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EEIO and parts of western Pacific. Consequently, changes 
in the atmospheric circulation associated with La Niña 
like conditions affected the ocean dynamics by modulat-
ing the current bias thereby enhancing the subsurface warm 
bias over the EEIO. It is identified that EEIO subsurface 
warming is stronger when La Niña co-occurred with nega-
tive Indian Ocean Dipole events as compared to La Niña 
only years in the model. Ocean general circulation model 
(OGCM) experiments forced with CFSv2 winds clearly 
support our hypothesis that ocean dynamics influenced by 
westerly winds bias is primarily responsible for the strong 
subsurface warm bias over the EEIO. This study advocates 
the importance of understanding the ability of the models 
in representing the large scale air–sea interactions over the 
tropics and their impact on ocean biases for better monsoon 
forecast.

Keywords  Subsurface temperature · Coupled model · 
Indian Ocean · La Niña · SST

1  Introduction

The tropical Indo-Pacific Ocean plays a significant role 
in modulating the climate over the different parts of the 
globe (e.g., Chang et  al. 2006; Preethi et  al. 2015). A 
semi-annual wind forcing over the tropical Indian Ocean 
(TIO) with the southwest and northeast monsoon winds 
(e.g., Pant and Rupa Kumar 1997; Sengupta et al. 2004) is 
important in determining the upper ocean circulation (e.g., 
McCreary et al. 1993; Schott and McCreary 2001; Shankar 
et  al. 2002). In the equatorial Indian Ocean (EIO), the 
surface currents reverse their directions four times a year. 
During boreal winter equatorial currents flow westward, 
strongly eastward during spring and fall and the currents 

Abstract  In the present study the association between 
mean and interannual subsurface temperature bias over the 
equatorial Indian Ocean (EIO) is investigated during boreal 
summer (June through September; JJAS) in the National 
Centers for Environmental Prediction (NCEP) Climate 
Forecast System (CFSv2) hindcast. Anomalously high sub-
surface warm bias (greater than 3 °C) over the eastern EIO 
(EEIO) region is noted in CFSv2 during summer, which 
is higher compared to other parts of the tropical Indian 
Ocean. Prominent eastward current bias in the upper 100 m 
over the EIO region induced by anomalous westerly winds 
is primarily responsible for subsurface temperature bias. 
The eastward currents transport warm water to the EEIO 
and is pushed down to subsurface due to downwelling. 
Thus biases in both horizontal and vertical currents over 
the EIO region support subsurface warm bias. The evolu-
tion of systematic subsurface warm bias in the model shows 
strong interannual variability. These maximum subsurface 
warming episodes over the EEIO are mainly associated 
with La Niña like forcing. Strong convergence of low level 
winds over the EEIO and Maritime continent enhanced the 
westerly wind bias over the EIO during maximum warm-
ing years. This low level convergence of wind is induced 
by the bias in the gradient in the mean sea level pressure 
with positive bias over western EIO and negative bias over 
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flow (weak) westward during summer (e.g., Wyrtki 1973; 
Schott et al. 2009; Sengupta et al. 2007). Surface and sub-
surface temperature in general is warmer over the Eastern 
EIO (EEIO) as compared to western EIO in boreal sum-
mer. Cold water advection from southern Indian Ocean and 
upwelling induced by strong cross equatorial monsoon flow 
keeps western EIO (surface and subsurface temperature) 
cooler than EEIO (e.g., Saji et  al. 1999; Anderson et  al. 
2002).

Surface and subsurface temperature and upper ocean 
heat content over the Indian Ocean region are known to 
influence the Indian Summer Monsoon (ISM) rainfall, cli-
mate over the Maritime continent, Australia, East Asia and 
Africa (e.g., Krishnamurthy and Kinter 2003; Krishnan 
et  al. 2006; Cherchi and Navarra 2007). Importance of 
subsurface temperature variations in influencing the cli-
mate variability and change are reported in the literature 
(e.g., Xie et al. 2002; Ruiz et al. 2005; Schott et al. 2009). 
Further subsurface temperature variations have potential 
impact on tropical cyclones and depressions etc (e.g., Bal-
aguru et  al. 2013; Sreenivas and Gnanaseelan 2014; Vin-
cent et al. 2014). Hence, one of the important concerns in 
coupled models is the accurate representation of subsurface 
and surface features over the tropical regions. On the other 
hand, anomalous ocean–atmosphere phenomenon such as 
El Niño–Southern Oscillation (ENSO) and Indian Ocean 
Dipole (IOD) may also contribute to upper ocean mean 
bias in coupled models. For example Tao et  al. (2015) 
pointed out that sea surface temperature (SST) bias in many 
coupled models associated with El Niño modulates rainfall, 
which in turn affects atmospheric circulation and conse-
quently the oceanic processes. This indicates that the mis-
representation of interannual upper ocean variability could 
influence the climatic anomalies over Indo-Pacific region.

