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Abstract In this study role of upper ocean processes in
the evolution of sea surface temperature (SST) seasonal
variations over the tropical Indian Ocean (TIO) is investi-
gated in climate forecast system versionl (CFSv1) and ver-
sion2 (CFSv2). Analysis reveals that CFSv2 could capture
seasonal evolution of SST, wind speed and mixed layer
depth better than CFSv1 with some biases. Discrepancy in
reproducing the evolution of seasonal SST in coupled mod-
els leads to bias in the spatial and temporal distribution of
precipitation. This has motivated to carry out mixed layer
heat budget analysis in determining seasonal evolution of
TIO SST. Spatial pattern of mixed layer heat budget from
observations and models suggest that the processes respon-
sible for SST tendency differ from region to region over the
TIO. Further it is found that models underestimated SST
tendency compared to the observations. Misrepresentation
of advective processes and heat flux (HF) over the TIO
is mainly responsible for the distortion of seasonal SST
change in the coupled models. Sub-regional heat budget
analysis reveals that CFSvl is unable to reproduce the
annual cycle of mixed layer temperature (MLT) tendency
over the Arabian Sea, while CFSv2 captured the annual
cycle of SST with systematic cold bias. Misrepresenta-
tion of the annual cycles of net HF and horizontal advec-
tion (Hadv) are accountable for the low rate of change of
MLT during most of the year. Hadv during summer season
is underestimated by 50 and 25 % respectively in CFSv1
and CFSv2. Further, CFSv1 fails to simulate MLT ten-
dency due to improper evolution of HF annual cycle over
the Bay of Bengal. Though annual cycle of HF in CFSv2 is
well represented over the Bay of Bengal, its contribution to
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MLT change is underestimated compared to observations.
Over the southern TIO region, MLT tendency is dominated
by HF and Hadv terms in both observations and models.
Contribution of HF to the annual cycle of MLT tendency
is underestimated in CFSv1 whereas it is overestimated in
CFSv2. Contribution of Hadv to MLT change is underes-
timated by about 50 % in CFSv1 and 10-20 % in CFSv2
over southern TIO. These errors in HF and Hadv are asso-
ciated with biases in HF components and surface wind
representation. Evolution of lead—lag relationship between
HF and MLT/SST in both the observations and models sug-
gest the importance of HF in SST evolution over the TIO
region. Over all, CFSv2 produced better SST seasonal/
annual cycle in spite of having cold bias. This improvement
in CFSv2 may be attributed to better cloud—aerosol-radia-
tion physics, which reduces radiation biases. Updated land-
surface, ocean and sea ice processes and ocean component
may be responsible for improved circulation and annual
cycle of ocean—atmospheric components (winds and ocean
circulation). However, there is a requirement for improved
parameterization of turbulent HF and radiation estimates in
CFSv2 to reduce the cold SST bias.

Keywords Seasonal cycle - Sea surface temperature -
Tropical Indian Ocean - Surface heat flux - Coupled models

1 Introduction

Climatically tropical Indian Ocean (TIO) sea surface tem-
perature (SST) is important because of its influence on the
Indian summer monsoon (ISM; e.g., Izumo et al. 2008;
Annamalai 2010; Boschat et al. 2012), east African mon-
soon (e.g., Behera et al. 2005) and Australian monsoon
(Yoo et al. 2006; Taschetto et al. 2011., references therein).
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Eastern Indian Ocean is characterized by zonal winds and
warmer SST (>28 °C), while the western Indian Ocean
exhibits meridional circulation and cooler SST. Dur-
ing summer, the cooling by upwelling off Somalia keeps
atmospheric convection away from the western Arabian
Sea. SST is high and conducive to atmospheric deep con-
vection over the rest of the TIO. The periodic reversals in
surface winds drive corresponding reversals in the upper
ocean currents and affect the spatial distribution of TIO
SST (e.g., Perigaud and Delecluse 1992; McCreary et al.
1993), which plays a key role in determining monsoon rain-
fall variability (e.g., Clark et al. 2000). Further, part of the
largest warm pool on Earth extends from western Pacific
to TIO and interacts with the atmosphere. Thus TIO SST
plays a significant role in shaping climate on both regional
and global scales (Schott et al. 2009).

Even though current coupled general circulation models
(CGCMs) simulate a substantially more realistic distribu-
tion of ISM rainfall compared to forced atmospheric gen-
eral circulation models due to the realistic air—sea coupling
in the monsoon variability (Wang et al. 2004, 2008, 2009;
Krishna Kumar et al. 2005; Wu and Kirtman 2007), a major
limiting factor for current CGCMs comes from model defi-
ciencies in capturing SST over the Indian Ocean, especially
during boreal summer and fall (Prodhomme et al. 2014).
Large systematic biases in the simulated SST over the TIO
in many of Intergovernmental Panel on Climate Change-
Fourth Assessment Report (IPCC-AR4) coupled models,
often exceeding 50 % of the climatological values, are
reported by Bollasina and Ming (2013). Prediction skill for
the seasonal tropical SST anomalies is closely linked to the
models ability in simulating the SST mean state (Lee et al.
2010). SST biases in coupled models drastically limit our
understanding of the physical processes involved in the cli-
mate fluctuations (e.g., Prodhomme et al. 2014).

TIO exhibits a number of modes of climate variability,
ranging from intraseasonal-to-interannual and longer time
scales, most of which are coupled to the strong seasonal
cycle (Schott et al. 2009). Lee et al. (2010) demonstrated
that many coupled models display significant biases in rep-
resenting the seasonal cycle in Indian Ocean SST and those
models have difficulty in capturing the second annual mode
in precipitation. Therefore, accurate representation of sea-
sonal SST requires a better understanding of contributions
from upper ocean processes. Most of the earlier studies
investigated the impact of Indian Ocean SST bias on atmos-
pheric circulation and precipitation (e.g., Prodhomme et al.
2014; Levine et al. 2013; Chaudhari et al. 2013; Chowdary
et al. 2014). None of the previous coupled model studies
examined the role of upper ocean processes in the evolution
of TIO SST seasonal cycle. The present study addresses the
mixed layer processes responsible for the seasonal cycle
of SST in the TIO in two CGCMs of National Centers
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for Environmental Prediction (NCEP) climate forecasting
system (CFS) version 1 (CFSvl; Saha et al. 2006) and 2
(CFSv2; Saha et al. 2014). Currently CFS is being used for
operational seasonal and extended range ISM forecast/pre-
diction (e.g., Sahai et al. 2013; Saha Subodh et al. 2014).
The paper is organized as follows: in Sect. 2, we briefly
describe the details of different data, methodology and mod-
els used in the study. Section 3 presents the evolution of sea-
sonal cycle of SST, mixed layer, surface winds and precipi-
tation over the TIO. Spatial pattern of mixed layer processes
contributing to the seasonal SST changes are discussed in
Sect. 4. Section 5 presents the annual cycle of sub-regional
mixed layer heat budget. Section 6 discusses bias in heat
flux components and SST and Sect. 7 provides summary.

