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Abstract
In this study, the subsurface temperature variability in the Tropical Indian Ocean (TIO) is examined in the Climate Forecast 
System version 2 (CFSv2) coupled model. The observations and reanalysis show a north–south dominant mode of variability 
in the TIO subsurface temperature during September–November, the season when the dominant east–west surface mode 
(Indian Ocean Dipole; IOD) peaks. The nature of the north–south dipole in TIO subsurface temperature is successfully cap-
tured by CFSv2. The observations however indicate that this subsurface mode, in general, persists for the next two seasons 
with stronger signals during December–February, whereas such tenacity is not seen in the model, instead rapid decay of the 
mode is seen in the model. It is found that the misrepresentation of both equatorial surface wind anomalies and associated 
Ekman transport as well as the Ekman pumping in the model have close association with the early weakening of the mode 
in CFSv2. The surface easterlies are generally modulated by the presence of twin anticyclones on both sides of the equator. 
The model captured these anticyclones with weaker than observed intensity and the northern anticyclone is confined over 
much smaller region than observed. Association of the subsurface mode with El Niño Southern Oscillation (ENSO) and IOD 
is further examined in this study. The anomalously prolonged decay phase of El Niño in CFSv2 is found only during the El 
Niño, IOD co-occurrence years, which was not reported before. This paves way for addressing an important modeling issue 
which is common in many coupled climate models including CFSv2. The analysis suggests the possible role of coupled 
air–sea interaction over the TIO on the El Niño cycle in the Pacific. It is also found that the misrepresentation of subsurface 
variability in CFSv2 during December–February is closely associated with the rapid decay of El Niño forced TIO warming.

1 Introduction

The subsurface variability in the Tropical Indian Ocean 
(TIO) is a topic of great interest because of its impact on the 
surface variability. In the Pacific Ocean, sea surface tem-
perature (SST) and subsurface temperature are closely asso-
ciated with El Niño-Southern Oscillation (ENSO) and show 
co-variability. On the contrary, in TIO, the dominant modes 
(subsurface and surface) do not show co-variability (e.g., 
Rao et al. 2002; Sayantani and Gnanaseelan 2015). The first 
dominant mode of SST variability in the TIO is the basin 
wide warming/cooling pattern associated with ENSO (e.g., 

Klein et al. 1999; Yang et al. 2007; Chowdary and Gnana-
seelan 2007). However, the forcing mechanisms responsible 
for this are still under debate. One school advocates ENSO 
induced basin wide TIO SST warming as a response mainly 
through atmospheric fluxes (e.g. Klein et al. 1999; Lau and 
Nath 2000; Alexander et al. 2002), while several studies 
stressed the importance of oceanic Rossby waves for both 
the formation and its evolution especially for the persistent 
warming of southern TIO (STIO) (Masumoto and Meyers 
1998; Chambers et al. 1999; Xie et al. 2002; Chakravorty 
et al. 2014).

The leading mode of subsurface temperature variabil-
ity in the TIO shows a dipole structure (Chambers et al. 
1999; Feng et al. 2001; Rao et al. 2002; Xie et al. 2002; 
Feng and Meyers 2003; Shinoda et al. 2004; Sayantani 
and Gnanaseelan 2015). This subsurface dipole is forced 
by both ENSO and Indian Ocean Dipole (IOD). The role 
of Indian Ocean (IO) as well as the Pacific Ocean on the 
generation and maintenance of Rossby waves in STIO 
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has been discussed by many researchers (e.g. Chambers 
et al. 1999; Xie et al. 2002; Rao et al. 2002; Rao and 
Behera 2005; Chowdary and Gnanaseelan 2007; Vaid 
et al. 2007; Gnanaseelan et al. 2008; Chowdary et al. 
2009; Gnanaseelan and Vaid 2010; Chakravorty et al. 
2013, 2014; Sayantani and Gnanaseelan 2015, etc). Pre-
vious studies analysed the composites of IOD, El Niño 
and the IOD-El Niño co-occurrence years to examine the 
relative impact of these two forcing on TIO inter-annual 
variability. Rao et al. (2002) reported that the subsurface 
variability in TIO is an east–west dipole pattern associ-
ated with IOD. They reported that the ocean dynamics 
modulated by equatorial zonal winds is important for 
the generation of dipole pattern. Yu et al. (2005) dis-
cussed the origins of inter-annual thermocline variations 
in the TIO. They noted that variations north of 10°S are 
associated with IOD and south of 10°S are associated 
with ENSO, this is consistent with findings of several 
other studies (e.g. Saji et al. 1999; Rao and Behera 2005; 
Tozuka et  al. 2010; Yokoi et  al. 2012). Chakravorty 
et  al. (2014) used ocean–atmosphere coupled model 
experiments to study the relative role of El Niño and 
IOD forcing on STIO Rossby waves. They suggested 
that the generation and maintenance of Rossby waves in 
STIO from boreal summer to fall is mainly through local 
ocean–atmosphere coupled processes. The intensification 
and maintenance of these waves after fall till the follow-
ing spring are found to be due to remote forcing from 
Pacific. The north–south subsurface mode (Sayantani 
and Gnanaseelan 2015) is found to evolve in Septem-
ber–November (SON) and is closely associated with IOD 
forcing, but surprisingly intensifies in the following sea-
son with peak amplitudes in December–February (DJF), 
i.e. a season after the IOD forcing ceased. The signals 
are in fact maintained till March–May (MAM) of the fol-
lowing year. It is shown that this mode is generated due 
to the internal mode of variability of TIO forced by IOD 
but modulated by the remote forcing from the Pacific.

