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Abstract The SST-precipitation relationship in the
intraseasonal variability (ISV) over the Asian monsoon
region is examined using recent high quality satellite data
and simulations from a state of the art coupled model, the
climate forecast system version 2 (CFSv2). CFSv2 dem-
onstrates high skill in reproducing the spatial distribution
of the observed climatological mean summer monsoon
precipitation along with its interannual variability, a task
which has been a conundrum for many recent climate
coupled models. The model also exhibits reasonable skill
in simulating coherent northward propagating monsoon
intraseasonal anomalies including SST and precipitation,
which are generally consistent with observed ISV charac-
teristics. Results from the observations and the model
establish the existence of spatial variability in the atmo-
spheric convective response to SST anomalies, over the
Asian monsoon domain on intraseasonal timescales. The
response is fast over the Arabian Sea, where precipitation
lags SST by ~5 days; whereas it is slow over the Bay of
Bengal and South China Sea, with a lag of ~ 12 days. The
intraseasonal SST anomalies result in a similar atmospheric
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response across the basins, which consists of a destabiliza-
tion of the bottom of the atmospheric column, as observed
from the equivalent potential temperature anomalies near the
surface. However, the presence of a relatively strong surface
convergence over the Arabian Sea, due to the presence of a
strong zonal gradient in SST, which accelerates the upward
motion of the moist air, results in a relatively faster response
in terms of the local precipitation anomalies over the Ara-
bian Sea than over the Bay of Bengal and South China Sea.
With respect to the observations, the ocean—atmosphere
coupling is well simulated in the model, though with an
overestimation of the intraseasonal SST anomalies, leading
to an exaggerated SST-precipitation relationship. A detailed
examination points to a systematic bias in the thickness of
the mixed layer of the ocean model, which needs to be
rectified. A too shallow (deep) mixed layer enhances (sup-
press) the amplitude of the intraseasonal SST anomalies,
thereby amplifying (lessening) the ISV and the active-break
phases of the monsoon in the model.

Keywords Asian summer monsoon - Intraseasonal
variability - SST precipitation relationship - Ocean
atmosphere interaction

1 Introduction

The Asian summer monsoon, during June—September,
directly affects the lives of over two billion people, which
is about one-third of the world population. Despite the
recent advances in research and development, and strategic
shifts in agricultural methods, the summer monsoon vari-
ability over the Asian continent is still an important lim-
iting factor for stable food production, and thus for social
and economic development in these regions (Tao et al.
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2004; Gadgil and Gadgil 2006; Gadgil and Rupa Kumar
2006). A major aspect of the monsoon variability, usually
playing the decisive role on the agricultural sector, is its
intraseasonal variability (ISV) which manifests as active
and break spells of precipitation over the Asian monsoon
region (Goswami and Ajayamohan 2001). ISV of the Asian
summer monsoon is characterized by a broadband spec-
trum with periods ranging from 10 to 90 days, but have two
preferred bands, one between 10 and 20 days with a
westward or north-westward propagation pattern over the
monsoon region and the other from 30 to 60 days which
exhibits a northward or north-eastward propagation
(Yasunari 1979, 1980; Krishnamurti and Ardanuy 1980;
Krishnamurti and Subrahmanyam 1982; Murakami et al.
1984; Lau and Peng 1987; Goswami and Ajayamohan
2001; Krishnamurthy and Achuthavarier 2012). Though
the two timescales have different origins and implications,
they interact with each other and together they influence
the active and break phases of the monsoon (Mao and Chan
2005). No attempt to separate the different timescales
embedded within the ISV is done in the current study
because, as far as the “local” SST-precipitation relation-
ship is concerned, both the timescales are found to con-
tribute to it.

Sea surface temperature (SST) and surface heat flux
anomalies associated with the ISV, are observed over a large
zonal domain, extending from the Arabian Sea to the South
China Sea and even to the western North Pacific, evident
through the active and break phases of the monsoon (Webster
et al. 1998; Sengupta et al. 2001; Vecchi and Harrison 2002;
Xie et al. 2007). SST has high intraseasonal variability in
these tropical oceans, especially the Bay of Bengal and the
South China Sea (Sengupta et al. 2001). Studies based on
observations (e.g: Roxy and Tanimoto 2007, 2012; Joseph
and Sabin 2008; Wu 2010) and numerical experiments (e.g:
Fu et al. 2008) have suggested a significant influence of in-
traseasonal SST anomalies on the atmospheric variability,
over the north Indian Ocean and the north-western portion of
the tropical Pacific. On the other hand, there is increasing
evidence that atmospheric changes contribute to SST
anomalies in these regions, highlighting the coupled nature
of the climate in these regions (Hendon and Glick 1997,
Roxy and Tanimoto 2007; Wu 2010).

Over the tropical oceans higher SSTs are generally
accompanied by increased precipitation (Trenberth and
Shea 2005; Vecchi and Harrison 2002). Roxy and Tanim-
oto (2007, 2012), using satellite data, examined the pro-
cesses involved in the SST-precipitation relationship over
the monsoon domain, and found that the underlying posi-
tive SST anomalies induce unstable conditions in the lower
atmosphere and enhance the precipitation anomalies. They
observed that the northward propagating (at a speed of 0.9°
latitudes day ') positive SST anomalies lead the positive
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surface air temperature (SAT) anomalies, which are fol-
lowed by the positive 40, anomalies (difference between
the equivalent potential temperatures at 1,000 and
700 hPa), suggesting the active role of SST anomalies in
destabilizing the lower atmosphere, a condition favorable
for enhanced convective activity. Several studies have
examined the spatial variability in the evolution mixed
layer and surface temperatures over the Indo-Pacific oceans
with respect to the atmospheric forcing (e.g: Duvel et al.
2004; Duvel and Vialard 2007; Vialard et al. 2011). In
comparison, the present study examines the spatial vari-
ability of the SST-precipitation relationship, with respect to
the oceanic forcing. Roxy and Tanimoto (2007, 2012)
carried out individual analysis on the SST-precipitation
over these basins, but never examined the differences in the
temporal response of precipitation to the intraseasonal SST
anomalies over these basins.