2 Data, methodology and models

The NCEP CFSvl is a fully coupled ocean—land—atmos-
phere dynamical seasonal prediction system (Saha et al.
2006) composed of the NCEP Global Forecast System
(GFS) atmospheric general circulation model (Moorthi
et al. 2001) and the Geophysical Fluid Dynamics Labora-
tory (GFDL) Modular Ocean Model version 3 (MOM3)
(Pacanowski and Griffies 1999). The oceanic component of
CFSv1l, MOM3 uses spherical coordinates in the horizon-
tal and z coordinate in the vertical. The zonal resolution is
1°, and the meridional resolution is 1/3° between 10°S and
10°N and gradually decreases pole ward. Recently NCEP
developed CFSv2, which is a fully coupled ocean—atmos-
phere—land model with advanced physics, increased reso-
lution and refined initialization (Saha et al. 2014). CFSv2
consists of a spectral atmospheric model at a resolution of
T126 (~0.937) with 64 hybrid vertical levels and the (GFDL
MOM4p0) ocean model (Griffies et al. 2004) at 0.25°-
0.5° grid spacing with 40 vertical layers. The atmosphere
and ocean models are coupled with no flux adjustment. It
uses rapid radiative transfer model shortwave radiation
with maximum random cloud overlap (Iacono et al. 2000;
Clough et al. 2005). It is also coupled to a four-layer Noah
land surface model (Ek et al. 2003) and a two-layer sea ice
model (Wu et al. 2005). Compared to CFSv1, the CFSv2
incorporates improved physics for cloud—aerosol-radiation,
land surface, ocean and sea ice processes, in addition to a
new atmosphere—ocean—land data assimilation system (Saha
et al. 2014). CFSv1 (CFSv2) free run data from last 20 years
out of 100 (30) years is considered for the analysis as in
Saha Subodh et al. (2014) and Pokhrel et al. (2012). Both
the versions of CFS model have been ported on IBM Prithvi
High Performance Computing system at Indian Institute of
Tropical Meteorology, Pune, India.

Long term mean ocean temperature data from World
Ocean Atlas 2009 (WOA 09) (Locarnini et al. 2010) and
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precipitation from Center for Climate Prediction merged
analysis (CMAP; Xie and Arkin 1996) products are used
for comparison. Ocean surface flux components are com-
pared with the state of the art TropFlux air-sea flux product
(Praveen Kumar et al. 2010). Further, upper ocean advec-
tive processes in CFSv1 and CFSv2 are compared with the
Simple Ocean Data Assimilation (SODA version 2.1.6)
reanalysis (Carton and Giese 2008). SODA assimilates
temperature and salinity profiles from the World Ocean
Atlas (MBT, XBT, CTD, and station data), as well as addi-
tional hydrography, SST, and altimeter sea level. The ocean
model is based on Parallel Ocean Program physics with an
average 0.25° x 0.4° x 40-level resolution. SODA analysis
generally provides more accurate estimates of mean heat
advection than models with no data assimilation. Zheng
et al. (2011) reported that SODA surface currents are rea-
sonably good when compared to near-real-time ocean sur-
face currents derived from satellite data of Ocean Surface
Current Analyses Real Time products. Mixed layer temper-
ature (MLT) or SST tendency equation used in the present
study to estimate different upper ocean heat budget terms is

0Ty _ Qo — Qp . We (T — Tp)
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where T, denotes mixed layer temperature. oT, /ot is the
rate of change of T,,, p is seawater density (1,025 kg m’3),
C, is heat capacity of Sea water (4,186 J kg ' K™, H, is
mixed layer depth (MLD), Q, is the net surface heat flux
(W/m?), Q, is the shortwave radiation (W/m?) penetrating
below the mixed layer, w, is the entrainment rate (m/s), and
T, is the temperature at the bottom of mixed layer (e.g.,
Qiu 2000; Qu 2003; Du et al. 2005). K, is the coefficient of
vertical diffusion of heat (0.1 x 107* m? s™"). Res is resid-
ual term. Q,, is calculated based on Pacanowski and Griffies
(1999) empirical formula given below
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where Q, is the net surface shortwave radiation, R, and
R, are separation constants equal to 0.58 and 0.42 respec-
tively. vy, and y, are the attenuation lengths equal to 0.35
and 23 m, respectively.

The entrainment rate w, is determined based on Qu
(2003) as follows

oH,, . 0Hy,
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where 0H, /ot denotes the rate of change of mixed layer
depth, wy, is the vertical velocity of water parcel at the base

of the mixed layer, and U - VH,, is the divergence of hori-
zontal advection of water at bottom of the mixed layer.
Horizontal advection term in the Eq. (1) is
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where u is zonal and v is meriodional currents averaged
within the mixed layer. Observed ocean data is interpolated
to model vertical levels. As model upper most layer is 5 m
depth we have considered temperature drop of 0.8 °C for
MLD calculation (e.g., Kara et al. 2003). Left hand side
term of Eq. (1) is referred to as the temperature tendency,
first term in right hand side is referred as heat flux (HF),
second is entrainment (w,), third is horizontal advection
(Hadv) and fourth term is vertical diffusion (Vdif), respec-
tively. Seasons refer to that of northern hemisphere.

3 Evolution of seasonal cycle over the TIO
3.1 Seasonal mean SST, MLD and surface winds

Spatial distribution of seasonal SST, MLD and surface
winds is illustrated in Fig. 1 for observations, CFSv1 and
CFSv2. Warm SST above 29 °C during spring is appar-
ent in the region north of 5°S in observations and CFSvl
(Fig. 1a, e). In case of CFSv2 SST is lower than observa-
tions by about 1 °C throughout the basin (Fig. 1i). MLD
is deeper in both models as compared to observations over
most of TIO region. Weak westerly winds over the equa-
torial Indian Ocean (EIO) region (Fig. la) are important
in driving ocean currents there. These winds are weak in
CFSv2 and are replaced by weak easterlies in CFSv1. Mis-
representation of surface wind may strongly influence the
ocean dynamics. By summer strong southerly winds over
the northern Indian Ocean (NIO; equator to 25°N and 55°E
to 100°E) region causes for changes in upper ocean prop-
erties (Fig. 1b). For example anomalous upwelling associ-
ated with these winds cools SST near Sumatra coast. MLD
is deep over the central Arabian Sea, which is associated
with downwelling. MLD is also deeper in most of the TIO
region during summer as compared to spring. These sea-
sonal changes in SST, MLD and winds are well represented
in CFSv2 as compared to CFSv1 (Fig. 1f, j). SST is slightly
higher over most of the TIO during fall season compared
to summer (Fig. 1b, c¢). Observations show that deep MLD
is located south of 10°S and parts of Arabian Sea in fall.
Surface winds are northeasterlies over NIO and westerlies
in the equatorial region (Fig. 1c). Though observed sea-
sonal changes of MLD are captured by both models, deep
MLD is reported in most of the TIO during fall (Fig. 1g, k).
Strong equatorial easterly winds instead of westerly winds
are noted in CFSv1, resultant strong zonal gradient in SST
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MLD, SST and surface wind (Obs.)