The subsurface-surface feedback in TIO is reported 
by several studies. Using in-situ measurements as well 
as from reanalysis data, Xie et al. (2002) showed that 
the coupled Rossby waves give potential predictability 
for SST in the south-western TIO (SWTIO), due to their 
coherent evolution. The downwelling Rossby waves and 
their upward propagation in the SWTIO induce surface 
warming over the SWTIO, which then modulates air–sea 
interaction locally (e.g., Chowdary et al. 2009). Desh-
pande et al. (2014) also studied the thermocline-SST 
coupling and the associated air–sea interaction espe-
cially during the strong IOD years. The subsurface tem-
perature variations therefore could influence the surface 
temperature, thereby affecting the air–sea interactions 
and modulating the regional climate over the TIO (e.g. 

Krishnan et al. 2006). Therefore, proper representation 
of subsurface temperature variations in coupled mod-
els is important to minimize the errors in the seasonal 
prediction (e.g., Srinivas et al. 2018). This has moti-
vated us to understand the TIO subsurface variability 
in the coupled model, Climate Forecast System version 
2 (CFSv2), which is an operational model used under 
the National Monsoon Mission of India for dynamical 
monsoon prediction (http://www.tropm et.res.in/monso 
on/index _1.php). It is essential to evaluate the ability 
of CFSv2 in representing the TIO subsurface tempera-
ture variations and associated air–sea interactions. The 
present study addresses in particular, how CFSv2 rep-
resents the north–south/subsurface mode of variability, 
the associated mechanisms and the major climate modes 
such as ENSO and IOD. The paper is organized as fol-
lows. Data used in the study and methodology adopted 
for the analysis are described in Sect. 2. The subsurface 
mode in the model is addressed in Sect. 3. The reasons 
behind prior/early termination of subsurface mode in 
CFSv2 are discussed in Sect. 4. Representation of major 
climate modes over the tropical Indo Pacific in CFSv2 
is explained in Sect. 5. Subsurface surface interaction 
in model and observations is discussed in Sect. 6. The 
summary is provided in Sect. 7.

2  Data and methodology

The National Centres for Environmental Prediction 
(NCEP)—CFSv2 is a coupled ocean–atmosphere–land 
model with advanced physics (Saha et al. 2014). The 
atmospheric component, NCEP Global Forecast System 
(GFS), the oceanic component, Modular Ocean Model 
version 4 (MOM4) (Griffies et al. 2004) from the Geo-
physical Fluid Dynamics Laboratory (GFDL), and a four 
layer Noah land-surface model (Ek et al. 2003) are cou-
pled in CFSv2. GFS model has the horizontal resolution 
T126 and 64 sigma layers. MOM4 has 0.5° zonal resolu-
tion and 0.25° meridional resolution between 10°S and 
10°N and decreases with latitudes to 0.5° poleward of 
30°S and 30°N. It has 40 vertical layers with 27 layers 
in the upper 400 m. The vertical resolution from the sur-
face to 240 m is 10 m and which decreases to 511 m in 
the bottom layer. The model is integrated over 100 years 
and the last 60 years of free simulations are used for 
the present study. The details of CFSv2 integrations are 
provided in Roxy (2014).

Ocean Reanalysis System 4 (ORAS4) monthly data of 
potential temperature from 1958 to recent available month 
(November 2017) is used in this study. This reanalysis is 
implemented at the European Centre for Medium-Range 

http://www.tropmet.res.in/monsoon/index_1.php
http://www.tropmet.res.in/monsoon/index_1.php
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Weather Forecasts (ECMWF) and is found to be perform-
ing better over the globe (Balmaseda et al. 2015) and IO in 
particular (Karmakar et al. 2018) compared to rest of the 
ocean reanalysis. ORAS4 reanalysis is based on the NEMO 
ocean model and the data assimilation system is NEMOVAR 
in 3D-Var FGAT mode. ORAS4 assimilates temperature and 
salinity profiles from the EN3 v2a XBT bias corrected data-
base (1958–2009), including XBTs, CTDs, Moorings, Array 
for Real-Time Geostrophic Oceanography (ARGO) profiles 
and along track altimeter sea level anomalies and trends etc. 
NEMO model is forced by the ERA-40 reanalysis (Uppala 
et al. 2005) and ERA-Interim reanalysis (Dee et al. 2011) 
daily fluxes (Balmaseda et al. 2013) and so the winds and 
mean sea level pressure (mslp) data from ECMWF—ERA 
40 reanalysis (1958–1978) and ERA-Interim reanalysis 
(1979–2017) are used in this study for detailed analysis. 
To compare inter-annual variability in ORAS4, recent well 
observed ocean data, ARGO gridded data from 2005 to 
May 2018 is used in this study. ARGO has a good global 
coverage having around 3° resolution (e.g. Roemmich et al. 
1998; Roemmich and Gilson 2009, 2011). All datasets are 
re-gridded to 1° resolution and anomalies are calculated 
using 1958–2017 (for ERA data), 1958–2016 (for ORAS4 
data) base period climatology and for ARGO the base period 
for climatology is 2005–2017.