Indian Ocean subsurface temperature plays a major 
role in modulating the air–sea interaction processes over 
the Indo-Pacific domain (Yamagata et al. 2004; Luo et al. 
2012). Large upper ocean bias in coupled models over the 
equatorial region influences the predictability of rainfall 
both locally and remotely (e.g., Kirtman and Vecchi 2011; 
Luo et al. 2005; Chowdary et al. 2015). Subsurface ocean 
temperature biases are known to have large impact on sea 
level changes, the ocean circulation (e.g., Large and Dana-
basoglu 2006; Brown et  al. 2013) and the Bjerknes feed-
back (e.g., Keenlyside and Latif 2007). Many Coupled 
Model Intercomparison Project Phase 5 (CMIP5) models 
display IOD like pattern in SST biases with strong subsur-
face cold (warm) biases in the east (west) EIO in summer 
(Li et al. 2015a). They pointed out the importance of inter-
action between monsoon circulation and subsurface bias 
in EIO region. Further Li et al. (2015b) demonstrated that 
a too deep thermocline dome (positive bias) weakens the 
influence of subsurface variability on SST and limits skills 

in many CMIP5 models. This motivated us to examine 
the summer time subsurface temperature bias in the fore-
cast model National Centers for Environmental Prediction 
(NCEP) Climate Forecast System version-2 (CFSv2; Saha 
et al. 2014), which is currently used for monsoon forecast 
in many countries including India (http://www.tropmet.res.
in/monsson/index.php). Our analysis suggests that CFSv2 
displays a strong subsurface temperature warm bias over 
EEIO unlike in CMIP5 models. The current understating 
of the relationship between the subsurface temperature and 
atmospheric circulation is a challenging task for the mod-
elling community. Chowdary et  al. (2016b) studied pro-
cesses responsible for annual mean subsurface temperature 
bias in long-term CFSv2 free run over the entire TIO. Such 
study for CFSv2 hindcast run is long pending. Further pre-
vious studies did not look at the structure and interannual 
variability of seasonal subsurface temperature bias. In the 
Indian monsoon prospective, it is essential to investigate 
the model biases in summer season especially in the hind-
casts or forecasts in CFSv2 (e.g., Saha et  al. 2016). This 
part of the ocean has strong influence on the atmosphere 
and the active convection sustains over this region for most 
of the year (e.g., Schott et al. 2009). Of particular interest is 
the attribution of model biases to coupled processes and the 
upper ocean currents.

Rest of the paper is organized as follows. Section 2 gives 
the detailed information about model setup and methodol-
ogy adopted to generate hindcast and other datasets used. 
Sensitivity experiments carried out by Ocean General Cir-
culation Model (OGCM) are also presented in this section. 
Section 3 addresses the temperature biases over the equa-
torial Indian Ocean, and Sect.  4 discusses the interannual 
subsurface temperature biases. Finally Sect. 5 provides the 
summary and conclusions.

2 � Model and data used

The fully coupled ocean–atmosphere model NCEP-CFSv2 
is the advanced version of CFSv1 (Saha et al. 2006, 2014). 
NCEP global forecast system (GFS) is the atmospheric 
component with 64 sigma layers vertically and T126 
(~100  km) horizontal resolution. The oceanic component 
is the Modular Ocean Model version 4 (MOM4P0) (Grif-
fies et al. 2004) with horizontal resolution of 0.25° in the 
10°S–10°N latitude bandwidth and 0.5° resolution else-
where and 40 vertical levels. The CFSv2 retrospective 
forecast (hindcast) is prepared for 9 months and covering a 
period of 30 years from 1985 to 2014 at Indian Institute of 
Tropical Meteorology (IITM). The atmospheric initial con-
ditions are obtained from the NCEP Reanalysis (R2) data 
(Saha et al. 2010). The ocean initial conditions are obtained 
from the NCEP Global Ocean Data Assimilation System. 

http://www.tropmet.res.in/monsson/index.php
http://www.tropmet.res.in/monsson/index.php
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Retrospective forecast starts from a specific month May, 
there are ten atmospheric initial conditions (ten ensemble 
members) that are partitioned into two segments. The first 
set uses five atmospheric initial states of the 1st, 2nd, 3rd, 
4th and 5th of May and uses the same pentad ocean initial 
condition centred on the 3rd of the same month. The sec-
ond set uses the five atmospheric initial states of the 6th, 
7th, 8th, 9th and 10th of May and the same pentad ocean 
initial condition centred on the 8th of May. For the analy-
sis, we have utilized ensemble mean forecasts obtained by 
averaging the above ten ensemble members. It is important 
to note that in this study we have examined the subsur-
face temperature bias only during boreal summer (JJAS). 
CFSv2 ocean component is evaluated against Met Office 
Hadley Centre observations datasets (Hadley EN4.1.1) 
temperature for the period 1985–2014 (http://www.metof-
fice.gov.uk/hadobs/en4/download-en4-1-1.html) (Good 
et  al. 2013) and Estimating the Circulation and Climate 
of the Ocean (ECCO-2) three dimensional ocean currents 
covering a period 1992–2013 (Wunsch and Heimbach 
2013). European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis (ERA-Interim; Dee et al. 2011) 
surface, 850 and 200 hPa level winds and mean sea level 
pressure (MSLP) and CPC merged analysis of precipitation 
(CMAP; Xie and Arkin 1997) are utilized in the present 
study.