MLD, SST and surface wind (CFSv1)
A~

MLD, SST and surface wind (CFSv2)
A~

S —

—~Vaa—— = —_———

10 20 30 40 50

100E 40E

60 70 80 110

Fig. 1 Mean seasonal mixed layer depth (m), SST (contours °C) and surface winds (vectors; m/s) from observations for a MAM, b JJAS, ¢ ON
and d DJF. e-h is similar to a—d but for CFSv1 and i-1 is similar to a—d but for CFSv2

is reported (Fig. 1g). SST and surface winds are well repre-
sented in CFSv2 with weaker magnitude than observations
in the east of 60°E over the EIO. By winter, deep MLD,
cold SSTs and northeasterly winds are apparent in obser-
vations over the NIO (Fig. 1d). These features are fairly
well captured by both the models (Fig. lh, 1). However
deeper than observed MLD in CFSv1 and CFSv2 are seen
throughout the year. While seasonal cycle of SST is well
captured in CFSv2, SST is ~1 °C lower than the observa-
tions in the TIO region. Over all, models are able to capture
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the seasonal changes in MLD, SST and surface winds with
some discrepancy.

3.2 SST tendency and precipitation

The longitude-time evolution of SST and precipitation sea-
sonal cycle (annual mean is removed) averaged from 5°N
to 20°N is displayed in Fig. 2a—c for observations, CFSvl
and CFSv2. Observations show warm SST anomalies (with
respect to annual means) that begin from March and persist
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(@) dPrRECP and dssT (obs.)

(b) aPrRECP and dssT (cFsvi)

(€) dPRECP and dssT (cFsv2)
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Fig. 2 Longitude—time plot of precipitation (shaded; mm/day) and SST (contours; °C) seasonal cycle (annual mean is removed) over the north
Indian Ocean (averaged from 5°N to 20°N) for a observations, b CFSv1 and ¢ CFSv2

until June over the NIO. This warming is conducive for
atmospheric deep convection, and positive precipitation
anomalies (Fig. 1a). During summer anomalous cold SST
anomalies are apparent over the western Arabian Sea with
suppressed rainfall there. Over rest of the NIO positive
rainfall anomalies are maintained until fall due to warm
SST anomalies (with respect to annual mean). During
winter cold SST and low rainfall anomalies are consistent
with each other. This shows that the seasonal cycle of SST
and precipitation anomalies are in coherence with each
other (Fig. 2a). Seasonal cycle of precipitation and SST in
CFSv1 is not well represented as compared to the observa-
tions mainly during spring and summer. Moreover, negative
precipitation anomalies during winter persist up to spring
season over the NIO region. SST displays positive anoma-
lies (with respect to annual mean) during summer season in
CFSvl unlike in observations. CFSv2 also displayed some
discrepancies with low SST between 70 and 80°E and high
precipitation over the Bay of Bengal. Therefore, proper
evolution of SST seasonal cycle over the Indian Ocean
is essential for accurate rainfall evolution. For example,
negative SST anomalies over the Arabian Sea extended to
April in CFSv1 unlike in observations and CFSv2 (Fig. 2).
Consequently, positive precipitation anomaly in CFSv1 is
delayed by a month over the ISM region due to error or
bias in the SST annual cycle.

Figure 3 shows the spatial distribution of seasonal
changes in SST superimposed on precipitation change (ten-
dency) over the TIO region. Seasonal change or tendency in
SST (precipitation) for MAM is displayed as MAM minus
DJF SST (precipitation) and likewise for JJAS, ON and
DJF. Observations show that from winter to spring, pre-
cipitation tendency is positive over most of the NIO region
with maximum rainfall zone over the head Bay of Bengal
and contiguous land regions (Fig. 3a). SST tendency is
positive in the entire TIO during spring. SST and rainfall

changes are in coherence with each other over the NIO as
shown in Fig. 2. CFSv1 failed to represent such changes in
rainfall and to some extent the SST tendency. Rainfall and
SST tendency coherence is better represented in CFSv2
as compared to CFSv1 (Fig. 3e, i). Over the southern TIO
(STIO; 5°S-20°S and 45°E-100°E) region, SST and rain-
fall changes are out of phase in models and observations.
Changes in rainfall pattern from DJF to MAM are unrealis-
tic (realistic) in CFSv1 (CFSv2).

By summer, observations show that strong positive ten-
dency in rainfall over the entire NIO (monsoon region)
and Equatorial Indian Ocean (EIO) regions, whereas
rainfall weakens over the western Arabian Sea and STIO
regions (Fig. 3b). Increased rainfall tendency over the
head Bay of Bengal and eastern Arabian Sea are con-
sistent with the increase in SST tendency from MAM to
JJAS. Due to strong upwelling, SST is cooler over the
western Arabian Sea where the seasonal rainfall change
is negative. Similarly, negative SST tendency in the
STIO due to strong south-easterlies and negative rainfall
tendency are apparent in observations. Both CFSv1 and
CFSv2 have represented the changes in SST and precipi-
tation tendency pattern over the STIO well with some dif-
ferences in magnitude (Fig. 3f, j). However, SST changes
in CFSv1 display discrepancies over the NIO and west-
ern EIO (WEIO; 10°S—10°N and 50°E-70°E) regions and
associated rainfall also shows unrealistic changes (posi-
tive) there. Rate of cooling in SST from spring to summer
over the EIO region is higher in CFSv2 by 0.5 °C than in
observations. On the other hand, rainfall change over this
region is low in the model compared to observations. This
shows that CFSv2 also has discrepancy in representing
changes in SST and precipitation. In CFSv2 strong rate of
change of SST over the STIO is coherent with strong neg-
ative precipitation tendency (Fig. 3j). Negative SST bias
in models over the eastern Bay of Bengal, with respect to
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Fig. 3 Seasonal tendency of precipitation ({PRECP; mm/day) and
SST (dSST; contours °C) from observations for a MAM minus DJF,
b JJAS minus MAM, ¢ ON minus JJAS and d DJF minus ON. e-h is

observations, is mainly responsible for dry bias over the
east coast of India.