The overall objective of the present study, hence, is to
understand the background mechanism for the inter-basin
variability of the air-sea interaction, with a comparison of
observations and a state-of-the-art model. Though the
ocean-to-atmosphere effect regulating the co-variability
between intraseasonal SST and precipitation anomalies is
similar over the Arabian Sea, Bay of Bengal and the South
China Sea, different lead-lag relationships are observed in
these regions (Vecchi and Harrison 2002; Roxy and
Tanimoto 2007, 2012; Wu 2010). Understanding the
ocean—atmosphere processes regulating the time response
and intensity of the SST-precipitation co-variability is
crucial for evaluating and rectifying (coupled) model
forecasts (Wu et al. 2006, 2008). For example, Wu et al.
(2008) using local SST-precipitation relationship found
discrepancy between their ocean—atmosphere coupled
model and observations with an SST lag time longer in the
model than in observations. This was attributed to a slower
SST response to atmospheric changes in the model, as
compared to observations. It is possible that different
regional factors, including the differences in the ocean—
atmosphere interaction over these regions are contributing
to the pronounced spatial variability in the SST-precipita-
tion relationship. The first objective of the present study,
hence, is to examine the contrasting SST-precipitation
relationship over the monsoon region and to explore the
processes involved in it. Since the SST-precipitation rela-
tionship is a significant factor in modulating the model
forecast, the analysis is carried out both in observations and
a state-of-the-art coupled model.

Though the ISV is a dominant factor of the monsoon,
past climate models, including those in the IPCC AR4
(Fourth Assessment Report of the Intergovernmental Panel
on Climate Change) array had significant biases in simu-
lating the intraseasonal variability over the tropics (Lin
et al. 2006; Lau et al. 2012). Since the last IPCC exercise,
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the climate modeling scene has advanced, with improve-
ments in the physics of the models, including modifications
in the ocean—atmosphere coupling, convection schemes
and radiation parameterizations of the model. Data assim-
ilation techniques for providing the initial conditions have
also improved (e.g: Saha et al. 2010). This calls for a
re-examination of how well current state-of-the-art models
can simulate the monsoon ISV, and hence, our second
objective. For examining the ocean-atmospheric processes
involved in the ISV of the Asian monsoon, we use the
climate forecast system version 2 (CFSv2; Saha et al.
2010), a coupled general circulation model (CGCM),
recently introduced by the National Centre for Environ-
ment Prediction (NCEP). Hence the second objective of the
current study is to serve as a validation of the ISV of the
SST-precipitation relationship in the CFSv2, for the Asian
monsoon region.

In the rest of the paper, Section 2 presents the observed
data, model and methodology used in the present study. In
Sect. 3, the model mean state and ISV during boreal
summer monsoon are validated and examined thoroughly.
The variability of ISV across the different tropical ocean
basins, embedded in the tropical monsoon region at similar
latitudes is then examined and the associated ocean-
atmospheric processes are explored. Section 4 summarizes
the results and discusses their implications, including
suggestions for improving the CFSv2 and similar coupled
models for a much more realistic simulation of the ISV.

2 Data, model and analysis methods
2.1 Data

Examining and validating the ISV requires high quality
datasets with high resolution both in the temporal and
spatial domains. Hence a suite of new high resolution
satellite observations of SST, winds, and precipitation and
objective analysis of latent heat and shortwave fluxes,
which are available since the last decade, are utilized in the
present study. The 3-day running mean SST and precipi-
tation based on the TRMM Microwave Imager (TMI), and
sea surface winds from the microwave scatterometer on the
QuikSCAT satellite merged with the data from the Euro-
pean Remote Sensing (ERS) scatterometer, on a ~0.25°
grid are used. The surface latent heat flux (SLHF) and the
downward shortwave radiation flux (DSWRF) are obtained
from the TropFlux project version 1(Praveen Kumar et al.
2012), which on comparison with fluxes from the global
tropical moored array shows a better performance than
NCEP, NCEP2 or ERA-interim re-analyses, and a similar
performance to the OAFlux product (Yu et al. 2008). The
satellite and observed fields are supplemented with daily

air temperature and specific humidity at 1.5° grid based on
the European Centre for medium-range weather forecasts
(ECMWF) Interim (ERA-Interim) reanalysis. Considering
the availability of all these variables across the recent
years, data from 1998 to 2009 (12 years) are used in the
present study.

2.2 Model

The climate forecast system (CFSv2) is a fully coupled
ocean—land-atmosphere-sea ice model from the National
Centre for Environment Prediction (NCEP), with signifi-
cant improvements since its first version (CFSvl; Saha
et al. 2006, 2010). This version of the CFSv2 is similar to
the version of the NCEP model used for the NCEP climate
forecast system Reanalysis (CFSR; Saha et al. 2010; Wang
et al. 2011). The atmospheric component of the CESv2 is
the NCEP Global Forecast System (GFS) model. It adopts
a spectral triangular truncation of 126 waves (T126) in the
horizontal (~0.9° grid) and a finite differencing in the
vertical with 64 sigma-pressure hybrid layers. The con-
vection scheme employed in GFS is the Simplified Arak-
awa-Schubert (SAS) convection, with cumulus momentum
mixing and orographic gravity wave drag (Saha et al.
2010). The land surface model (LSM) used in CFSv2 is the
Noah LSM, with 4 layers (Ek et al. 2003). See Saha et al.
(2010) for further details on the NCEP GFS.

The ocean component is the Modular Ocean Model
version 4p0d (MOM4p0d; Griffies et al. 2004), from the
Geophysical Fluid Dynamics Laboratory (GFDL), which is
a finite difference version of the ocean primitive equations
configured under the Boussinesq and hydrostatic approxi-
mations. The zonal resolution is 0.5° and the meridional
resolution is 0.25° between 10°S and 10°N, becoming
gradually coarser through the tropics, up to 0.5° poleward
of 30°S and 30°N. There are 40 layers in the vertical with
27 layers in the upper 400 m, with a bottom depth of
approximately 4.5 km. The vertical resolution is 10 m
from the surface to the 240-m depth, gradually increasing
to about 511 m in the bottom layer. Vertical mixing in the
ocean component is based on the K-profile parameteriza-
tion scheme (KPP; Large et al. 1994). The ocean model is
coupled with an interactive, 3 layered sea-ice model, an
interactive GFDL Sea Ice Simulator. Further details of the
MOM4p0d can be found in Griffies et al. (2004).