The analysis by Sayantani and Gnanaseelan (2015) was 
based on SODA reanalysis and the study period was restricted 
up to 2007 only. However, in the recent years, especially after 
2005 (the ARGO era), the subsurface observations have 
improved drastically especially over the TIO. So in this study 
ORAS4 data is used in addition to ARGO data and CFSv2 
simulations and the analysis is carried out for the period up 
to 2017, the inclusion of additional well observed period 
increases the clarity of our conclusions.

The empirical orthogonal function (EOF) analysis is car-
ried out to find the leading modes of variability. The EOFs 
are calculated using de-trended 100 m depth temperature 
data. The composite analysis is carried out to understand 
the mechanism behind the leading mode of variability. Years 
with the first principal component (PC1) greater than 1 are 
selected for the composite analysis. Year 0 represents the 
PC1 peak year and Year 1 represents the following year. 
Student’s two tailed t test is used in this study to examine 
the significance. Correlation and regression analysis is car-
ried out to understand subsurface–surface interaction in TIO. 
Years with standardized Niño 3.4 SST anomalies averaged 
for November–January greater than 0.5 are selected as El 
Niño years. Years with normalized Dipole Mode Index 
(DMI) averaged for September–November greater than 
1 are selected as IOD years. The IOD and El Niño years 
are consistent with Gnanaseelan et al. (2012). The Ekman 

transport and Ekman pumping velocities are calculated using 
the following formula:

Ekman pumping velocity is calculated as in Yokoi et al. 
(2008)

where wind stress curl = ��y

�x
−

��x

�y
 and � is the density of 

ocean water and f is the Coriolis parameter.

3  Subsurface mode in CFSv2

CFSv2 is the coupled ocean atmosphere model used 
for the operational dynamical forecasts in India from 
extended range to seasonal scale and to climate change 
studies. CFSv2 displays surface cold bias and subsurface 
warm bias in TIO and deeper and warmer thermocline 
(Achuthavarier et al. 2012; De et al. 2016; Chowdary 
et al. 2016b, c). The interannual variability in ORAS4 is 
similar to that of ARGO data. To examine whether the 
observed north–south mode (Sayantani and Gnanaseelan 
2015) is captured by CFSv2, as it has strong influence 
on the thermocline SST coupling, we have first looked 
at the leading mode of variability at 100 m temperature 
for September–November (SON, Fig. 1). It is clear from 
the leading mode of variability (EOF) that CFSv2 cap-
tures the observed subsurface temperature variability 
well during SON. The northern cooling is seen around 
the eastern equatorial Indian Ocean (EIO) mostly east of 
80°E. It extends up to 8°–10° latitude on both sides of 
the equator in the east of 80°E (Fig. 1a). The latitudinal 
variation of the cooling is less in CFSv2 compared to 
ORAS4 and ARGO. Strong warming is apparent around 
10°S and west of 90°E. It extends up to western TIO 
but stronger signals are seen between 65°E–90°E and 
15°S–5°S. Despite having weaker latitudinal variation 
and more than observed westward extension of southern 
pole, CFSv2 is able to represent these patterns well dur-
ing SON. The leading principal components (PC1) of 
ORAS4 and CFSv2 are shown in Fig. 1c, d.

The seasonal composites of significant 100 m tempera-
ture (shaded) and d20 anomalies (contours) for seasons 
SON(0), DJF(0) and MAM(1) are shown in Fig. 2a–f. The 
model does a good job in representing the observed pattern 
of both southern (south-western) warming and northern 
(north-eastern) cooling of SON (0) (Fig. 2a, d). However 
it fails to capture the intensification of the mode in DJF(0) 

(1)Meridional Ekman transport =
−�x

�f

(2)Ekman pumping velocity =
wind stress curl

�f
+

��x

�f 2
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(Fig. 2b, e), instead the southern warming weakens and 
the northern cooling almost disappears in DJF(0). Further 
during MAM(1) very weak signals are seen in the model 
(Fig. 2c, f). The d20 anomalies and 100 m temperature 
anomalies show similar patterns of evolution both in the 
observations and model.