During fall, rainfall decreases drastically over the ISM
region as compared to summer and increases over the
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similar to a—d but for CFSv1 and il is similar to a—d but for CFSv2.
Sub-regions of TIO that are used for area averaged heat budget analy-
sis are represented with rectangular boxes in a and e

maritime continent and south of the equator (Fig. 3c). SSTs
are warmer over the western TIO and STIO in fall than
summer. In contrast CFSv1 shows strong positive rainfall
tendency over the western Arabian Sea and negative SST
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over the EIO region (Fig. 3g). Unrealistic negative precipi-
tation tendency is also seen in south of equator over west-
ern TIO. Though seasonal changes in SST and precipitation
are well represented in CFSv2 compared to CFSvl, nega-
tive (positive) SST (precipitation) anomalies over the EIO
(southeast TIO) region is underestimated (overestimated)
compared to observations (Fig. 3c, k). By winter, observa-
tions show that SST and rainfall changes are asymmetric
to the equator with negative sign in the north and positive
in the south of equator (Fig. 3d). Magnitude of rainfall
tendency over the NIO is less in CFSvl compared to the
observations (Fig. 3h). Negative rainfall tendency band
extended to EIO region in CFSv2 unlike in observations
(Fig. 31). The amplitude of SST change in CFSv2 is higher
than in CFSv1 over the SIO region. Overall, SST seasonal
change appears to have strong influence on precipitation
seasonal cycles in different regions of TIO.

Therefore the representation of seasonal SST and its ten-
dency over the TIO are very important for any dynamical
operational forecasting system. Any discrepancy in repro-
ducing the seasonal evolution of SST would lead to biases
in precipitation. This has motivated us to examine the con-
tribution of different mixed layer terms in determining the
seasonal SST changes (SST tendency) over the TIO in the
forecast models CFSvl and CFSv2. In the next section
we have examined the spatial pattern of mixed layer pro-
cesses which are responsible for seasonal changes in SST
by calculating each term of the Eq. 1 before proceeding to
regional heat budget analysis. For example, SST tendency
(MAM SST minus DJF SST) and heat budget terms (right
hand side of Eq. 1) during spring are analyzed concurrently.
Figure 3a, b show the regions (rectangular boxes) selected
for area averaged heat budget analysis.

4 Contribution of mixed layer processes to seasonal
SST changes over the TIO: spatial patterns

4.1 Spring

Contribution of spring net heat flux term (HF) to SST ten-
dency is shown in Fig. 4a for observations. HF contributes
positively to SST changes from DJF to MAM in most of
the TIO (north of 17°S). Spatial pattern of strong HF con-
tribution to SST change is extended from western EIO to
east in CFSvl, which is unrealistic compared to observa-
tions (Fig. 4b). Contribution of HF to SST change is much
stronger (negative) in CFSv2 compared to the observa-
tions in the region south of 17°S, corresponding negative
change in SST is noted in the east of Madagascar unlike in
observations (Fig. 4a, c). Further, strong positive contribu-
tion from HF over the eastern EIO in the model is noted
and which is not seen in the observations. This infers the

importance of representing the spatial distribution of heat
flux for proper SST seasonal changes in coupled models.

The seasonal cycle of SST is also influenced by the
ocean circulation through oceanic advection (e.g., Hogg
et al. 2008). Maximum contribution of entrainment veloc-
ity (w.) to SST cooling from DJF to MAM is located over
southwest TIO in observations and in CFSv2 (Fig. 4d, f).
Note that the contribution of upward vertical velocity is
only considered, as the downward velocity may not have
any impact on SST. In case of CFSv1, major contribution
of w, is confined over the equatorial region (Fig. 4e). This
misrepresentation in CFSvl is due to the bias in verti-
cal entrainment and is consistent with easterly wind bias.
Contribution of w, to SST change is also evident over
WEIO in the observations and models. At the same time,
SST tendency is positive throughout the basin. This indi-
cates that DJF to MAM HF plays a vital role in control-
ling SSTs (Fig. 4a—c). However, regions in which w, is
contributing opposite to heat flux are affected by change in
the SST magnitude. This indicates that spatial distribution
of w, would influence the SST change from DJF to MAM.
Therefore, proper representation of w, in coupled models is
also important.

Contribution of horizontal advection of temperature
(Hadv) in SST change is shown in Fig. 4d—f. Hadyv is posi-
tively contributing to SST seasonal change from DJF to
MAM over extreme southeast TIO, which is apparent in
CFSv2 as well. However, the magnitude of Hadv is weak
in CFSv1 as compared to CFSv2 (Fig. 4e). This shows that
CFSvl has problems in representing advection properly
during spring, which is mainly due to improper changes
in seasonal winds (Fig. 1). This analysis shows that SST
change from DJF to MAM is highly controlled by HF in
the region north of 5°S, while Hadv contributed positively
to SST change in south of 5°S. These features are well rep-
resented in CFSv2 as compared to the CFSvl1.

4.2 Summer

The SST tendency (from MAM to JJAS) south of 15°N
during summer displays cooling (maximum exceeding
3 °C over the western Arabian Sea) in the observations and
CFSv2 (Fig. 4g, 1). In contrast CFSv1 displays a positive
SST tendency over most of the Arabian Sea. This is due
to the strong positive contribution from HF in the model
compared to the observations (Fig. 4h, g). It is important
to note that HF contribution to SST is favorable for warm-
ing over the central Arabian Sea in both the observations
and CFSv2, but SST cools (Fig. 3i), which strongly indi-
cates the role of ocean dynamics in determining the SST
tendency. Both HF and SST tendency are in phase with
stronger cooling from MAM to JJAS over STIO in the
observations and the models. This indicates that seasonal
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Fig. 4 a Contribution of heat flux term (HF; shaded, positive is
warming; °C) and SST seasonal tendency (contours °C) and d con-
tribution of horizontal advection (Hadv; shaded, °C) and entrainment
(ent (We); contours, °C) to SST tendency for observations during

SST over STIO region is strongly influenced by heat flux
variations. Rate of change in SST from spring to summer
is higher (~—4 °C) in CFSv2 compared to the observation
(~—3 °C) over STIO region. This is due to the excess loss
of net heat flux in CFSv2.

Vertical entrainment contributes negatively to SST
change from MAM to JJAS over WEIO in the observations
(Fig. 4j, 1). The negative w, is in-phase with SST tendency
over the EIO and in some parts of NIO, such as Somalia
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Spring (MAM) season. b and e is similar to a and d but for CFSv1
and c and f is similar to a and d but for CFSv2, g-1 is similar to a—f
but for summer (JJAS) season

coast. CFSv1 displayed unrealistic upward vertical veloci-
ties over the eastern EIO region and contributed for excess
cooling by more than 0.5 °C as compared to the observa-
tions (Fig. 4h, k). In CFSv2 w, contributed (negatively)
strongly to SST change in east of Sri Lanka by as much
as 0.5 °C greater than the observed cooling (Fig. 4i, I).
This unrealistic w, is mainly due to improper surface wind
representation in models (Fig. 1). Further, vertical entrain-
ment in the coupled models has contributed less cooling
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over western Arabian Sea than in the observations. This is
mainly due to weak upwelling associated with the weak
southwest monsoon flow in the models (Fig. 1). However,
the spatial pattern of w, is better represented in CFSv2 than
in CFSvl (Fig. 4k, 1). It is important to note that low reso-
lution models may be contributing for errors in the advec-
tive processes near coastal regions.