The OGCM used to perform sensitivity experiments in 
this study is the Geophysical Fluid Dynamics Laboratory 
(GFDL) Modular Ocean Model Version 5 (MOM5) (Grif-
fies 2012). MOM5 is a global model having 50 vertical 
levels. It has a constant zonal resolution of 1° and meridi-
onal resolution varying from 0.33° at equator to 0.67° up 
to tropics and gradually increasing to 1° towards pole. The 
upper ocean mixed layer and thermocline zones are well 
resolved in the model with 20 vertical levels within a depth 
of 200 m. The vertical resolution gradually changes to max-
imum thickness of 371 m at a depth of 5000 m. The model 
has been provided with realistic topography of 0.5° reso-
lution, which is derived from the 5-min global topography 
from ETOPO5 (Earth Topography-5  min) database. The 
model is spun up for 50 years with climatological forcing 
of downwelling shortwave and long wave radiation, 10 m 
surface wind fields, specific humidity, air temperature, 
surface pressure and surface precipitation etc. from coor-
dinated ocean–ice reference experiments (CORE) version 
2. This model was initialized using the annual climatolo-
gies of temperature and salinity from Levitus et al. (1998). 
Details of model experiments are provided below.

To test the impact of EIO winds and current bias on sub-
surface temperature bias, we have carried out a couple of 
OGCM sensitivity experiments by changing surface wind 
forcing. In the first experiment (Exp-1) composite of strong 
warm years (ERA-Interim) surface wind forcing is used to 

run the ocean model and in the second experiment (Exp-2) 
similar composite of winds obtained from CFSv2 are used. 
Rest of the required model forcing has been taken from the 
climatological CORE2. Forcing such as daily shortwave 
and longwave radiation, 6 hourly specific humidity, air tem-
perature and sea level pressure and monthly surface precip-
itation and annual cycle of river runoff  are kept same for 
both experiment.

3 � Temperature biases over the EIO during boreal 
summer

This section discusses the mean bias of surface and sub-
surface temperature in CFSv2 over the TIO with special 
emphasis on EEIO region during boreal summer monsoon 
(JJAS). It is important to note that the spatial patterns of 
mean precipitation, SST and surface and 850 hPa winds in 
CFSv2 are consistent with the observations over the TIO 
(Fig.  1). Spatial distribution of precipitation reveals that 
the model rainfall is overestimated over the eastern Bay 
of Bengal, western parts of Indian subcontinent and some 
parts of the TIO (Fig. 1a, b). Most prominently low level 
winds over the EIO are slightly stronger in CFSv2 com-
pared to the observations. Such kind of surface wind bias 
may directly affect the upper ocean temperature bias (e.g., 
Li et al. 2015a; Chowdary et al. 2016a).

To quantify the difference between CFSv2 and observa-
tions; bias for SST, surface winds, surface currents (aver-
aged over the upper 50 m depth), precipitation, subsurface 
temperature (averaged over a depth of 120–140  m as the 
maximum bias in subsurface temperature is found between 
120 and 140 m depth) and heat content of the upper ocean 
(surface to a depth of 150 m) are displayed in Fig. 2. Model 
SST shows cold bias over most of the TIO and strong 
warm bias in the subsurface over EEIO by more than 2 °C 
(Fig. 2a, b), which is consistent with previous studies (e.g. 
Chowdary et al. 2016b). The magnitude of the model SST 
is underestimated over western Arabian Sea and western 
EIO and in the off equatorial region over the central Indian 
Ocean as compared to the observations (Fig.  2a). On the 
other hand the SST bias in the EEIO region displays weak 
positive bias. Analogous to subsurface temperature bias, 
thermocline depth (D20) also displays strong bias in many 
parts of the basin including EEIO (Fig. 2b). Warm bias in 
the upper ocean heat content over the EEIO suggests the 
dominant contribution of subsurface bias on heat continent 
(Fig.  2c). The SST gradient between eastern and western 
EIO is 1.4 and 2 °C in the observations and model respec-
tively. This stronger gradient in the model may affect the 
ocean–atmosphere feedback mechanisms over EIO. Thus 
addressing the possible causes for these subsurface tem-
perature biases is crucial not only because it helps to 

http://www.metoffice.gov.uk/hadobs/en4/download-en4-1-1.html
http://www.metoffice.gov.uk/hadobs/en4/download-en4-1-1.html
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understand the surface biases but it may also help in unrav-
elling the causes of dry biases in precipitation over Indian 
land mass. So this problem remains as an important issue 
in the coupled modelling framework.