Figure 2g–i shows the evolution of vertical structure of 
this mode in ORAS4 and CFSv2 along the line of domi-
nance shown in Fig. 1a. The line is drawn from (65°E, 
15°S) to (100°E, 8°N) joining the southwest corner of 
the southern box to northeast corner of the northern box 

Fig. 1  EOF1 of 100 m temperature de-trended anomalies (°C) for September–November a ORAS4 (shaded), ARGO (contours) and b CFSv2 
(shaded), ARGO (contours); PC1 of 100 m temperature de-trended anomalies (°C) for September–November c ORAS4 and d CFSv2
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shown in Fig. 1a, which represents the actual direction 
of the so called north–south mode. The composite of 
subsurface temperature anomalies over this line for the 
three seasons [SON(0), DJF(0) and MAM(1)] are shown 
in Fig. 2g–i. It is clear from the figure that the subsur-
face mode persists up to MAM(1) (Fig. 2g–i). However 
the northern cooling weakens or disappears by DJF(0) 
in CFSv2 (Fig. 2h). It is also clear that the weakening of 
the subsurface mode in CFSv2 is caused by rapid decay 
of northern signals.

The cooling along the east equatorial region and 
warming around  10oS are two highlighting aspects of 
this tilted north–south dipole. To understand the four 
dimensional structure of variability over these regions 
in detail, the monthly evolutions of the subsurface tem-
perature (depth-longitude) anomalies averaged over 
5°S–5°N and at 10°S in ORAS4 and CFSv2 are shown 

in Fig.  3. Strongest cooling (warming) over eastern 
(western) equatorial IO is seen in Nov(0) in ORAS4 and 
CFSv2 (Fig. 3c). It is evident that the east–west subsur-
face variability along the equatorial IO is strongest in 
Nov(0) (Fig. 3c), thereafter the eastern cooling weak-
ens in both ORAS4 and CFSv2, however the weaken-
ing is more rapid in CFSv2 (Fig. 3e, f). On the other 
hand the western warming along 10°S intensifies from 
Nov(0) onwards (Fig. 3i–k) both in the reanalysis and 
model. The difference is that the peak warm anomalies 
are found at around 100 m in the reanalysis where as it 
is at about 150 m in the model. This discrepancy in the 
model could be due to the deeper than observed thermo-
cline in the model. There is upward propagation of warm 
anomalies in the central to western region in ORAS4, 
which could strengthen the subsurface surface interaction 
and in turn amplify the air–sea interaction. Such upward 

Fig. 2  Composite of 100 m temperature anomalies (shaded, °C) and 
d20 anomalies (contours, m) for a–c ORAS4 and d–f CFSv2; g–i 
Composite of subsurface temperature anomalies (°C) along line from 

(65°E, 15°S) to (100°E, 8°N) shown in Fig. 1a. ORAS4 (shaded) and 
CFSv2 (contours) at 90% confidence level for a, d, g SON(0), b, e, h 
DJF(0), c, f, i MAM(1)
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propagation of warm anomalies is underestimated in the 
model leading to the suppression of thermocline SST 
coupling. Thus overall CFSv2 captures the subsurface 

mode during SON, but the magnitude weakens in the 
subsequent seasons and the spatial extent is limited com-
pared to the observations. In fact, the model could not 

Fig. 3  Composite of subsurface temperature anomalies (°C) a–f averaged over 5°S–5°N and g–l at 10°S. ORAS4 (shaded) and CFSv2 (contours) 
at 90% confidence level for a, g Sep(0), b, h Oct(0), c, i Nov(0), d, j Dec(0), e, k Jan(1), f, l Feb(1)
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maintain this mode beyond SON(0) mostly because of its 
inability to sustain the northern cooling. The year 2006 
turns out to be a strong subsurface mode year (Fig. 1c) 
in the recent well observed period, which is also an El 
Niño–IOD co-occurrence year (e.g. Gnanaseelan et al. 
2012). Thus surface and subsurface evolution during 
2006–2007 is examined as a case study. Figure 4 shows 
the SST anomalies and 100 m temperature anomalies 
during SON and DJF of 2006–2007 using ARGO obser-
vations and ORAS4. It is clear that the TIO SST shows 
east west dipole in SON, but the subsurface anomalies 
strengthen in DJF with more of a north–south structure 
rather than the traditional east–west structure support-
ing the existence of the dominant north–south mode as 
reported by Sayantani and Gnanaseelan (2015).

4  Mechanism behind the early termination 
of the subsurface mode in CFSv2

The early termination of the subsurface mode in CFSv2 is 
characterized by weakening southern warming with less 
longitudinal coverage and rapid decay of northern cool-
ing in December itself. The mechanisms associated with 
these two patterns are different. Oceanic Rossby waves 
are mainly contributing to the STIO variability, whereas 
equatorial anomalies are driven by Kelvin wave dynam-
ics. The anomalous equatorial easterlies forced by the off-
equatorial anticyclones and the associated wind stress curl 
are found to be the primary forcing mechanism for the 