During summer horizontal advection contributes to SST
cooling over the western and central Arabian Sea by advect-
ing cold upwelled water from Somali Coast (e.g., Shankar
et al. 2002; de Boyer Montegut et al. 2007; Fig. 4j-1).
These advective processes are well represented in both the
models but the magnitude is underestimated (about 1-2 °C;
Fig. 4k, 1). The role of Hadv in controlling the SST changes
from spring to summer in the western Arabian Sea is domi-
nant compared to HF. The cooling induced by Hadv from
MAM to JJAS over this region is as much as 4, 2 and 3 °C
in the observations, CFSv1 and CFSv2 respectively. In the
STIO, Hadv contributes positively to SST tendency for
observation and models; however the HF is the dominant
contributor to the SST change there. Though CFSv1 shows
some contribution (negatively) from vertical and horizon-
tal advection to SST change over the western Arabian Sea,
strong heat flux controlled SST unlike in CFSv2 and the
observations. In short errors in the seasonality of upper
ocean processes would lead to biases in SST seasonal cycle
in CFSvl.

4.3 Fall

As the southwesterly monsoon winds are relaxed by boreal
fall season in most of the TIO (Fig. 1), SST warms due
to reduced evaporation and enhanced shortwave radiation
(SWR) relative to JJAS in observation and in the models.
However, SST tendency is negative over the central and
eastern EIO (Fig. 5a). This SST change is out of phase with
HF over the EIO (Fig. 5a—c), suggesting that the oceanic
processes are important for SST change in this region. Out
of phase relationship between SST tendency and HF is also
seen over the northern Bay of Bengal in both the models,
especially in CFSv2. HF contribution to the SST tendency
over the NIO is weaker in CFSv1 compare to CFSv2 and
observations. The maximum contribution of HF in SST
change is evident over the western TIO in the observations
and models, indicating strong SST—flux relationship. Dur-
ing fall w, is strong over WEIO and negatively contribut-
ing to SST changes in observations and CFSv2 (Fig. 54, f),
which is not the case for CFSv1 (Fig. 5Se). SST tendency
shows warming from JJAS to ON over the western Arabian
Sea but w, contributes negatively in both models. This fur-
ther indicates the impact of heat flux in controlling the SST
seasonal change. The w, is negative over eastern EIO in
CFSvl and is much stronger than observations and CFSv2

(Fig. 5d—f). Impact of w, on SST change is apparent in
CFSvl1 over eastern EIO unlike in observations and CFSv2.
This indicates large errors in the spatial distribution of w,
in CFSvl1.

During ON, both HF and Hadv are contributing posi-
tively to warm SST over the SIO, whereas w, contributes
negatively (Fig. 5d). These features are clear in both the
observations and models but the magnitude of Hadv is
underestimated in CFSv1 by about 50 % over this region
(Fig. 5e). Moreover, the magnitude of Hadv is underesti-
mated over the WEIO by both models. Over the south-
eastern TIO, Hadv contributed (strong) positively to SST
changes whereas HF contributed negatively. Thus the SST
warming over this region is balanced by both HF and Hadv.
These features are well represented in CFSv2 as compared
to CFSv1 (Fig. Se, f).

4.4 Winter

SST tendency shows negative sign in the region north of
the equator and positive in the south from fall to winter.
SST drop from ON to DJF over the NIO is highly influ-
enced by HF (Fig. 5g—i). Similarly, HF contribution in
controlling SST in DJF over STIO is strong. The warm-
ing induced by HF is highest over the southwest TIO and
is well represented by CFSv2 (Fig. 5i). In case of CFSvl,
contribution of HF is maximum over the eastern EIO and
southwest TIO. Both models underestimated the heat flux
loss over Bay of Bengal. However, over the Arabian Sea
models do capture the heat flux loss and are consistent with
observed SST tendency.

During winter strong entrainment is noted over the
WEIO and STIO regions (Fig. 5j). CFSv1 underestimates
the magnitude of w, over the equatorial region than in the
observations (Fig. 5j, k). Over STIO region both models
underestimated the contribution of vertical velocities to
SST change. CFSv2 displayed better spatial pattern of w,
contribution to SST than in CFSvl. It is important to note
that the SST tendency is mostly dominated by HF over NIO
and STIO. From ON to DJF, Hadv is contributed positively
in the regions away from the equator and negatively near
the equator (Fig. 5j-1). But SST tendency is negative north
of the equator and positive in the south. This shows that
Hadv contributes towards SST change (tendency) in STIO
to some extent but not in NIO. The contribution of Hadv in
winter is weak compared to that of summer and fall, and is
evident in both the observations and models. During DJF
strong Hadv is evident off Somalia in CFSv1, contributing
positively to SST tendency. It is clear from Figs. 4 and 5
that CFSv2 represents the spatial distribution of horizontal
advection better compared to CFSvl1 in all seasons.

This section summarizes that seasonal SST tendency
over the Arabian Sea and Bay of Bengal is controlled by
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Fig. 5 Same as Fig. 4 but for fall (ON) and winter (DJF) seasons

heat flux from winter to spring, while from spring to sum-
mer, SST tendency is highly controlled by horizontal
advection. SST tendency from summer to fall and fall to
winter is affected by heat flux. Over the EIO region SST
tendency from winter to spring and fall to winter are com-
pletely dominated by heat flux. SST tendency in some
parts of EIO from spring to summer and summer to fall is
controlled by vertical and horizontal advection. Over the
STIO both heat flux and Hadv contribute to SST tendency
from winter to spring. During summer (winter), SST cool-
ing (warming) in STIO is highly controlled by negative
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(positive) heat flux. While warming from summer to fall
is determined by both heat flux and horizontal advection.
It is noted that during spring (from DJF) NIO (area aver-
age) warmed (SST tendency) by 1.6 °C in the observations
whereas it is 1.25 °C (1.06 °C) in CFSv2 (CFSvl). Dur-
ing summer over the western Arabian Sea observed change
in SST is —2.0 °C, where as in CFSv2 (CFSvl) change is
—2.21 °C (—0.41 °C). In fall observed SST tendency is
0.5 °C over the STIO and is 1.40 °C (2.38 °C) in CFSv2
(CFsvl). During winter over the NIO SST tendency is
—1.96 °C in observations, while in CFSv2 (CFSv1) it is
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Fig. 6 Observed annual cycle of the Arabian Sea a sum of HF and
advective processes, MLT tendency and residual b contribution of
individual processes/terms to MLT tendency, ¢ and d are same as a

—1.4 °C (—2.4 °C). Further seasonal SST tendency over
STIO is highly influenced by heat flux in CFSv2 unlike in
observations. Likewise, SST seasonal tendency in the NIO
is not well represented due to heat flux and advection prob-
lems in CFSv1. Most importantly seasonal cycle of SST
over the EIO region is not well represented in CFSv1 due
to improper advective processes (Figs. 4, 5).