The atmosphere, ocean, land and sea ice exchange
quantities such as the heat and momentum fluxes every half
an hour, with no flux adjustment or correction. The CFSv2
model is time integrated over a period of 100 years, and the
simulated daily data is used in the present study for
examining the ISV. In the model simulation the mixing
ratios of time varying forcing agents such as atmospheric
CO,, CHy, N>0, etc. are set for the current decade (~ year

@ Springer



48

M. Roxy et al.

2009), so that the model climate is comparable with the
observed climate from the recent high resolution data.

2.3 Methodology

The equivalent potential temperature (6,) of an air parcel
increases with increasing temperature and moisture con-
tent. The vertical profile of 6. may be used as a measure of
vertical stability of the lower atmospheric column (Roxy
and Tanimoto 2007). As an illustration, a decrease
(increase) in 6, with altitude may lead to unstable (stable)
atmospheric conditions, which can increase (decrease) the
local convection. The lower tropospheric air temperature
and specific humidity from ERA interim reanalysis are
used to derive the equivalent potential temperature (6,).

Data of SST, precipitation and all other variables are
interpolated to daily for compatibility among the observed
variables, before statistical analysis. Intraseasonal anoma-
lies are then obtained for all variables by removing the
seasonal means and band pass filtering in the 10-90 days
band to retain all the significant intraseasonal signals over
the Asian monsoon region, for both the observations and
the model.

3 Results
3.1 Simulation of the summer monsoon in the model

Before examining the monsoon ISV in the observations and
the model, it is important to examine how well the model
simulates the Asian summer monsoon climate. Figure la
and b show the mean precipitation for June—September
over the monsoon region, in the observations and the
model. The mean patterns of the observed monsoon pre-
cipitation appear to be well simulated in the model. Over
the land, the model precipitation is realistic over the
Western Ghats (west coast of India) and the Himalayas,
and reasonably simulated over the central and northeastern
India, east coast of China, and coastal regions surrounding
the South China Sea. Precipitation over the sea is also well
simulated, especially over the Bay of Bengal, though there
is some overestimation over the Arabian Sea and the South
China Sea. In comparison with other state-of-the-art cou-
pled models in terms of the mean summer monsoon, this is
a significant advancement, as even getting the precipitation
distribution over the monsoon domain has been difficult
across the several recent coupled ocean—atmosphere cir-
culation models (Kripalani et al. 2007; Preethi et al. 2010;
Terray et al. 2011). For example, many of these models
overestimate the precipitation over the central Indian
Ocean, whereas the CFSv2 has a better simulation over this
region (Terray et al. 2011). This is a significant progress,
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and possibly denotes that the Indian monsoon is better
resolved and the ocean—atmosphere coupling and north-
ward propagating ISV has improved in the present model,
in comparison with earlier models, especially the CFSvl
(Chaudhari et al. 2012; Pokhrel et al. 2012; Samala et al.
2012). Resolving the diurnal cycle of SST through high
frequency coupling in the model also might have contrib-
uted to the improvement in the ocean-atmospheric cou-
pling, even with a 10 m vertical resolution in the upper
ocean, consistent with some recent studies using other
coupled models (Mujumdar et al. 2011; Terray et al. 2011;
Masson et al. 2012). Figure 1c and d show the mean SST
for June—September over the tropical monsoon domain, in
the observations and the model. The spatial distribution of
SST including the meridional and zonal gradients, and the
upwelling regions along the west coast of Arabian Sea are
well simulated in the model, though the mean SST has a
cold bias of about 1 ~ 3 °C over the tropical ocean, which
is a shortcoming common to many CGCMs (Roxy et al.
2011).

To quantify the model’s skill in reproducing spatial
pattern of precipitation climatology, pattern correlation
between the precipitation simulated by the model and
observations is computed (Table 1). The correlations are
computed over four different domains, the Arabian Sea
(63-73°E), Bay of Bengal (85-95°E) and the South China
Sea (110-120°E) over similar latitudes (5-20°N) and over
the Indian subcontinent (70-90°E, 10-30°N) where the
northward propagating intraseasonal anomalies are active.
The model shows very high skill over the Arabian Sea and
Bay of Bengal (r = 0.83 and 0.8), high skill over the South
China Sea (r = 0.7) and moderate skill (r = 0.6) over the
subcontinent. This indicates a high skill for the model in
simulating the spatial pattern of summer precipitation over
the monsoon domain.

In terms of interannual variability of the summer mon-
soon precipitation over the Arabian Sea, the model shows
a climatological precipitation rate of 4 mm day ' with a
standard deviation of 1 mm day ™' giving a coefficient of
variation (the variability in relation to the mean) of 24 %,
while these statistics are, respectively, 2.4 mm day_l,
0.7 mm day ' and 29 % for the observations. Over the Bay
of Bengal, these values are 9.6 mm day ', 0.75 mm day '
and 7.8 % for the model, and 8.4 mm day_l,
0.74 mm day~' and 8.8 % for the observations, respec-
tively. For the South China Sea, the model has a climato-
logical precipitation rate of 10.4 mm day ™' with a standard
deviation of 0.9 mm day ' and coefficient of variation
8.5 %, while itis 7.7 mm day ', 0.77 mm day ' and 10 %
for the observations. The precipitation rate and variability in
the model are on par with those in the observations. The
Arabian Sea shows comparatively higher coefficient of
variation, both in the observations and the model, implying a
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Fig. 1 Climatology of precipitation (colors; mm day~") and SST
(colors; °C) over the Asian monsoon region during June—September,
for (a, c¢) the observations (1998-2009) and (b, d) the model

Table 1 Mean monsoon and variability, TMI vs CFSv2

AS BoB SCS

TMI

Mean (mm day™") 2.4 8.4 7.7

SD (mm day ") 0.7 0.74 0.77

C.V. 29 % 8.8 % 10 %
CFS2

Mean (mm day ") 4 9.6 10.4

SD (mm day ") 1 0.75 0.9

C.v. 24 % 7.8 % 8.5 %
TMI versus CFS2 0.83 0.8 0.7

pattern correlation

relatively stronger interannual variability of the summer
monsoon over the region. Over the Indian subcontinent, the
quantities are 5 mm day ', 0.85 mm day ' and 18 % for
the model, and 7.3 mm day ™', 0.8 mm day ' and 11.5 %
for the observations, respectively. Over the subcontinent, the
coefficient of variation is lower for the model, implying a
weaker monsoon interannual variability over the land in
comparison with the observations.