generation and maintenance of the subsurface mode. The 
wind stress curl and the associated Ekman pumping are 
found to contribute primarily to the generation and propa-
gation of Rossby waves in STIO (Masumoto and Meyers 
1998; Gnanaseelan and Vaid 2010). The surface easterly 
anomalies at the equator generate poleward mass trans-
port, and the associated divergence at the equator gener-
ates upwelling Kelvin waves. These waves move eastward 
and cool the eastern equatorial IO. The poleward Ekman 
transport helps in deepening the thermocline generating 
downwelling Rossby waves at the convergence latitude. 
The Ekman transport and the downwelling favourable 
wind stress curl induce the off-equatorial Rossby waves. 
The composite of wind stress and wind stress curl anoma-
lies are shown from JJA(0) to DJF(0) in Fig. 5. The south-
easterly wind anomalies are seen in JJA(0) (Fig. 5a, d) in 
both the observations and model. But these anomalies are 
confined to the eastern IO in the model with weak equato-
rial easterlies than in the observations. These easterlies get 
strengthened in SON(0) (Fig. 5b) and weakened by DJF(0) 
(Fig. 5c).The anomalous positive wind stress curl around 
10°S is weak in JJA(0) (Fig. 5a) but gets strengthened in 
SON(0) (Fig. 5b) spanning most of the STIO between 5°S 
and 15°S. On the other hand, the curl weakens in DJF(0) 
(Fig. 5c). The model also exhibits surface easterlies in 
SON(0) (Fig. 5e). But the positive wind stress curl anoma-
lies over STIO are weaker and confined to the east of 70°E 
with less latitudinal spread. These wind stress curl anoma-
lies get weakened in DJF(0) (Fig. 5f). This in turn has 
modulated (or weakened) the downwelling Rossby waves 

Fig. 4  a, b SST anomalies (°C) 
and c, d 100 m temperature 
anomalies (°C) for a, c SON 
and b, d DJF in 2006–2007 
using ARGO (shaded) and 
ORAS4 (contours)
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resulting in early weakening of southern warming espe-
cially in the west. The anomalous Ekman pumping veloc-
ity and Ekman transport are shown in Fig. 6. The down-
ward Ekman pumping around 10°S is not well captured 
in CFSv2. The easterly (westerly) anomalies in SON(0) 
are seen north (south) of 10°S with peak around equa-
tor (20°S) in observations (Fig. 5b). This supports south-
ward (northward) transport from the region north (south) 
of 10°S supporting strong surface convergence at 10°S 
(Fig. 6b) strengthening the downwelling Rossby waves. 
These patterns continue to persist in DJF(0) (Fig. 6c) as 
well. In contrast, the model winds (near 10°S) are similar 

to observations only east of 75°E (Fig. 5). Therefore the 
integration of these forcing along the longitude is primar-
ily responsible for the observed stronger signals during 
DJF(0). These are consistent with the limited westward 
extension of forcing and subsurface warming etc. in the 
model. In fact, in DJF(0), anomalous cyclonic circulation 
is seen in SWTIO (between 10°S–20°S and 50°E–70°E) 
in the model (Fig. 5f) unlike in the observations (Fig. 5c). 
The associated negative wind stress curl anomalies fur-
ther weaken the downwelling Rossby waves and limit 
their westward propagation in the model. The differences 

Fig. 5  Composite of wind stress curl anomalies (shaded, ×  10−7 N/m3) and wind stress anomalies (vectors, ×  10−2 N/m2) at 1000 hPa for a–c 
ERA and d–f CFSv2 for a, d JJA(0), b, e SON(0), c, f DJF(0)
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in the wind stress curl anomalies at 10°S can be clearly 
seen from Fig. 7. Model exhibits anomalous negative wind 
stress curl after December (0) supporting the weakening 
of downwelling signals over that region.

Composite evolution of zonal wind anomalies over the 
equator are shown in Fig. 7. It is found that the easterly 
wind anomalies along the equator are weaker in the model 
(Fig. 7b) as compared to the observations (Fig. 7a). This 
underestimation of anomalous easterlies along the equa-
tor suppresses the upwelling Kelvin waves in the model. 
This further affects the representation of cooling in the 
eastern equatorial IO in the model. Also eastward propa-
gating westerly wind stress anomalies are seen in the 
western IO from Oct(0) in the model (Fig. 7b). Westerly 
wind anomalies in the model are favourable for generat-
ing downwelling Kelvin waves. As discussed above, the 

Rossby waves on the other hand had limited westward 
propagation and so could not reach SWTIO in the model. 
Hence warming in the west is locally generated, mainly 
due to the westerly wind anomalies over that region, as 
seen in Fig. 7. In addition to that the positive wind stress 
curl anomalies at 10°S are seen in ORAS4 up to April 
(1) but are seen only up to December (0) in CFSv2. Thus 
downwelling related to wind stress curl is weak in CFSv2 
after December (0).

To understand the large-scale circulation patterns in 
both the observations and model, we have carried out 
further analysis. The divergent component of wind at 
1000 hPa is shown in Fig. 8. The divergence in south east-
ern IO is well captured by the model in JJA(0) (Fig. 8a, 
d) and SON(0) (Fig. 8b, e). But the convergence over the 
equatorial Pacific is very weak in CFSv2 which weakens 

Fig. 6  Composite of Ekman pumping velocity (shaded, ×  10−6 m/s) and Ekman meridional transport (contours,  m2/s) at 1000 hPa for a–c ERA 
and d–f CFSv2 free run for a, d JJA(0), b, e SON(0), c, f DJF(0)



