tair and SST from 1996 to 2003 
(Fig.  15). For non-IOD years, timing of Tair maximum 
coincide with SST maximum and occurs during May con-
tributing to annul coherence. For the year 1997, only SST 

maximum (0.8 °C) occurred during the month of May and 
maximum of Tair happened during early August, when SST 
anomalies also showed comparable values. Thus, instead of 
the normal period of coherence during May, it is observed 
during August–October in 1997. For the subsequent year, 
the lead of SST to Tair got reduced to one month. During 
1999 (La Niña year) the lead-lag relation reverses and it is 
observed that Tair maximum leads SST maximum, which is 
contrary to other years. Thus, Tair-SST co-variability occurs 
during years of ENSO & IOD events with a shift in their nor-
mal period. The details of their relation need to be explored 
in depth which is not in the scope of the present study.

The average coherence plotted in the Fig. 14 on the top 
right-hand side panel shows no significant coherence for 
periods less than the semi-annual frequency in the EEIO. 
Further, the coherence (significant at 95 %) observed at 
annual, and other lower frequencies are with several dis-
continuities. Thus, in the EEIO, the coherence between Tair 
and SST occurs dominantly in annual and lower frequen-
cies characterized by substantial variability and changes in 
phase relation.

9 � Summary and conclusions

In this paper, we present evidence for instantaneous ocean-
atmosphere thermal decoupling in the EEIO indicated 

Fig. 15   Yearly evolution of 
monthly Mean SST & Tair 
anomalies in EEIO
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by lower correlation of Tair and SST in the region using 
TROPFLUX data. The results are confirmed using HYC-
NGP model data and observations from RAMA buoys. 
The analysis demonstrates that a perpetual low correlation 
region co-located with lower wind-stress and lower shf 
exists in the EEIO. The region is also characterized with 
highest SSTs in the basin. The reasons for the low correla-
tion in the EEIO is investigated at sub-monthly, intrasea-
sonal, seasonal and interannual time scales. Although it is 
quantitatively small, we also examine the source of mini-
mum correlation observed in the EEIO.

The overall stronger linear relation of Tair with Tdiff 
indicate the dominant role of Tair over SST in the main-
tenance of Tdiff in the EEIO, in contrast to the rest of the 
Indian ocean and to the global Ocean, where neither SST 
nor Tair has control over Tdiff (Kara et al. 2007).

At sub-monthly scale, the correlation between Tair and 
SST is very low. Precipitation plays a significant role in the 
rapid decrease of Tair, with no such drop in SST. Thus, P 
acts as a catalyst to the lower correlation through its more 
linear relation with Tair compared to the non-linear SST-
rain relationship at sub-monthly scale.

The SST variability associated with MJO wind forcing 
in the EEIO is half that of other regions with strong wind 
forcing (Han et  al. 2007). They attribute lower control of 
the wind on SST to the thicker mixed layer during boreal 
winter at the EEIO, where it needs much more substantial 
fluxes to impart a unit change in the magnitude of SST. 
The more humid and near saturated atmosphere over the 
warmer ocean with higher SST reduces the dependence of 
SST on winds through fluxes (Han et al. 2007). However, 
warmer SST leads to P, a rapid drop in Tair and delayed 
response in SST after the passage of MJO, resulting lower 
correspondence between them. Thus, the low-intensity 
ocean-atmosphere exchanges in the EEIO indicated by the 
low correlation between SST and Tair occurs in a condu-
cive environment described above.

As the winds are minimum in the EEIO, the remote forc-
ing imparted by waves along the equatorial wave-guide 
play a larger role in determining the thermal structure of 
the EEIO compared to direct thermal forcing through fluxes 
or wind mixing. The remote dynamical forcing dominantly 
operates in the region at semi-annual frequency through 
equatorial waves. Such indirect forcing through waves 
contributes to semi-annual spectral peaks observed in the 
SST from box B1 & B2 in Fig. 13. However, no such semi-
annual variability is found in Tair, which has different forc-
ing mechanism compared to SST. Thus, in the EEIO, the 
wave-induced thermal changes in ocean surface not mim-
icked by the atmosphere contributes to low correlation at 
the semi-annual frequency.

The analysis of Tair and SST at higher frequen-
cies revealed that there is a negligible contribution to the 

correlation between Tair and SST from those scales. It 
leaves the question open about the source of limited cor-
relation observed in the EEIO. Wavelet analysis of SST and 
Tair showed that relatively higher coherence exists between 
them during ENSO-IOD events, though there is lower co-
variability at other frequencies  below annual periodicity. 
Thus, ENSO-IOD events manifest as positive contributors 
to SST-Tair correlation at inter-annual scale, while break-
ing it at the annual frequency. The annual warming of the 
EEIO is the main contributor to the limited correlation 
observed in the EEIO during non-IOD/ENSO years. The 
above results warrant an in-depth analysis of co-variability 
between SST and Tair during events of IOD and ENSO, 
which will be a future work of utmost interest to the under-
standing of coupled ocean-atmosphere processes.
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