(100 years run). Shading conventions are represented at the side of
the figures. The inset rectangles represent the regions under
consideration, for the present study

3.2 Spatial variability of intraseasonal SST-
precipitation relationship over the monsoon region

To elucidate the intraseasonal SST-precipitation relation-
ship in the observations and the model, the lead-lag cor-
relations of the precipitation anomalies with respect to the
SST anomalies at the intraseasonal time scale over the
Arabian Sea, Bay of Bengal and the South China Sea are
estimated from 20 days before to 20 days after, and shown
in Figs. 2a and b. A positive (negative) correlation
observed when precipitation lags (leads) the SST anoma-
lies indicates that the SST (atmosphere) is driving the
atmosphere (SST), identified as an ocean-to-atmosphere
(atmosphere—to-ocean) effect (Roxy and Tanimoto 2007,
2012; Wu 2010). The magnitude of the correlation refers to
the intensity of the driving force, and the corresponding lag
(lead) time denotes how quickly the atmosphere responds
to the SST anomalies and vice versa. A short lag (lead) in
precipitation, coupled with a large maximum (minimum)
correlation, indicates a strong SST (atmospheric) forcing.
A regression analysis of the anomalies (figure not shown)
gives similar results as in Figs. 2a and b. However, the
correlation coefficients are utilized in this study for com-
paring the ocean atmosphere interactions over the basins,
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as correlation is symmetric while regression is not. This is
useful if we want to assess the strength of the coupling
without implying a causal relationship. Though some
studies using monthly data emphasize the nonlinearity in
the SST-precipitation relationship, especially when SST
increases beyond 28 and 29.5 °C (Gadgil et al. 1984;
Rajendran et al. 2012), other studies show that precipitation
can consistently increase even at higher temperatures, and
that any apparent decrease is likely influenced by large-
scale subsidence forced by nearby or remotely generated
deep convection (Lau et al. 1997; Su et al. 2003). In the
present study, the local intraseasonal SST-precipitation
relationship with their respective lead-lags factored in
shows weak nonlinearity, where the error of linear fit is
about 10 %. Hence, a correlation of SST and precipitation
is used as a measure of the linear association between the
two variables.

The local SST-precipitation relationship appears to
show a spatial variability over the Asian monsoon region,
in the observations (Fig. 2a). Precipitation lags SST by
~5 days over the Arabian Sea while the lag is ~ 12 days
over the Bay of Bengal and the South China Sea. That is,
the ocean-to-atmosphere effect appears to be fast over the

06 ™I

BoB

0
B\ /

-20 -15 -10 -5 0 5 10 15 20
Precip. leads SST

Correlation : SST vs Precip.

Precip. lags SST days

06 CFSv2

04 SCS
Bo

Correlation : SST vs Precip.

-20 -15 -10 -5 0 5 10 15 20
Precip. lags SST days Precip. leads SST
Fig. 2 Lead-lag correlation of precipitation anomalies with respect to
SST anomalies, on intraseasonal time scales averaged over the
Arabian Sea (AS), Bay of Bengal (BoB) and the South China Sea
(SCS), based on the inset rectangles in Fig. 1. A positive (negative)
correlation observed when precipitation lags (leads) the SST anom-
alies indicates that the SST (atmosphere) is driving the atmosphere
(SST), identified as an ocean-to-atmosphere (atmosphere—to-ocean)
effect. The magnitude of the correlation refers to the intensity of the
driving force, and the corresponding lag (lead) time denotes how
quickly the atmosphere responds to the SST anomalies and vice versa
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Arabian Sea, whereas the effect is slow over the other two
regions. Meanwhile, the atmosphere-to-ocean effect is
slower over the Arabian Sea (~ 15 days), with a quicker
response observed over the Bay of Bengal and the South
China Sea (~7 days). Such a substantial difference in the
SST-precipitation relationship between the regions is
striking as they are located at similar latitudes with similar
large-scale monsoon circulation characteristics like the
southwesterly winds, and to some extent, exhibits intra-
seasonal variability on similar timescales and northward
propagating nature. Despite these similarities, Duvel et al.
(2004) noted that, on regional scales, features including the
cloud cover, mixed layer depth and even the phase and
speed of propagation of the ISV over these basins are
different. Duvel and Vialard (2007) examined the evolution
of the ISV of the mixed layer temperature over the Indo-
Pacific region with respect to the atmospheric convection.
They found that during the boreal summer the SST
response to convective activity and surface wind pertur-
bations are regulated by the mixed layer depth over these
regions. In a recent study, Vialard et al. (2011) examined
the evolution of SST over the tropical Indian Ocean using
an ocean general circulation model and suggested a spatial
variability in the evolution of SST anomalies over the
Indian Ocean. They suggested that wind-stress variations
contribute to a larger extent to the intraseasonal SST
variations in the Arabian Sea through modulation of oce-
anic processes such as vertical mixing, entrainment, lateral
advection and Ekman pumping, whereas surface heat flux
variations contribute more to the ISV of SST over the Bay
of Bengal. However, their study focuses on the ISV over
the western Arabian Sea (48-60°E) in the Somalia and
Oman upwelling regions, where the coastal ocean
dynamics play a major role in the evolution of the SST
anomalies. In contrast, Roxy and Tanimoto (2007) exam-
ined the evolution of intraseasonal SST over the central
Arabian Sea (60-70°E) and Bay of Bengal (85-95°E),
away from the influence of the coastal upwelling processes,
and showed that the surface fluxes play a dominant role in
generating the observed intraseasonal SST anomalies in
these regions. The studies by Duvel and Vialard (2007) and
Vialard et al. (2011) focus on the spatial variability in the
evolution of mixed layer and surface temperatures in
response to atmospheric and oceanic drivers. The present
study proceeds further into analyzing the evolution of the
SST-precipitation relationship and the dynamical processes
involved, over these regions. Domains similar to those in
Roxy and Tanimoto (2007) are utilized in the current study,
were the large scale monsoon circulation is similar, and the
surface fluxes dominate the ISV of SST, rather than pro-
cesses such as the coastal dynamics, entrainment and
advection, and focus on the significant differences in
the response of precipitation to the intraseasonal SST
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anomalies. Though the intraseasonal anomalies and its
propagation is observed over the other regions such as the
western north Pacific, these regions are excluded as the
surface winds are not south westerly, and hence the large
scale monsoon features are different.