5334 R. Kakatkar et al.

1 3

the Walker cell circulation as well (figure not shown). 
In DJF(0) divergence in the model is weaker than the 
observations with southward shift in the divergent center 
(Fig. 8c, f). To trace back the origin of the differences in 
wind anomalies in the observations and model, we have 
analysed the mslp anomalies (Fig. 9). In JJA(0), the model 
shows positive mslp anomalies over most of the IO basin 
with positive center between 10°S and 20°S in south-east-
ern TIO (Fig. 9d). But observations show positive mslp 

anomalies over Australia and negative mslp anomalies 
over western IO (Fig. 9a). This supports strong south-
easterly wind anomalies extending up to 60°E from eastern 
TIO in the observations, which are not well represented 
in the model (Fig. 5). In SON (0), two positive mslp cent-
ers are seen in the observations as Gill’s response (Gill 
1980) to the eastern cooling, one over the south-eastern 
TIO and the other over the Bay of Bengal (BoB) (Fig. 9b). 
Also negative mslp anomalies are seen in WIO (west of 

Fig. 7  Composite of time evolu-
tion of zonal wind anomalies 
(m/s) at 1000 hPa at equator and 
wind stress curl anomalies (× 
 10−7 N/m3) at 1000 hPa at 10°S 
for a ERA and b CFSv2 from 
Apr(0) to May(1)
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60°E). This supports strong surface easterly anomalies 
over the equator. The model does not show the high pres-
sure center over the BoB during SON(0) (Fig. 9e). The 
negative anomalies in the west also extended up to 75°E 
in the model. This has resulted in the eastward shift of the 
convergence centre. Large differences in the observations 
and model can be seen in DJF (0) as well. During DJF two 
positive mslp anomaly centers are seen over south-eastern 
IO and north-west Pacific (NWP) region in the observa-
tions (Fig. 9c, f). The NWP high pressure centre is also 
not well represented in the model. On the other hand the 
negative mslp anomalies over the western IO persisted in 
DJF(0) in the model.

Previous studies (Wang et al. 2003; Xiang et al. 2011) 
discussed the role of mean vertical shear and associated 
low level anticyclones in maintaining the zonal equatorial 
easterlies in the IO. These anticyclones are responsible 
for the anomalous equatorial surface easterly anomalies. 
The STIO anticyclone is seen in both the observations 
and model in all the seasons in the anomalous rotational 

component of wind (Fig. 10). But in SON(0) and DJF 
(0) the STIO anticyclone is restricted to east of 70°E. On 
the other hand, the northern anticyclone over the BoB is 
very weak in the model while the observed anticyclone 
is wide spread covering the whole BoB, southern Indian 
land region and some parts of eastern Arabian Sea. How-
ever the anticyclone in the model is confined only over 
the BoB in all the seasons. The intensity is also very weak 
in the model compared to that of the observations. The 
anticyclonic circulation over the NWP region in DJF (0) 
is also weaker than observed. The mean vertical wind 
shear plays an important role in the formation of these 
anticyclones (Wang et al. 2003). The mean vertical shear 
is also weaker in the model compared to the observations 
(Fig. 9). Clear differences can be seen over the southwest 
Pacific in DJF(0). ORAS4 shows strong cyclonic circu-
lation whereas CFSv2 displays anticyclonic circulation 
over the southwest tropical Pacific. The inability of the 
model in capturing the anticyclonic circulations correctly 
(mainly the one in the northern hemisphere) turns out to 

Fig. 8  Composite of velocity potential (shaded,  m2/s) and divergent component of wind anomalies (vectors, m/s) at 1000 hPa for a–c ERA and 
d–f CFSv2 for a, d JJA(0), b, e SON(0), c, f DJF(0)
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be the prime cause of the misrepresentation of the surface 
zonal wind anomalies. It is important to note that the early 
termination of north–south mode in CFSv2 is closely asso-
ciated with the misrepresentation of wind anomalies and 
the associated ocean dynamics.

5  Association of the subsurface mode 
with the Indo‑Pacific SST climate modes

Sayantani and Gnanaseelan (2015) reported that the 
north–south mode peaks in December–February (DJF), 
since it is not only driven by the internal forcing over 
TIO but is also forced externally from Pacific. They 
reported that the maintenance of TIO subsurface mode 
is closely associated with the evolution of major climate 
modes such as IOD and El Niño. We have first examined 
whether the climate modes such as IOD and El Niño are 
evolved properly with observed strength, frequency and 
seasonal cycle. The standard deviation of Niño 3.4 is 

slightly underestimated in the model, whereas the stand-
ard deviation of DMI is slightly overestimated. However, 
both of these indices of CFSv2 and ORAS4 were compa-
rable. Since the early termination of subsurface mode in 
CFSv2 is due to the misrepresentation of wind anomalies 
over the Indo-Pacific region, it is necessary to evalu-
ate the performance of CFSv2 in simulating IOD and El 
Niño years. Figure 11 shows the composites of 100 m 
temperature anomalies for Pure IOD, Pure El Niño and 
IOD, El Niño co-occurrence years for the three seasons 
[SON(0), DJF(0), MAM(1)]. ORAS4 data has 4 pure 
IOD, 14 pure El Niño and 6 El Niño-IOD, co-occurrence 
years while CFSv2 has 4 pure IOD, 15 El Niño and 2 El 
Niño-IOD co-occurrence years. It is clear from Fig. 11 
that the subsurface dipole is not well captured during the 
El Niño-IOD co-occurrence years in CFSv2. The rea-
nalysis data shows the maintenance and strengthening 
of subsurface dipole in DJF (0) during El Niño-IOD co-
occurrence years but CFSv2 instead shows weakening 
of dipole. Thus it is necessary to study the IOD and El 