Generally, CFSvl overestimated contribution of w,
to seasonal SST over the EIO region and underestimated
over the off equatorial regions, especially over the western
Arabian Sea and southwest TIO. This misrepresentation of
w, is well reflected in the spatial pattern of SST tendency.
CFSv2 also overestimated w, over the east coast of India
and southern tip of India, which in fact shows certain influ-
ence on SST seasonal cycle. Though the contribution of w,
to seasonal change in TIO SST is limited to some particular
regions, it is important to represent w, well in the models.
This analysis clearly shows that in models the contribution
of HF to seasonal SST is overestimated in some regions and
underestimated in some other regions of TIO. For example
over the STIO, HF contribution to SST change in MAM
and JJAS is high in CFSv2 than in CFSvl (Fig. 4). Spatial
distribution of HF is not well organized in CFSv1l which
might be responsible for the improper seasonal changes
in SST over most of TIO. Further, large biases in heat flux
components away from equator are partly responsible for
bias in SST.
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and b but for CFSv1 and e and f are same as a and b but for CFSv2.
Units are in °C/month

Overall, magnitude of cooling/warming in various
regions of TIO due to different processes is better repre-
sented by CFSv2 than in CFSvl. From this section it is
clear that seasonal SST/MLT tendency and mixed layer
processes are different in various regions of TIO both in
the observations and models. To further investigate the role
of mixed layer processes on SST at the sub-regional view-
point, we examined the annual cycle of different compo-
nents over the Arabian Sea, Bay of Bengal, WEIO, South-
east EIO (SEIO; Equator to 10°S and 90°E-110°E) and
STIO in both models and observations. In addition to this,
biases in SST and heat flux components are discussed.

5 Sub-regional heat budget analysis
5.1 Arabian Sea

Figure 6a illustrates the annual cycle of observed MLT ten-
dency, net effect of mixed layer processes and the residual
over the Arabian Sea. More prominently residual is much
less than signals in most of the year. This residual in the
observations arises due to errors in the different reanalysis
products and numerical computations. The MLT tendency
closely follows the HF cycle from fall to spring, suggest-
ing the dominant role of HF in the annual cycle (Fig. 6b).
Annual cycle of Hadv shows strong negative contribution
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Fig. 7 Same as in Fig. 6, but for the Bay of Bengal

during the summer months in the observations, which
is consistent with the spatial distribution (Fig. 4j). Con-
tribution of vertical entrainment and diffusion are weak
throughout the year in the Arabian Sea compared to other
processes. Temperature drop of about 2.5 °C from April to
July and rise of about 2 °C from July to October is noted
in the observations. This drop and rise in temperature ten-
dency are very well explained by HF and Hadv.

CFSvl displays a low rate of change of temperature over
the Arabian Sea throughout the year, mainly during sum-
mer (Fig. 6¢). This misrepresentation has been attributed to
errors in HF and Hadv annual cycle (Fig. 6d). Heat budget
equation may not completely close in the coupled mod-
els due to numerical errors and non-linear processes. The
frequency of output used for heat budget also affects the
budget closure. It is important to note that the residual is
within the limits in most of the year. MLT tendency is well
represented in CFSv2 than in CFSv1 (Fig. 6c, e). Rate of
change of MLT is consistent with sum of all mixed layer
processes except in June. Anomalous negative contribution
of w, is responsible for the higher residual (Fig. 6f). Com-
pared to other processes contribution of Hadv is stronger
in Arabian Sea cooling during summer in both the models
and observations. CFSv1 and CFSv2 could capture the sea-
sonal evolution of horizontal advection with the respective
underestimation of 50 and 25 % during summer season.
The weaker winds and the resultant ocean currents explain
the underestimation of horizontal advection mainly during
summer in CFSvl (Fig. 6d). During winter, CFSv2 cold
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MLT is explained by anomalous negative HF, which is con-
sistent with previous coupled model studies (e.g., Turner
et al. 2012; Marathayil et al. 2013).

5.2 Bay of Bengal

Bay of Bengal observed temperature tendency, sum of
heat budget terms and the residual are displayed in Fig. 7a.
Residual is slightly higher in the Bay of Bengal than Ara-
bian Sea. This could be due to the complexity of mixed
layer processes in this region. HF term appears to be the
dominant contributor for changes in Bay of Bengal MLT
(Fig. 7b). Contribution of other component of heat budget
terms to MLT tendency is very weak. Temperature ten-
dency in CFSvl1 is represented poorly during the second
half of the year (Fig. 7c). HF annual cycle shows strong
coherency with MLT tendency, especially during summer
where rate of change is low. This indicates that CFSv1 has
problems in representing the annual cycle of heat flux com-
ponents over the Bay of Bengal. The contributions from
entrainment and horizontal advection are weaker compared
to HF in this region for both the observations and mod-
els (Fig. 7b, d, f). CFSv2 displays better annual cycle of
HF contribution to MLT tendency over the Bay of Bengal
(Fig. 7e, f). For example, the gradual change of MLT from
June to September is well represented in CFSv2 due to
proper HF evolution. Such evolution in MLT and HF are
wrongly represented in CFSvl. Over all MLT tendency
over the Bay of Bengal is primarily determined by HF
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Fig. 8 Same as in Fig. 6, but for the Southern Tropical Indian Ocean (STIO)

term. This suggests the importance of accuracy in the evo-
lution of heat flux annual cycle in the coupled models.

5.3 Southern TIO

Over the STIO observations show strong cooling of MLT
from May to August and warming in rest of the year
(Fig. 8a). Residual is relatively less compared to signal.
Strong cooling in summer is mainly contributed from HF
term (Fig. 8b). On the other hand, Hadv is contributed posi-
tively to MLT change throughout the year with maximum
contribution in late summer. Both HF and Hadv contributed
positively to MLT tendency during winter and early spring.
Contribution of other terms of Eq. 1 is weak. During sum-
mer season Hadv (positive contribution) is underestimated
by about 50 % in CFSv1 and 10-20 % in CFSv2 over the
STIO. The negative contribution of HF in CFSv2 during
summer is slightly over estimated. This suggests that the
problems in representing both these processes have con-
tributed for the strong negative MLT tendency in CFSv2.
Rate of change in MLT from winter to summer is relatively
weak in CFSv1 compared to the observations (Fig. 8a, c, ).
This low rate of change is mainly associated with weak HF
annual cycle in CFSvl. Whereas in CFSv2, HF contributed
for strong cooling in summer than in observations. Role
of HF is supported further by spatial distribution (Fig. 4).
Thus error in heat flux could modulate MLT tendency over
the STIO region. Further contribution of Hadv is slightly
weaker in CFSv1 as compared to CFSv2 and observations

(Fig. 8b, d, f). This could be mainly due to weak surface
winds in CFSv1. Altogether, MLT tendency is dominated by
HF and Hadv terms in both observations and models. Over-
estimation of HF contribution in CFSv2 is associated with
misrepresentation of heat flux components or heat flux bias.