The coupled model simulates many aspects of the
observed spatial variability in the SST-precipitation rela-
tionship (Fig. 2b). This renders some confidence in the
model in portraying the ISV over the monsoon domain as
far as the ocean—atmosphere coupling is concerned.
Though the response times are realistic over the basins, the
sensitivity of the precipitation to the SST in the model is
intensified, especially over the Arabian Sea. The maximum
correlation between SST and precipitation for the Arabian
Sea is overestimated in the model (r = 0.7) in comparison
with the observations (r = 0.4, significant at the 99 %
confidence levels). This disparity in SST-precipitation
correlation is of some concern as it could indicate that the
ocean—atmosphere coupling is intensified over the Arabian
Sea, possibly influencing the mean precipitation over the
region, as the ISV can significantly modulate the seasonal
mean monsoon fields (Krishnamurthy and Shukla 2000;
Goswami and Ajayamohan 2001). Though the timescale
under consideration in the present study is 10-90 days,
similar results are obtained with the anomalies filtered only
for 30-60 days. It is also obvious from Fig. 3 that the
dominant timescale in the ISV anomalies is 30-60 days,
with an average period of ~40 days. Further, the lead-lags
obtained are robust in the unfiltered data as in the filtered
data (figure not shown), confirming the conclusions of the
current study.

The differences in the dynamical process responsible for
the spatial variability in the SST-precipitation relationship,
which is shown both in the observations and the model,
need to be examined. Though Roxy and Tanimoto (2007,
2012) showed that positive equivalent temperature anom-
alies induced by positive SST anomalies lead to unstable
conditions of the lower atmosphere and precipitation across
the Arabian Sea, Bay of Bengal and South China Sea, it is
possible that different factors, including the differences
in the ocean—atmosphere interaction over these regions
contribute to the pronounced spatial variability in the
SST-precipitation relationship. Evaluating which process
control the spatial variability of ISV might also give some
clues for understanding the disparity between the obser-
vations and the model leading to an overestimation of the
SST-precipitation correlation in the Arabian Sea.

In order to evaluate the differences in the SST-precipi-
tation co-variability, the temporal evolution of SST, sur-
face equivalent temperature (6.) and precipitation
anomalies, with respect to an SST maximum (SST above 1
standard deviation) is examined using time-latitude plots of
daily composites over the Arabian Sea, Bay of Bengal and

the South China Sea, for the observations and the model
(Figs. 3, 4, 5). Coherent northward propagation of all the
anomalies is observed in all the cases. For all the three
regions, positive SST anomalies lead to positive 0,
anomalies, via heat and moisture exchanges at the surface,
thereby inducing unstable conditions over the lower
atmospheric column, leading to the precipitation anomalies
as in Roxy and Tanimoto (2007). In the observations, the 6,
maximum is not collocated on the same latitudes with the
other anomalies, though the anomalies appear to be col-
located in the model. This could probably be due to the use
of the ERA data for the lower atmospheric temperature and
specific humidity, along with the satellite data, which could
add some uncertainty to the analysis. The SST- 6, lag is
similar across the basins, but the 6.-precipitation lag is
shorter over the Arabian Sea and longer over the Bay of
Bengal and the South China Sea. This means that though
the positive SST anomalies translate to positive 0, anom-
alies instantaneously over all the basins, the response in the
precipitation anomalies is different. For understanding the
spatial variability in the ISV, it is necessary to juxtapose
the results with the spatial variability of the mean condi-
tions over these regions which can modulate the precipi-
tation response to the unstable conditions. Surface
convergence is a factor which determines the vertical
motions leading to convective activity. The mean surface
convergence, instead of the intraseasonal surface conver-
gence, is used as it provides a relative measure of the
spatial variability when comparing different regions. To
examine the role of the mean conditions in influencing the
ISV and its spatial variability, scatter plots of mean surface
convergence and the response time are prepared in
Figure 6, for Arabian Sea, Bay of Bengal and South China
Sea, in the observations and the model. Mean surface
convergence is higher over the Arabian Sea, and the
response time is quicker. Meanwhile, Bay of Bengal and
South China Sea have a relatively weaker surface conver-
gence, and the response time is slower. The mean surface
convergence over the Arabian Sea might be stronger due to
the presence of a strong zonal gradient in SST, in com-
parison with the other two basins (Fig. 1). The zonal SST
gradient may enhance the east—west surface pressure gra-
dient, strengthening the westerlies, and thereby increasing
the surface convergence over the region (Lindzen and
Nigam 1987). The relationship between the surface con-
vergence and the response time can be hypothesized as
follows. Once the positive surface 0. anomalies induce
unstable conditions over the Arabian Sea, the prevailing
strong surface convergence accelerates the vertical upward
motion of the moist air, which then condenses and pre-
cipitates. In comparison, the mean surface convergence
over the Bay of Bengal and South China Sea is weaker,
weakening the vertical upward motion of the moist air, and
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Fig. 3 Hovmoller plots of intraseasonal anomalies of SST (colors;
°C), Be1000 (colors; °C) and precipitation (colors; mm dayfl) over the
Arabian Sea (63-73°E) with respect to the SST maximum at day = 0,

the resultant precipitation. This means that thermodynam-
ically induced unstable conditions in the ISV requires a
strong background surface convergence for a quicker
response in the precipitation anomalies.