Fig. 9  Composite of mean sea level pressure anomalies (hPa) (shaded) and mean vertical shear (200–850 hPa) of zonal wind (m/s) (contours) for 
a–c ERA and d–f CFSv2 for a, d JJA(0), b, e SON(0), c, f DJF(0)
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Niño evolution in CFSv2. To understand this further, the 
composites of Niño 3.4 and DMI time series are plotted 
in Fig. 12. It can be seen that the differences in the evo-
lution of Niño 3.4 SST anomalies between ORAS4 and 
CFSv2 are more during the IOD, El Niño co-occurrence 
years. Chowdary et al. (2016a) showed a 2 month delay 
in the decay of El Niño in CFSv2. We report that this 
delay however is found mainly during the El Niño, IOD 
co-occurrence years in CFSv2 (Fig. 12a) and not during 
the pure El Niño years. This strongly suggests the role of 
evolution of TIO temperature and the associated air–sea 
interaction in the representation of El Niño cycle (espe-
cially the decay phase) in the model. Compared to El 
Niño evolution, IOD evolution is well captured in CFSv2 
(Fig. 12b), but clear differences are seen during the El 
Niño, IOD co-occurrence years. We have also examined 
whether our conclusions are biased by few strong events 
such as that of 1997, and to our surprise, it is found that 
the conclusions remain same without the strong events 
as well (figure not shown). Composite of SST anomalies 

and wind anomalies at 1000 hPa for pure IOD, pure El 
Niño and El Niño, IOD co-occurrence years are shown 
in Fig. 13. IOD related east–west dipole in SON and El 
Niño related basin wide warming in DJF are comparable 
in both ORSA4 and CFSv2. But during co-occurrence 
years clear differences are evident during DJF. In DJF, 
ORAS4 displays basin wide warming signals but CFSv2 
has weak cooling over south eastern IO. This opens up 
another potential area for immediate attention.

6  Role of subsurface mode on TIO basin 
wide warming associated with ENSO

Figure 14a shows the time series of composite TIO SST 
anomalies (40°E:100°E, 20°S:20°N, normalized with 
respective standard deviation) for El Niño, Pure El Niño 
and the El Niño, IOD co-occurrence years. Figure 14b 
shows the composites of TIO SST anomalies for subsur-
face mode peak, subsurface mode co-occurring with El 

Fig. 10  Composite of stream function (shaded,  s−1) and rotational component of wind anomalies (vectors, m/s) at 1000 hPa for a–c ERA and d–f 
CFSv2 for a, d JJA(0), b, e SON(0), c, f DJF(0)
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Niño and co-occurring with both El Niño and IOD. Using 
correlation analysis Chowdary et al. (2016a) reported 
rapid decay of TIO basin-wide SST warming associated 
with El Niño in CFSv2. Such rapid decay is seen in the 
composite of subsurface mode peak co-occurring with 
both El Niño and IOD (Fig. 14b). However, the evolu-
tion of TIO warming in all other composites of CFSv2 is 
consistent with the observation. It is therefore convinc-
ing that this rapid decay in TIO SST warming in CFSv2 
is mainly due to the misrepresentation of subsurface 
variability and associated SST evolution over TIO. The 
maintenance of subsurface dipole supports the westward 
propagation of the downwelling off-equatorial signals 
which in turn supports the surface warming. Changes 
in the surface warming pattern, due to weak subsurface 

anomalies, display strong impact on the regional cli-
mate. The representation of subsurface surface interac-
tion over TIO is further studied as it in turn influences 
the representation of air-sea interaction in the coupled 
model as reported by Zhou et al. (2018). Figure 15a–d 
shows the correlation of PC1 with SST anomalies over 
the Indo-Pacific region. CFSv2 is unable to represent the 
correlation correctly as seen in ORAS4 during DJF sea-
son. To understand the role of subsurface mode on SST 
anomalies independent of IOD and ENSO, we carried 
out regression analysis with the SST anomalies (before 
and after removing the contribution of respective cli-
mate modes). The regression coefficient and the compos-
ites are shown in Fig. 15e–h. SST anomalies regressed 
against PC1 and SST anomalies regressed against PC1 

Fig. 11  Composite of 100 m temperature anomalies (°C) a–c composite of Pure IOD years d–f composite of Pure El Niño years, g–i composite 
of El Niño and IOD co-occurrence years, CFSv2 (shaded) and ORAS4 (contours) for a, d, g SON(0); b, e, h DJF(0) and c, f, i MAM(1)



5339Biases in the Tropical Indian Ocean subsurface temperature variability in a coupled model  

1 3

after removing IOD and ENSO impact are displayed. 
The regressed patterns are similar and display positive 
relation in DJF over the western and southern TIO in 
ORAS4, but CFSv2 does not show such relation. Thus 
there is a close association between the early decay of 
ENSO related TIO basin wide warming and misrepresen-
tation of subsurface mode in TIO in CFSv2. As shown 
in the previous section, misrepresentation of subsurface 
mode is due to the incorrect simulation of Indo-Pacific 
teleconnections. It is clear that the improper Indo-Pacific 
teleconnections are indirectly affecting the basin wide 
warming pattern through improper subsurface variability 
in CFSv2.