5.4 South-eastern EIO and western EIO

Observation shows that MLT tendency over SEIO (east-
ern 10D box) is equally controlled by HF and Hadv terms
(Fig. 9a, b). During summer magnitudes of HF and Hadv
are largely balanced, which is clear in the observations and
CFSv2. While the contribution of HF and Hadv is highly
underestimated in CFSv1. In the rest of year both HF and
Hadv contributes positively to MLT tendency in the obser-
vations. However, CFSv1 displays large changes in MLT
from spring to summer over the SEIO unlike in observa-
tions (Fig. 9a, c). Annual cycle of Hadv and w, is not well
represented in CFSv1 (Fig. 9d) due to unrealistic surface
winds. This is mainly responsible for the unrealistic cool-
ing of MLT during August over this region. Large residual
at the end of the calendar year is associated with poor rep-
resentation of HF in CFSv1. Contribution of HF to MLT
tendency is overestimated in CFSv2 over SEIO. Annual
cycle of MLT tendency, HF and advective terms are better
represented in CESv2 compared to CFSv1 over SEIO.
MLT tendency in the observations over the western EIO
(WEIO) shows two positive peaks one in April and other
in October which is well represented in models (Fig. 10a,
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Fig. 9 Same as in Fig. 6, but for the southeastern equatorial Indian Ocean (SEIO)
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Fig. 10 Same as in Fig. 6, but for the western equatorial Indian Ocean (WEIO)

¢, e). HF forcing mainly contributed for the changes in
MLT over this region in the observations. Similar to Ara-
bian Sea and STIO, rate of change of MLT is low in CFSvl
over WEIO (Fig. 10c). This low rate of change is associ-
ated with problems in HF representation (Fig. 10d). In case
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of CFSv2, rate of change from spring to summer is high
(Fig. 10e). Cooling during summer is contributed by w, and
HF term in CFSv2. Contribution of entrainment cooling to
MLT during summer is stronger in CFSv2 compared to the
observations. Thus it is important to represent the mixed
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Fig. 11 Biases in annual cycle of SST (°C), net heat flux (W/m?), shortwave radiation (W/m?), long wave radiation (W/m?), latent heat flux (W/
m?) and sensible heat flux (W/m?) over different sub-regions of the TIO in CFSv1 (left) and CFSv2 (right)

layer processes well in coupled models in order to maintain
proper MLT/SST cycle in different regions of TIO.
6 Bias in heat flux and SST annual cycle

Mixed layer heat budget analysis showed strong lead—lag
relationship between net heat flux and MLT/SST evolution

(Figs. 6-10). This reveals that heat flux is critical in SST
evolution over the TIO region. Thus errors/biases in heat
flux may strongly influence the bias in SST annual cycle.
Figure 11 illustrate bias (with respective to observations) in
SST, net heat flux and heat flux components such as SWR,
long wave radiation (LWR), latent heat flux (LHF) and sen-
sible heat flux (SHF) in different regions of TIO for CFSv1
and CFSv2. Note that as the SST is tightly coupled with
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the atmosphere in coupled models, bias in SST cannot be
explained by heat flux alone. Thus here we discussed only
the possible impact of heat flux bias on SST bias.

Lead-lag relationship between net heat flux and SST
bias is evident over the Arabian Sea in CFSvl (Fig. 11a).
Net heat flux bias is positive during summer and as a
response SST bias turned to positive. Strong bias (>50 W/
m?) in SWR during summer is responsible for positive net
heat flux bias. During fall and winter, bias in LHF domi-
nated the negative bias in heat flux over the Arabian Sea.
CFSv1 shows that SST over the Bay of Bengal is cooler
during the first half of the year as compared to the observa-
tions (Fig. 11c). This cold bias in the annual cycle is highly
influenced by net heat flux bias which is contributed from
errors in LWR and LHF. SST annual cycle is better repre-
sented by CFSv1 over the STIO, which is reflected in bias
as well (Fig. 11e). Net heat flux bias is within 25 W/m?
in CFSv1 but with negative sign. Bias in LHF is balanced
by SWR positive bias in CFSv1 over this region. In gen-
eral bias in SWR is mainly responsible for the bias in the
annual cycle of net heat flux in CFSv1. As in other regions,
SWR and LHF have contributed to the changes in the
annual cycle of SST over SEIO by modifying the net heat
flux. Strong negative SST bias from summer to winter over
the SEIO is due to Indian Ocean Dipole like spatial bias
pattern and misrepresentation of ocean dynamics in CFSv1
(e.g., Chowdary et al. 2014). In contrast to SEIO, strong
positive SST bias is noted over WEIO in CFSv1 from May
to December (Fig. 10a). Net heat flux is negative from
summer to winter suggesting that the bias in SST (warm
bias) is not totally controlled by heat flux. It is important to
note that SWR and LWR display systematic positive bias
throughout the year (Fig. 11). Bias in SHF is smaller than
other components of heat flux.

CFSv2 displays systematic cold bias throughout the year
over Arabian Sea and Bay of Bengal (Fig. 11b, d). SWR
and LWR (ocean loose) are overestimated over the Bay
of Bengal throughout the year, with respective biases of
about 3040 and 10-15 W/m?. LHF is also overestimated
(negatively) by about 30-40 W/m? and so underestimated
the resultant net heat flux in the model as compared to the
observations. These errors are mainly contributing towards
the cool SST bias in CFSv2. Thus reducing errors in heat
flux is essential for improving SST annual cycle or biases.
SST bias is stronger especially in the second half of the
year over STIO in CFSv2 (Fig. 11f). This bias/difference is
clearly related to negative heat flux bias. Anomalous LHF
with ~30 W/m? bias have strong influence on SST over the
STIO. Net heat flux bias (negative) is about 30 W/m? dur-
ing June and July. Over all, the annual cycle of SST over
the STIO is highly influenced by negative net heat flux
bias in CFSv2. SST bias in SEIO and WEIO is negative
throughout the year as in the other regions and to some
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extent this bias is controlled by heat flux (Fig. 11h, j). Both
CFSv1 and CFSv2 display systematic bias in SWR and
LWR throughout the year in different regions.