3.3 SST-precipitation relationship in the ISV
of the model

The model is found to reproduce the salient features of the
monsoon ISV, including its northward propagation, the
SST-precipitation relationship and its co-variability
(Figs. 3, 4, 5). However, there is an overestimation in the
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for the observations and the model. Contour lines of SST anomalies
(interval: 0.1 °C) are superimposed, with negative values dashed.
Coloring convention is represented at the bottom

intraseasonal anomalies, leading to a stronger SST-pre-
cipitation correlation in the model with respect to the
observations. As mentioned earlier, this could possibly lead
to a modulation of the seasonal mean precipitation and
hence requires careful evaluation. To examine the relative
amplification of the ISV, the variability of all the important
variables over the monsoon domains are compared
between the observations and the model. Figure 7 shows
the standard deviation of the ISV for the surface winds,
SST and equivalent potential temperature at 1,000 hPa
(Oc1000) in the observations and the model. Among the
observed fields, Arabian Sea shows low standard
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Fig. 4 Same as Fig. 3, but for the Bay of Bengal

deviations, implying weaker intraseasonal variability in
comparison with the Bay of Bengal (BoB) and the South
China Sea (SCS). The strong variability of equivalent
potential temperature over the Bay of Bengal and South
China Sea results in highly variable conditions of stability,
resulting in stronger precipitation variability, as evidenced
from Fig. 7. In comparison, the model has intensified
ocean—atmosphere coupling over the Arabian Sea. The
surface wind variability is stronger, leading to increased
latent heat flux variability and in turn SST variability over
the Arabian Sea. This results in the increased variability in
0c1000 and therefore, the precipitation in the model.

To investigate the cause of increased intraseasonal
variability over the Arabian Sea in the model, it is

-0.5 -0.3 -0.1

20

0.1 0.3 05

necessary to examine the physical processes regulating the
evolution of the SST anomalies at the intraseasonal time
scale in more detail. First, it is important to check whether
the increased SST anomalies are due to enhanced surface
flux and wind variability. Figure 8 shows the latitude-time
plots of daily composites of surface winds, latent heat flux
and shortwave radiation flux anomalies, with respect to the
SST maximum in the Arabian Sea, for both the observa-
tions and the coupled model. Northward propagation of the
zonal wind, latent heat and shortwave flux (downward
positive) anomalies, consistent with the evolution of the
SST anomalies at the intraseasonal time scale are evident
in these Hovmoller diagrams for the observations. CFSv2
produces coherent patterns in northward propagating
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Fig. 5 Same as Fig. 3, but for the South China Sea

intraseasonal anomalies in the Arabian Sea that are gen-
erally consistent with ISV characteristics in the observa-
tions. However, the intraseasonal anomalies are in general,
overestimated in the model. To assess whether this over-
estimation is due to poor ocean—atmosphere coupling or
misrepresented coupling coefficients in the model for the
monsoon domain, the anomalies are quantitatively evalu-
ated for their contribution with respect to the increased
intraseasonal SST anomalies. The increased SST anomalies
in the model are comparable to the simulated net surface
flux anomalies, as an increase of 30 W m™~2 for an average
mixed layer depth of 30 m corresponds to an increase of
0.025 °C day ', on estimating the surface flux contribution
to the SST tendency (Roxy and Tanimoto 2012; see
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“Appendix 17). The surface easterly anomalies are also
magnified in the model with respect to the observations,
leading to reduced evaporation (as the mean winds are
westerly) and the intensified surface latent heat flux
anomalies (positive downward). For example, using the
bulk aerodynamic equations, an overestimation of 1 m s7!
of wind speed is comparable to an increase of 14 W m™>
of latent heat flux anomalies, in the model (see the
“Appendix 2” for a detailed derivation of the quantities).
The surface shortwave flux anomalies are probably inten-
sified due to suppressed convective activity during the
precipitation minimum (Fig. 3f), resulting in the anoma-
lous easterlies (Matsuno 1966; Gill 1980; Wang and Wu
1997). An objective analysis of the results indeed shows a
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correlation between the simulated convective activity and
the winds, though a quantitative estimation of the same is
not feasible with the current study.

In summary, the ocean—atmosphere coupling at the
intraseasonal time scale seems to be overestimated in the
model. However, it is important to note that there is no
apparent mismatch across the coupling variables, indicating
that the dynamical processes involved in the air-sea coupling
are fairly well represented in the model. This is different
from the problem faced by some of the earlier models which
simulates relatively weak SST variability and a systematic
phase mismatch between surface winds, SST and precipita-
tion, resulting in an unrealistic simulation of the coupling at
the intraseasonal time scale (Xavier et al. 2008).

The overestimation of the ISV in the present model
might be related to a persistent systematic bias in the ocean
component of the model. In comparison with the obser-
vations, SST and MLD have a bias in the model. The
model SST is cooler by about 1-3 °C over the north Indian
Ocean and the South China Sea during the boreal summer
(Fig. 1). For testing the role of model SST bias in modu-
lating the ISV, model sensitivity experiments, with and
without the SST bias were carried out. Ensembles of short
integrations for the summer monsoon were performed by
adding temperature anomalies to correct the bias on the top
levels of the ocean similar to the method utilized by Terray
et al. (2007). The composites of the simulations with the
bias corrections in SST alone (figure not shown) did not
show an improvement in simulating the ISV over the Asian
monsoon region. It appears that the whole upper layer
mixing in the model needs to be examined, rather than the
SST exclusively. Indeed, Duvel and Vialard (2007) showed
that the intraseasonal SST anomalies are related to the
changes in the MLD over the Indo-Pacific region. Hence an
analysis of the model response to the mixed layer depth is
carried out.