Surface cold bias in the model is mainly attributed 
to excess heat loss to atmosphere due to anomalous dry 
atmospheric humidity (away from equator) (e.g., Pokhrel 
et al. 2012; De et al. 2015) and partly due to deeper than 
the observed mixed layer (e.g., Jiang et al. 2013). Cold SST 
biases over the global tropics are reported in many CMIP5 
models (Li and Xie 2012, 2014) and are attributed to the 
overestimation of cloud amount (Lin 2007; Li and Xie 
2012). On the other hand, equatorial biases are influenced 
by biases in wind forcing and resultant ocean dynamics 
(e.g., Chowdary et  al. 2016a). Surface wind shows west-
erly wind bias over EIO (Fig.  2d) and in response to this 
wind bias, eastward current bias is evident in the upper 
50  m (Fig.  2d, e). These currents assist in piling up of 
water in the EEIO and deepen the thermocline, support-
ing warm bias at subsurface (Fig.  2b, e). Over the south-
eastern tropical Indian Ocean, anti-cyclonic bias in currents 
is apparent. Recent studies (Li et al. 2015a, 2016) suggest 
that most of CMIP5 CGCMs (coupled general circulation 
model) feature equatorial easterly surface wind bias along 
the equatorial Indian Ocean, inducing too cool subsurface 
temperature in the EEIO. However, CFSv2 displays strong 
westerly wind bias and EEIO subsurface warm bias unlike 
in many CMIP5 models (figure not shown), suggesting 

the unique feature in the model. Li et  al. (2015a) attrib-
uted the Indian summer monsoon circulation with weak 
cross-equatorial flow as origin of such equatorial easterly 
wind biases in CMIP5 CGCMs. In case of CFSv2 strong 
southerly cross-equatorial wind over the western Indian 
Ocean is noted along with equatorial westerly winds bias 
(Fig.  2d). This strong cross equatorial flow is favourable 
for positive precipitation anomalies over Western Ghats 
(Fig.  2f), through enhanced moisture transport. Similarly 
strong westerly wind bias along EIO supports warming of 
EEIO surface and subsurface temperature. Apart from this 
the surface cooling and subsurface warming in CFSv2 indi-
cate a weakened thermal stratification in the EEIO region. 
Chowdary et  al. (2016b) suggested that weak stability of 
the upper ocean and high vertical shear of horizontal cur-
rent in CFSv2 compared to the observations could play a 
crucial role in the subsurface warm bias over EIO region. 
Warm temperature over EEIO supports local convection 
and subsidence over the head Bay of Bengal region and 
reduces rainfall in the latter region (Fig. 2f). Convergence 
of low level winds and upper ocean heat content bias over 
EEIO support positive rainfall bias locally (Fig. 2f), which 
affects the monsoon rainfall over India.

Depth–longitude plot of temperature bias averaged 
between 3°N and 3°S over the Indian Ocean is illustrated 
in Fig. 3a. Strong subsurface warm bias in the entire EIO 
is seen with maximum bias in the east. Upper 60 m on the 
other hand displays cold bias. This surface and subsurface 

Fig. 1   JJAS mean: a precipita-
tion (CMAP, shaded; mm/day) 
and 850 hPa winds (ERA- 
Interim, vectors; m/s), b same 
as in a but for CFSv2, c SST 
(HadI EN4, shaded; °C) and 
surface winds (ERA-Interim, 
vectors; m/s) and d same as in 
c but for CFSv2 (initialized in 
May)



1663Association between mean and interannual equatorial Indian Ocean subsurface temperature…

1 3

temperature biases are consistent with the eastward current 
bias in the upper ocean (80 m) and westward current bias 
below. These zonal current biases are accompanied by ver-
tical current bias with downward (upward) flow in the east-
ern (western) EIO (Fig. 3a, c). ECCO mean zonal current 
for summer shows eastward current in the upper 60 m with 
westward current below (Fig. 3b). Bias in vertical compo-
nent of the current shows downward motion over the EEIO 
extending up to 100 m depth. This indicates downwelling 
of warm waters to subsurface layers (Fig. 3d). Thus, bias in 
subsurface temperature over the EIO is mostly consistent 
with ocean current and winds bias. Further, the contribu-
tion of interannual variability on this summer mean ocean 
temperature bias in CFSv2 is explored.

4 � Interannual subsurface temperature biases

Depth–time plot of temperature bias averaged over the 
EEIO (90–100°E and 5°S–5°N) for JJAS is illustrated in 

Fig.  4a. It is clear that subsurface warm bias is not simi-
lar in all the years. Anomalously warm subsurface epi-
sodes are seen in different years with deeper D20. Time 
series obtained by averaging maximum subsurface tem-
perature bias over EEIO from 120 to 140 m depth is dis-
played in Fig. 4b. Time series of EEIO subsurface tempera-
ture bias revealed that years like 1988, 1989, 1998, 1999, 
2000, 2003, 2007 and 2011 displayed warm bias episodes 
(Fig. 4b). The warm bias years are selected if the index is 
more than two standard deviation (>2 °C). Further model 
Niño 3.4 and dipole mode index (DMI) for SST anomaly 
is displayed in Fig.  4c. Correlation between the observa-
tions and model Niño 3.4 (DMI) is 0.8 (0.32), suggest-
ing that CFSv2 has high (low) skill representing ENSO 
(IOD) (e.g., Chaudhari et  al. 2013; Ramu et  al. 2016). It 
is clear from Niño 3.4 that all the warm subsurface bias 
episodes are co-occurred with negative SST anomaly epi-
sodes in the eastern Pacific (Fig. 4c). Correlation between 
subsurface temperature and Niño3.4 region SST anoma-
lies is −0.68 and it is statistically significant at 95% level. 