Over all, CFSv2 produced better SST/MLT seasonal
cycle though it has cold bias. This improvement in CFSv2
could be due to the up-gradation of different model phys-
ics. For example, improved physics for cloud—aerosol—
radiation facilitates in reducing radiation biases. Updated
land surface, ocean and sea ice processes, in addition to a
new atmosphere—ocean—land data assimilation system and
ocean component MOM4 improved the circulation and
annual cycle of ocean—atmospheric components.

7 Summary

Predictability of monsoon precipitation in the coupled
models comes from tropical SST (e.g., Wang et al. 2009).
The potential role of the Indian Ocean SST variability in
the Asian summer monsoon is explored by many previ-
ous studies (e.g., Clark et al. 2000; Yoo et al. 2006; Yang
et al. 2007; Izumo et al. 2008; Xie et al. 2009; Levine et al.
2013). Thus accurate representation of tropical SST in
coupled models is essential for monsoon prediction. How-
ever, a major limiting factor in capturing the rainfall in cur-
rent coupled models comes from model deficiencies and
misrepresentation of SST seasonal cycles over the Indian
Ocean (e.g., Prodhomme et al. 2012). For example nega-
tive SST tendency over the Arabian Sea extended to April
in CFSv1 unlike in observations and CFSv2 (Fig. 2), result-
ing delay in positive precipitation tendency in CFSv1 by a
month over the ISM region. In CFSv2 strong rate of change
in SST over the STIO is in coherent with strong negative
precipitation tendency (Fig. 3j). Therefore the representa-
tion of SST seasonal cycle and its tendency over the TIO
are very important for any dynamical operational forecast-
ing system. Present study addresses the role of mixed layer
processes in determining the SST seasonal cycle in the two
coupled models CFSv1 and CFSv2. Spatiotemporal evolu-
tion of SST, surface winds and MLD are found to be better
represented in CFSv2 than CFSv1 with respect to observa-
tions, though CFSv2 has cold SST bias with deeper MLD.
Low rate of change in Arabian Sea SST from spring to
summer in CFSvl (—0.5 °C) compared to observations
(—4 °C) and CFSv2 (=3 °C) is contributed by errors/bias
in the net heat flux and horizontal advection. Over the EIO
region drop in SST from spring to summer is higher (by
about 0.5 °C) in CFSv2 than in the observations, which is
also reflected in rainfall change over this region. CFSv1
displayed unrealistic upward vertical velocities during
summer over the eastern EIO region and contributed for
more than 0.5 °C excess cooling as compared to the obser-
vations, leading to strong SST gradient in EIO. Further in
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all seasons contribution of vertical velocity to SST change
is misrepresented over the regions away from the equator in
CFSvl. In CFSv2 w, contributed strongly to SST change
in east of Sri Lanka in winter by 0.5 °C more than obser-
vations. Misrepresentation of entrainment velocity is well
reflected in the spatial pattern of SST tendency/seasonal
cycle in both the models. Contribution of heat flux to SST
change is much stronger in CFSv2 compared to observa-
tions in the region south of 17°S in all seasons. Over STIO
region contribution (magnitude) of horizontal advection
term to SST change during fall in CFSv1 is underestimated
by about 50 %. During winter strong horizontal advection
is noted near Somalia coast in CFSv1 unlike in observation
and CFSv2. The contribution of Hadv in winter is weak
compared to that of summer and fall, and is evident both in
observations and models. Thus large errors in heat flux and
advective processes in models are responsible for the mis-
representation of seasonal changes in SST spatial pattern
over most of the TIO. Seasonal tendency of SST in various
regions of TIO is different from observations in both mod-
els. Seasonal evolution of SST and mixed layer processes
are well represented in CFSv2 compared to CFSvl1. This
improvement may be due to the better representation of
circulation and seasonal cycle of ocean—atmospheric com-
ponents, which corresponds to improved physics for cloud—
aerosol-radiation, updated land surface, ocean and sea ice
processes, atmosphere—ocean—land data assimilation sys-
tem and ocean component.

Sub-regional heat budget analysis reveals that CFSv1 is
unable to reproduce the seasonal cycle of MLT tendency
over the Arabian Sea, while CFSv2 captured the annual
cycle of SST/MLT (bimodal distribution) with systematic
cold bias. Rate of change in MLT is low throughout the
year in CFSv1. The MLT tendency closely follows the net
heat flux cycle, suggesting the dominant role of net heat
flux in the annual cycle. Thus misrepresentation of HF
annual cycle is accountable for low rate of change in MLT
in most of the year. During summer Hadv also contributed
for errors in MLT tendency in addition to HF in CFSvl.
Horizontal advection during summer season is underesti-
mated by 50 and 25 % respectively in CFSv1 and CFSv2.
Heat budget analysis shows that residual is much less than
the signals over most of the regions giving more meaning
to the evaluation of the model MLT.

Residual is slightly higher in the Bay of Bengal than
the Arabian Sea, which is due to the complexity of mixed
layer processes in this region. HF term appears to be the
dominant contributor for changes in Bay of Bengal MLT
in both the observations and models. CFSv1 fails to repre-
sent proper HF annual cycle evolution and hence MLT ten-
dency. Though CFSv2 HF annual cycle is well represented
over the Bay of Bengal, its contribution to MLT change
is underestimated compared to the observations. Over the

STIO, MLT tendency is dominated by HF and Hadv terms
in both observations and models. Contribution of HF to
MLT annual cycle tendency is overestimated (underes-
timated) in CFSv2 (CFSvl) especially during summer.
While the contribution of Hadv to MLT change is underes-
timated by about 50 % in CFSv1l and 10-20 % in CFSv2.
These errors in HF and Hadv are associated with biases
in heat flux components and surface wind representation.
Over the SEIO, CFSv1 has wrongly represented the contri-
bution of HF, Hadv and w, to MLT tendency mainly during
the second half of the year. This is due to strong bias in the
heat flux components and surface wind over this region. In
case of CFSv2, contribution of HF is overestimated to MLT
tendency annual cycle. HF forcing has mainly contributed
for changes in MLT over WEIO in observations. Rate of
change of MLT is low in CFSv1 over WEIO similar to Ara-
bian Sea, which is due to problems in HF representation. In
contrast the rate of change in MLT from spring to summer
is high in CFSv2. This strong rate of change is associated
with over estimation of w, and HF term in CFSv2 during
summer.

Altogether, mixed layer heat budget analysis reveals the
existence of lead—lag relationship between net heat flux
and MLT/SST evolution in observations and both the mod-
els. This suggests that heat flux is critical in SST evolution
over the TIO region. Large biases in short wave and long
wave radiation along with latent heat flux have been trans-
lated to net heat flux bias and have contributed to the SST
annual cycle bias in CFSvl and CFSv2. Though CFSv2
displays better skills in representing annual cycle of differ-
ent ocean—atmospheric components, there exist strong bias
especially in radiative and momentum flux components.
This study advocates further improvements in the radiation
parameterization and moisture processes in CFSv2 in order
to obtain accurate seasonal SST changes over the TIO.
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