-1
divergence x 107 s~

Mean mixed layer depth, based on a density criteria, as
in de Boyer Montégut et al. (2004) is estimated for the
model and compared. In comparison with the observa-
tions, the mean mixed layer depth over the Arabian Sea is
relatively shallow in the model (Fig. 9). Therefore, when
forced with the same surface heat flux anomalies, larger
SST anomalies will occur, enhancing the unstable con-
ditions over the Arabian Sea, eventually resulting in an
enhanced ISV of precipitation. The situation is much
easier to understand by estimating the SST tendency with
regard to the surface heat fluxes. Suppose a region over
the Arabian Sea is forced with intraseasonal surface heat
fluxes of 40 W m~2. At a mixed layer depth of 40 m, the
SST tendency would be 0.5 °C day™' (“Appendix 17).
The same, region, at a mixed layer depth of 20 m, will
exhibit an SST tendency of 0.25 °C day~'. That is, a
shallow mixed layer aggravates the SST anomalies,
thereby amplifying the ISV over the region. Indeed,
comparing the spatial patterns of the ISV in the obser-
vations and the model (Fig. 7), with the bias in the mixed
layer depth (Fig. 9) shows an increase in the variance
over the shallow regions of Arabian Sea. A pattern cor-
relation is carried out between the bias in the mean mixed
layer depth and the bias in the ISV of SST, over the
Arabian Sea, including the regions of both shallow and
deep mixed layer biases. Positive correlation (r = 0.5)
significant at 95 % confidence levels is obtained, con-
firming the results from the present study. The same
processes can be attributed to the Bay of Bengal and
South China Sea also, where the mixed layer is shallow
for the model (Fig. 9), resulting in a slight amplification
of the ISV over these regions. Considering that the values
of fluxes and SST estimated here are averaged over a
larger region, the localized impact over a grid point could
be higher, and hence significant to be factored in while
examining the monsoon ISV.
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Fig. 7 Standard deviation of the intraseasonal variability of surface
zonal winds (colors; m s™1), SST (colors; °C), Oe1000 (colors; °C) and
precipitation (colors; mm day™') over the Asian monsoon region
during June-September, for the model (100 years run) and the

4 Summary and discussion

The intraseasonal variability of the Asian monsoon and the
local SST-precipitation relationship inherent to it are
examined in the present study, using recent high quality
satellite data (12 years) and climate data simulated by a state
of the art coupled model, the climate forecast system version
2 (100 years). The mixing ratios of time varying forcing
agents such as atmospheric CO,, CHy, N,O, etc. are set for
the current decade, so that the model climate is comparable
with the observed climate from the satellite data.
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observations (1998-2009). Shading conventions are represented at the
side of the figures. Standard deviation of intraseasonal surface wind
vectors are superimposed on the surface zonal wind anomalies

The local intraseasonal SST-precipitation relationship
appears to show a spatial variability over the Asian mon-
soon region, both in the observations and the CFSv2
model. The ocean-to-atmosphere effect appears to be quick
over the Arabian Sea where precipitation lags SST by
~5 days; whereas the effect is slow over the Bay of
Bengal and the South China Sea, with a lag of ~ 12 days.
The reason for the spatial variability is hypothesized as
follows. Though the Arabian Sea, Bay of Bengal and the
South China Sea exhibit similar monsoon circulation fea-
tures and processes of intraseasonal ocean atmosphere
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Fig. 8 Hovmoller plots of intraseasonal anomalies of surface zonal
winds (colors; m s™'), surface latent heat flux anomalies (colors;
W m’z), downward shortwave radiation flux anomalies (colors;
W m~2) and SST (colors; °C) over the Arabian Sea (63—73°E) with

interaction, the precipitation anomalies over the Arabian
Sea shows a relatively quicker response to the SST
anomalies. This is because the relatively stronger surface
convergence over the Arabian Sea, due to the presence of a
strong zonal gradient in SST, accelerates the uplift of
the moist air resulting in a relatively faster response in the
local precipitation anomalies. Similarly, the response in the
precipitation anomalies is relatively slower over the Bay of
Bengal and South China Sea as these basins have a com-
paratively weaker surface convergence, resulting in a
slower response with respect to the ISV.

Simulating the ocean—atmosphere coupling inherent to
the ISV, and its characteristics including the spatial vari-
ability is of paramount significance as it contributes to the
wet and dry spells of the monsoon and in turn, its interannual
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respect to the SST maximum at day = 0, for the observations and the
model. Contour lines of SST anomalies (interval: 0.1 °C) are
superimposed, with negative values dashed. Coloring convention is
represented at the bottom

variability. Nevertheless, most climate models fail to
reproduce the salient features of the monsoon ISV. In this
context, the CFSv2 produces coherent, and consistent pat-
terns in northward propagating intraseasonal anomalies in
the Arabian Sea that are generally consistent with ISV
characteristics. However, the intraseasonal anomalies are in
general, amplified in the model. Since the overestimation of
the magnitude of the anomalies is evident in all aspects of the
ocean—atmosphere coupling instead of an amplified mis-
match between the variables, it can be implied that the
coupling is well simulated in the model.

This leads to the question whether the systematic bias
over the Arabian Sea in the model could attribute to the
amplification of the ISV over the region. The mixed layer
is shallower in the north Indian Ocean, with the shallowest
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Fig. 9 Difference between the
CFSv2 and the observations for 30°N
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the mixed layer depth (MLD,
colors; m) over the Asian
monsoon region during June—
September. For the
observations, MLD is obtained
from de Boyer Montégut et al.
(2004). Shading convention is
represented at the side of the
figure