7  Summary and discussion

The north–south mode in the TIO subsurface temperature 
is examined in the coupled model CFSv2. This study 
shows that the model captures the north–south mode 
reasonably well compared to the observations during 
SON. But the mode does not persist for the next two 

seasons in the model unlike in the observations. The 
analysis of four dimensional structure reveals that the 
northern cooling is terminated by December in the model 
whereas this cooling persisted for the next two seasons 
in the observations. The warming in the south is also 
found weaker in the model than in the observations and 
is confined to only over central STIO. The mechanism 
responsible for the early termination of north–south 
mode in the model is also examined. It is found that the 
unrealistic representation of wind anomalies over the 
TIO is primarily responsible for the early termination. 
The equatorial surface wind anomalies and the associ-
ated Ekman transport as well as Ekman pumping are not 
properly represented in the model. This misrepresenta-
tion resulted in the weaker generation and propagation 
of downwelling Rossby waves in the STIO and affected 
the southern warming. The equatorial zonal wind anoma-
lies are not well positioned over the equator in DJF (0), 
thereby inducing weak upwelling Kelvin wave signals 
in the model. Both the upwelling Kelvin waves over the 
equator and the upwelling near Sumatra are weaker in 
the model compared to the observations. This resulted in 

Fig. 12  Composite of normal-
ized a Niño3.4 and b DMI 
indices for a El Niño (red), Pure 
El Niño (blue) and El Niño, 
IOD co-occurrence (black) 
years. b IOD (red), Pure IOD 
(blue) and El Niño, IOD co-
occurrence (black) years. Solid 
line represents ORSA4 and dash 
line represents CFSv2
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Fig. 13  Composite of SST anomalies (°C) and wind anomalies at 
1000 hPa (m/s) a, c, e ORAS4/ERA (for SON), g, i, k ORAS4/ERA 
(for DJF), b, d, f CFSv2 (for SON), h, j, l CFSv2 (for DJF). Compos-

ites of a, b, g, h pure IOD years, c, d, i, j pure El Niño years, e, f, k, l 
El Niño, IOD co-occurrence years
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the termination of cooling during DJF(0) in the model, 
instead of the observed strengthening. The observations 
show that two anticyclones on both sides of the equator 
over the TIO, generated as a response to the equatorial 
cooling, support the surface equatorial easterlies. The 
southern anticyclone is not correctly positioned in the 
model, while northern anticyclone is much weaker. This 
resulted in the misrepresentation of surface equatorial 
winds and in turn the north–south mode in the model. 
The composite analysis is carried out to understand the 
role of ENSO and IOD on the subsurface mode in CFSv2. 
The strengthening of subsurface dipole in DJF(0) during 
El Niño–IOD co-occurrence years is not seen in CFSv2. 
The rapid decay of TIO SST warming associated with El 
Niño is seen in CFSv2. The composites of El Niño, IOD 
and PC1 peak years show that this rapid decay is mainly 
due to the misrepresentation of subsurface variability in 

CFSv2. Correlation and regression analysis shows that 
the subsurface temperature variability in TIO has major 
role on the surface temperature variability in TIO along 
with ENSO and IOD modes. The subsurface-surface 
interaction is not well captured by CFSv2 mainly dur-
ing DJF due to the inadequate representation of surface 
forcing and the deeper thermocline bias in the model. 
The upward propagation of warm subsurface temperature 
anomalies amplifies the subsurface surface interaction, 
whereas such upward propagation is absent or weaker 
in the model. The weaker subsurface surface interac-
tion weakens the coupled air–sea interaction over TIO 
resulting weaker feedback on the ENSO evolution. Thus, 
proper temporal and spatial evolution of subsurface tem-
perature modes in the model might feedback to better 
SST variability and thereby improving the air–sea inter-
actions. The analysis of CMIP5 coupled model historical 

Fig. 14  Composite of normal-
ized SST anomalies aver-
aged over TIO (40°E–100°E, 
20°S–20°N) region a El Niño 
(red), Pure El Niño (blue) and 
El Niño, IOD co-occurrence 
(black) years. b PC1 peak 
years (red), PC1 peak, El Niño 
co-occurrence years (blue) and 
PC1 peak, El Niño, IOD co-
occurrence (black) years. Solid 
line represents ORSA4 and dash 
line represents CFSv2
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simulations reveal that this improper representation of 
the subsurface mode is common in most of the coupled 
models (figure not shown).
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