Fig. 2   JJAS mean bias: a SST (shaded and contour; oC) and b sub-
surface temperature averaged over a depth of 120–140  m (shaded; 
°C) and thermocline depth (D20, contour; m), and c heat content of 
upper 150 m depth (shaded and contour; °C), d zonal wind compo-
nent (shaded; m/s) and surface winds (vectors; m/s), e zonal current 

(shaded; m/s) and surface currents (vectors; m/s) averaged upper 
50 m depth and f precipitation (shaded and contour; mm/day). Bias is 
calculated as difference between CFSv2 and HadI EN4, ERA-Interim 
winds, ECCO2 currents and CMAP precipitation
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Spatial distribution of SST anomaly composite of above 
mentioned years shows a La Niña like pattern in both the 
observations and model (Fig. 4d). Note that large scale pat-
tern and subsurface temperature bias over EEIO region is 
similar for developing La Niña (1988, 1998 and 2007) and 
decaying La Niña (1989, 1999, 2000 and 2011) cases (fig-
ure not shown), thus we have considered composite of all 
warm years for further analysis and hereafter referred as 
strong warm years or La Niña like years. It is well estab-
lished that ENSO is the most energetic climate signal after 
the seasonal cycle, the major source of interannual variabil-
ity worldwide and a dominant driver of climate teleconnec-
tions (e.g., Ballester et al. 2013; Krishnamurthy and Kirt-
man 2003). This study suggests that this energetic climate 
signal in coupled models contributed for the upper ocean 
biases remotely elsewhere. Composite of maximum warm 
year SST anomalies displays very weak negative IOD sig-
nals both in the model and observations (Fig. 4d). Out of 
the eight significant subsurface warming years only three 
negative IOD events (1988, 1998 and 1999) co-occurred 
with La Niña in the model (Fig. 4c). This further suggests 

that the La Niña like forcing is mainly responsible for 
EEIO warming. It is important to note that EEIO subsur-
face warming is extremely high when La Niña co-occurred 
with negative IOD events in the model.

Composite of surface and subsurface ocean temperature 
for above mentioned years and bias is shown in Fig. 5 over 
the TIO region. The model and observations showed warm 
SSTs above 28 °C over EIO region (Fig. 5a) in strong warm 
years composites. SST bias during strong warm years is 
similar to that of mean bias over the TIO region (Fig. 2a) 
with a slight warm bias over EEIO region (Fig.  5b). Fur-
ther subsurface mean temperature bias (Fig.  2b) is high 
in CFSv2 during La Niña years over the EEIO (Fig.  5c). 
This warming is apparent in bias, which is supported by 
strong eastward current bias at equatorial region (Fig. 5d). 
Note that the ocean current bias for the composite analy-
sis is biased on 1998, 1999, 2000, 2003, 2007 and 2011 
as ECCO-2 data is available only from 1992. The subsur-
face warm bias over the EEIO is higher (~2 °C) than nor-
mal during these years (Fig.  6). Temperature bias at sub-
surface is stronger throughout the equator in strong warm 

Fig. 3   a Depth–longitude plot (JJAS) for upper 250 m (average over 
3°S–3°N) temperature bias (shaded and contour; °C) and b ECCO 
mean zonal current (shaded; m/s), and zonal and vertical currents 

(104 m/s) (vectors; m/s), and c same as b but for bias (CFSv2 minus 
ECCO), and d bias for vertical current (shaded; 104 m/s). Bias is cal-
culated from ECCO2 and HadI EN4
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bias years in the model compared to mean bias. It is noted 
that the structure of subsurface temperature and wind bias 
is same for both La Niña—negative IOD co-occurred years 
and La Niña only years.

Depth–longitude plot of temperature bias shows about 
4 °C warm bias at 120–140 m depth over the EEIO region 
during strong warm years (Fig.  7a). This warm bias is 
higher than mean bias, highlighting the role of interan-
nual variability in contributing to the mean subsurface 
bias. Anomalously strong eastward bias in currents up to 
120  m depth is evident in strong warm years (Fig.  7b). 
This equatorial current bias supports subsurface warm bias 
in the EEIO by accumulating warm water and deepening 
the thermocline. Zonal current bias in the model aver-
aged between 110 and 115°E during strong warm years 
(Fig. 7c) shows the robust westward current bias north of 
12°S. This suggests that warm water inflow from the Indo-
nesian through flow is high at surface and subsurface dur-
ing the La Niña like years. Heat transport of the Indonesian 
through flow to Indian Ocean is in general higher during 
La Niña years (e.g., Vranes et al. 2002). Further enhanced 
downward motion of vertical velocity component up to a 

depth of 120 m is evident which supports subsurface warm-
ing (Fig. 7d). Our analysis suggests that subsurface warm 
bias is not highly influenced by El Niño forcing unlike 
atmospheric circulation elsewhere, but highly influenced by 
La Niña like forcing. It is found that during El Niño years 
subsurface temperature over EEIO is not highly influenced 
and there is no cooling effect (figure not shown). However, 
during La Niña or strong warm years subsurface warm-
ing is high in the coupled model. Further, composite years 
of strong warm temperature bias over the EIO (for May 
CFSv2 initial conditions from GODAS) suggests that con-
tribution of initial conditions to subsurface warming bias 
over EEIO is not significant (figure not shown).