25°N —+

5°S
40°E

regions in the Arabian Sea. When forced with the same
surface flux anomalies, a shallower mixed layer will
aggravate the coupled processes, leading to the increased
variance of the convective activity in the model. The same
mechanism can be applied to the Bay of Bengal and South
China Sea also, where the mixed layer is shallow in the
model, resulting in the slight amplification of the ISV over
these regions. This is of a huge concern for monsoon
related research and forecast, as it means that if the model
does not have the mean mixed layer at the right depth, it
will not reproduce the intraseasonal variability realistically,
especially its amplitude. As simulating the ISV accurately
is important for predicting the active and break spells of the
monsoon, it is argued that a prime focus should be on
improving the mixed layer scheme of the ocean component
in CFSv2. The improvement may be applicable to other
state-of-the-art couple models also, since the mixed layer
biases are common across several of them, as mixing
schemes employed are similar. With the hypotheses and
propositions provided here, the SST-precipitation rela-
tionship in the active-break phases of ISV over the Asian
monsoon domain is illustrated in Fig. 10, with modifica-
tions to the processes explained by previous studies (e.g:
Roxy and Tanimoto 2012). To summarize, the previous
studies explain how the heat fluxes increase (decrease) the
SST anomalies, which in turn results in unstable (stable)
lower atmospheric conditions, thereby enhancing
(decreasing) convective activity. The present study sup-
plements the previous studies, and shows that the mixed
layer has a major role in regulating the amplitude of the
SST anomalies and thereby the intensity of the intrasea-
sonal variability. The current study also examines the time
response of precipitation anomalies to the SST anomalies
and indicates that the strength of the mean surface con-
vergence over a basin results determine how fast or slow
the response is.
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The results here are in agreement with the findings of Fu
et al. (2003), where they examined the relative importance of
the mixed layer in determining the strength of the ISV, using
numerical experiments with an ocean—atmosphere coupled
model. Similar experiments for the equatorial eastward
propagating Madden-Julian oscillations also showed a
strengthening of the ISV with respect to shallow mixed layer
depths, adding confidence to the results in the present study
(Watterson 2002). Ocean—atmosphere feedbacks can amplify
even small biases, and in combination with approximations in
the model physics, can then affect the simulation of intra-
seasonal variability (Wittenberg et al. 2006). The bias in the
Arabian Sea is a common issue across several models and
might be an issue with the ocean component in simulating the
mean mixed layer depth and the SST over the tropics (Wit-
tenberg et al. 2006; Wu et al. 2008; Levine and Turner 2011).
Levine and Turner (2011), using coupled and atmosphere-
only model simulations, indicates that improving the Arabian
Sea bias in the current model could possibly improve the
summer monsoon and its variability. The bias in the mixed
layer might be related to the KPP mixing scheme which is
widely used in ocean models, including the current MOM4pO0.
Some physical processes such as Langmuir circulation and
wave-induced vertical mixing have not been properly inclu-
ded in the ocean component, which could be one of the rea-
sons for these biases. Surface waves could deliver mixing/
turbulences to depth of the order of 100 m directly (Babanin
et al. 2009). Langmuir circulation can induce vertical mixing
and play an important role in deepening upper-ocean mixed
layer. Besides Langmuir circulation and surface wave
breaking, nonbreaking surface waves can also induce vertical
mixing in the upper-ocean. Incorporating wave induced
mixing in the KPP scheme might be a way to reduce the
mixed layer bias, as shown by Shu et al. (2011). A detailed
examination on the role of wave induced mixing on the
present model is left for future research.



Intraseasonal SST-precipitation relationship

59

Fig. 10 A schematic figure of
the SST-precipitation
relationship in the active (red
shades)—break (blue shades) oT
phases of the intraseasonal ot
variability over the tropical
monsoon domain, with factors
determining the spatial
variability and magnitude of the
relationship alongside.
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The present study indicates that a bias in the mixed
layer over the Indian Ocean significantly modulates the
local ISV and the ocean—atmosphere coupling associated
with it. It can be hypothesized that such a modulation of
the ISV could modulate the precipitation over the land
also. To understand this, take the case when a region over
the Arabian Sea is forced with the same amount of
intraseasonal surface heat fluxes, but for shallow and deep
mixed layer depths. Since the latent heat flux is same, the
amount of moisture evaporated to the atmosphere would
be the same in both cases. However, since the ISV is
amplified for a shallow mixed layer, the precipitation
anomalies are also amplified, utilizing more of the
moisture present over the Arabian Sea. This might reduce
the amount of moisture available for precipitation over
the land, in the northward and north-eastward propagating
intraseasonal anomalies. However, this hypothesis is
based in the assumption that moisture is a limiting factor
for the intraseasonal precipitation, and hence it needs to
be tested using model sensitivity experiments, and is left
for future study.

Regardless of the issues discussed here, the model has
the capability to serve as an excellent tool for under-
standing and predicting intraseasonal variations, and
for investigating its response on the climate system. The
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simulations show robust, northward propagating intrasea-
sonal anomalies of SST, surface winds and precipitation
along the monsoon domain, which is in good qualitative
agreement with observations. Difficulties in simulating
the climatological mean summer monsoon, without the
recurring biases in precipitation distribution over the cen-
tral Indian Ocean are also resolved in the model. This may
be due to a better simulation of the northward propagating
ISV, as the convective bands shift to the north, and cease to
persist over the central Indian Ocean. The magnitude of the
ISV is found to vary with respect to the mixed layer biases
in the model, with serious implications on the variability of
local and northward propagating precipitation anomalies,
which indicates that the biases in the model needs to be
corrected for a realistic simulation of the active and break
phases of the Asian monsoon.
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Appendix 1

The extent to which the surface heat flux anomalies can
account for the observed intraseasonal variations of SST
were examined using the SST tendency equation

0T Fiot

or pCph

where T is the SST, F, is the total heat flux, p is density
of water, c;, is the specific heat of water at constant pres-
sure, and h is the mixed layer depth (MLD). In the present
study, an increase of F, by 30 W m 2, for an h of 30 m
and standard values of p (1.024 gcm_3) and c, (3.898
Jg=!' °C™"), the heat flux forcing estimated is in the order
of 0.25 °C day~". This is comparable to the increased SST
variability simulated by the model.

Appendix 2

The contribution of the increased surface winds to the
increased surface latent heat flux anomalies is estimated
using the bulk aerodynamic equation,

LHF = pLCgU (g5 — q)

where p is the density of air, L is the latent heat of
evaporation of water, Cr is the bulk transfer coefficient
for latent heat flux, U and ¢ are the wind speed and
specific humidity of air at a height just above the surface
(e.g: 10 m), and ¢, is the saturation specific humidity
at sea surface temperature. With respect to the present
study, an overestimation of 1 ms~' of wind speed, at
standard values of L (2,360 Jgfl), p (117 g cm73), Cg
(1.25 x 107) approximated for the Indian Ocean, and a
specific humidity difference dg of 4 g kg™' is comparable
to an increase of latent heat flux anomalies by 14 W m~2,
in the model.
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