Association between atmospheric and oceanic param-
eters are analysed in JJAS long term mean and strong 
warm years composites. Composite of precipitation anoma-
lies for the observations, model and bias are displayed in 
Fig.  8a–c. Zonal distribution of precipitation anomalies 
around the equator is opposite in the model as compared 
to the observations. Strong positive precipitation bias from 
5 to 10°S over the eastern Indian Ocean region is appar-
ent in the model. These differences in rainfall anomaly 

Fig. 4   a Depth–time plot 
(JJAS) of temperature bias 
averaged over EIO (90–100°E 
and 5°S–5°N) (shaded and 
contour; °C) and 20 °C isotherm 
(contour; CFSv2 blue line and 
HadI green line) b time series 
of subsurface temperature bias 
(average for 120–140 m; °C) 
over EEIO, c time series of 
CFSv2 Nino 3.4 region SST 
anomalies (black line) and 
DMI (red line; °C) and d strong 
warm year composite of SST 
anomalies (shaded CFSv2 and 
contours HadI EN4 product; °C) 
significant at 90% confidence 
level is displayed. Bias is calcu-
lated with respect to HadI EN4
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pattern are consistent with surface wind bias with con-
vergence (90–100°E and 10°S to equator) over the EEIO 
region (Fig. 5b), which in turn is favourable for surface and 
subsurface temperature bias over this region. Large scale 
circulation pattern associated with La Niña like events 
generally influences the EEIO and western Pacific region. 
Velocity potential at 200  hPa and divergent component 
of mean wind composites during strong warm years sug-
gest that the model displays strong upper level divergence 
(200 hPa) over the Indo-western Pacific region and which 
slightly extended towards EEIO (southwest ward) region as 
compared to the observations (Fig. 8d, e). This upper level 
circulation difference between the observations and model 
is consistent with low level convergence over the EEIO 
region.

Anomalous Walker circulation composite in strong 
warm years along the equator between 5°S and 5°N over 
the Indo-Pacific region is shown in Fig.  9a–c. Consistent 
with cold SST anomalies associated with La Niña (Fig. 4d), 
subsidence over the central and eastern Pacific is noted in 
the observations and model. Strong ascending motion with 
low level convergence and upper level divergence in the 
western Pacific and EEIO region are evident during strong 
warm years. However, the model shows stronger upward 
motion and enhanced convection over the EEIO region as 
compared to the observations (Figs. 8c, e, 9c). This differ-
ence is also apparent in local Hadley circulation (averaged 
over 85–95°E) with strong ascending branch (from 10°S to 
equator and 1000 to 200 hPa) in the model around EEIO 
region unlike in the observations (Fig. 9d–f). On the other 
hand, bias in Hadley circulation shows downward motion 
over the head Bay of Bengal (15–25°N and from surface to 
200 hPa) suggesting weak ascending branch in the model. 
Thus anomalous convergence over the eastern EIO during 
strong warm bias years is consistent with high rainfall and 
surface and subsurface temperature warming and low rain-
fall over the head Bay of Bengal (Figs. 8c, 9d–f). Krishnan 
et  al. (2006) demonstrated that a higher than normal heat 
content over the EEIO due to deep thermocline or warm 
subsurface temperature could induce strong and sustained 
suppression of monsoon rainfall in some parts of India. 
Overall the misrepresentation of atmospheric teleconnec-
tions during La Niña like events to eastern Indian Ocean in 

Fig. 5   Composite of strong 
warm years (JJAS): a SST 
(shaded CFSv2 and contour 
HadI EN4; °C) and b SST bias 
(shaded; °C) and surface winds 
bias (vectors; m/s), c subsur-
face temperature (average of 
120–140 m) (shaded, CFSv2 
and contour, HadI EN4; °C) and 
d bias for subsurface tempera-
ture (shaded; °C) and currents 
averaged over same depth (vec-
tors; m/s)

Fig. 6   Subsurface temperature bias (°C) averaged over 5°S–5°N and 
120–140 m depth for annual mean (black line) and La Niña compos-
ite or maximum bias years (red line) during summer



1667Association between mean and interannual equatorial Indian Ocean subsurface temperature…

1 3

the model is mainly responsible for maximum warm sub-
surface bias over the EEIO region.

During summer of normal years, sea level pressure 
(SLP) displays positive (negative) bias over western (east-
ern) Indian Ocean (Fig.  10a). Consistent with SLP bias, 
CFSv2 shows westerly wind (850 hPa) bias over the equa-
torial region. Easterly winds bias over the equatorial west-
ern Pacific and westerly wind bias over the EIO supported 
the warm bias near the Maritime continent and regions such 
as EEIO. Net heat flux bias is positive over the EEIO unlike 
the regions away from the equator (Fig. 10c), this positive 
bias in net heat flux along with ocean dynamics caused for 
warm SST bias. Further, latent heat bias is low (ocean los-
ing less heat to atmosphere) as compared to other regions 
and at the same time rainfall bias is high (Fig.  10c) due 
to local convergence of winds. Thus low evaporation may 
contribute for maintaining weak positive SST bias over the 
EEIO. During strong warm years the gradient of SLP bias 
is slightly high as compared to mean bias (Fig. 10b). Strong 
negative SLP bias over the northwest Pacific is apparent in 
the strong warm years. As a result of positive SLP bias in 
the western Indian Ocean and negative SLP bias in eastern 
Indian Ocean and northwest Pacific, winds over the EIO 

show strong westerly bias and which is higher in strong 
warm years than in mean or normal years. This equatorial 
wind bias has induced eastward current bias in the upper 
ocean causing subsurface warm bias by piling up of warm 
water in the east and by pushing warm water below. Net 
heat flux bias is positive and latent heat flux bias is low 
over the EIO during strong warm years and these biases 
are slightly higher compared to mean bias (Fig. 10d). Alto-
gether, strong subsurface warm bias over the EEIO is evi-
dent during La Niña like years and has strong resemblance 
with climatological bias. This anomalous subsurface bias 
affects the upper ocean heat content and modulates local 
air-sea interactions.

Contribution of surface heat budget terms for JJAS mean 
and composite of strong subsurface warming years reveals 
that the heat flux term in the model contributes positively 
over EEIO region (Figure not shown) unlike in the obser-
vations. Most of the TIO region in model shows negative 
contribution of heat flux. Further zonal advection contrib-
utes positively over southern Indian Ocean (SIO) both in 
observations and model. But zonal advection over SIO is 
stronger than observations in model and it could influence 
the intrusion of warm waters from Pacific Ocean through 

Fig. 7   Bias (JJAS) of upper 
250 m depth–longitude plot 
(averaged over 3°S–3°N) for 
composite of strong warm years 
a temperature (shaded and 
contour; oC), b zonal current 
(shaded; m/s) and zonal and 
vertical currents (104) (vectors; 
m/s), c depth–latitude plot of 
zonal current (averaged over 
110–115°E) (shaded; m/s) and 
d same as a but for vertical cur-
rent (shaded; 104 m/s)
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Indonesian through flow (Chowdary et al. 2016b). Entrain-
ment in the model contributes positively like in the obser-
vations with higher magnitudes. This positive contribution 
of entrainment indicates downwelling of surface waters 
over EEIO and causes subsurface warming. Chowdary 
et  al. (2015, 2016a) have performed heat budget analysis 
and found that SST bias away from the equatorial region 
is highly influenced by latent heat flux and ocean dynamics 
play an important role in the equatorial region. Further to 
understand the processes associated with subsurface tem-
perature bias, we have carried out subsurface heat budget 
analysis based on Halkides et al. (2011).

Subsurface heat budget terms for JJAS mean and com-
posite of strong warming years suggest that zonal advec-
tion in model contributes positively in contrast to the 
observations over EEIO (Fig. 11c, d). This could enhance 
the accumulation of warm waters over the region due to 
positive contribution of zonal advection in model. Further 
vertical advection in model contributes positively unlike in 
the observations (Fig. 11g, h). This positive contribution of 
vertical advection over EEIO region reveals downwelling of 
warm waters over EEIO. Over all, both horizontal and ver-
tical advection play an important role in generating strong 
subsurface temperature bias over the EEIO in CFSv2.

Figure  12 shows the depth-longitude plot of EIO tem-
perature and current bias (with respect to observations) for 
Exp-1 and Exp-2 carried out using OGCM. It is evident 
that subsurface warm bias over the EEIO is much stronger 
when forced with CFSv2 winds. Induced by equatorial 
westerly winds in Exp-2, surface current shows eastward 
bias with strong downward motion in the EEIO caused for 
anomalous subsurface bias. This clearly provides evidence 
for the proposed mechanism that both horizontal and verti-
cal current biases are responsible for the warm bias induced 
by strong EIO wind bias in CFSv2. Thus it is suggested that 
equatorial surface wind bias in CGCMs including CFSv2 
and CMIP5 models need to be reduced for the better repre-
sentation of subsurface or thermocline structure. In particu-
lar wind bias in CFSv2 originates from the large SLP bias.

5 � Summary and discussion

The present study examined the upper ocean mean thermal 
structure biases in CFSv2 over the equatorial Indian Ocean 
during summer and its relation with interannual variability. 
In the tropical Indian Ocean region, maximum warm sub-
surface temperature mean bias greater than 3 °C is reported 

Fig. 8   Spatial pattern of JJAS composite of strong warm years: a 
CMAP precipitation anomalies (shaded; mm/day), b CFSv2 precipi-
tation anomalies (shaded; mm/day), c bias (CFSv2—CMAP; mm/

day), d ERA-interim velocity potential (shaded; 106 m3/s) and diver-
gence at 200 hPa (vectors; m/s) and e same as d but for CFSv2
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in the EEIO region in CFSv2. Detailed analysis suggests 
that SLP gradient with positive (negative) bias in the west-
ern EIO (eastern EIO) supports westerly wind bias over the 
equatorial region during summer in CFSv2. This westerly 
wind bias induces strong eastward current bias in the upper 
100 m over the EIO region, which accumulates warm water 
over the EEIO and punched down to subsurface with deep 
thermocline locally.

The role of interannual biases on the model mean bias 
is not known previously. In this study it is found that 
the model biases are not same from one year to another. 
Detailed analysis reveals that the maximum subsurface 
bias episodes over the EEIO are evident during La Niña 
like (both in developing and decay years) years and El 
Niño has little or no such impact on EEIO subsurface 
bias making an asymmetric EEIO response. Large scale 

forcing associated with La Niña like events is known 
to influence the Indian Ocean climate (e.g., Singh et  al. 
2013; Bansod 2011). Strong convergence of low level 
winds over the Maritime continent and EEIO associated 
with cooling over the equatorial central Pacific help to 
strengthen westerly wind bias over the EIO. This west-
erly wind bias in La Niña like composite is much stronger 
than mean wind bias. SLP gradient bias also enhanced 
during the strong warm years with positive SLP bias over 
western EIO and negative SLP bias over EEIO and parts 
of western Pacific. Corroborated by SLP biases, strong 
westerly bias in low level wind caused anomalous east-
ward current bias in the upper 100  m, which results for 
enhanced warm subsurface bias. Biases in atmospheric 
circulation associated with La Niña like events influence 
the ocean dynamics by modulating the ocean circulation 

Fig. 9   Strong warm year composite Walker (zonal) circulation 
anomalies over Indo–Pacific region averaged between 5°S and 5°N 
a ERA, b CFSv2 and c bias (CFSv2 minus ERA). Hadley/Meriodi-

onal circulation (averaged over 85–95°E) over EIO region: d ERA, 
b CFSv2 and c bias (CFSv2 minus ERA) during JJAS. The vertical 
velocity (10−2 Pa s−1) is taken with negative sign



1670	 G. Srinivas et al.

1 3

and thereby enhancing subsurface warm bias over the 
EEIO. Further analysis reveals that EEIO subsurface 
warming is higher during La Niña and negative IOD co-
occurrence years in the model compared to La Niña only 

years. Structure of subsurface temperature and wind bias 
is same in both co-occurrence years and La Niña only 
years. Thus same mechanism is true for both cases in 
explaining the EEIO subsurface warming in the model.

Fig. 10   JJAS bias a composite of normal years mean sea level pres-
sure (MSLP) (shaded; hPa) and 850 hPa winds (vectors; m/s), b com-
posite of strong warm years MSLP (shaded; hPa) and 850 hPa winds 
(vectors; m/s), c mean net heat flux (NHF) (shaded; w/m2) and latent 

heat flux (LHF) (contours; w/m2), and d La Niña years NHF (shaded; 
w/m2) and LHF (contours; w/m2). Winds and MSLP biases are with 
respect to ERA interim, and flux biases are based on the TropFlux

Fig. 11   Spatial pattern of subsurface heat budget terms of JJAS 
mean and composite of strong warm years for observations and 
model: a–d zonal advection contribution averaged over a depth of 

120–140 m (shaded; °C) for mean of observation, model, composite 
of strong warming years for observations and model showed respec-
tively. Similarly e–h for vertical advection
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This study indicates that it is important to understand the 
ability of models in representing the tropical air-sea interac-
tions properly and their impact on ocean biases. Strong warm 
bias associated with interannual events could contribute for 
mean bias in the model. Monsoon rainfall over many parts of 
India is influenced by La Niña like forcing. Westward shift 
in convective zone over the western Pacific associated with 
La Niña like forcing and SLP bias in the model are mainly 
responsible for biases in atmospheric circulation over Indo-
western Pacific. OGCM simulations forced by strong warm 
years composite winds from CFSv2 displayed stronger sub-
surface warm bias over the EEIO compared to that forced 
by observed winds. Induced by EIO westerly winds, asso-
ciated with La Niña like conditions in Pacific, surface cur-
rent displays eastward bias with strong downward motion in 
the EEIO, resulting anomalous EEIO subsurface bias. This 
clearly indicates that horizontal and vertical current biases 
associated with surface wind bias results for the warm sub-
surface bias. This study highlights that equatorial surface 
wind bias in CGCMs (including CFSv2 and CMIP5 mod-
els) need to be reduced in order to obtain better subsurface or 
thermocline structure, which is important to maintain proper 
thermocline-SST feedback and air–sea interaction.
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