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Abstract Understanding the response of the South Asian
monsoon (SAM) system to global climate change is an
interesting scientific problem that has enormous implica-
tions from the societal viewpoint. While the CMIP3 pro-
jections of future changes in monsoon precipitation used in
the IPCC AR4 show major uncertainties, there is a growing
recognition that the rapid increase of moisture in a warm-
ing climate can potentially enhance the stability of the
large-scale tropical circulations. In this work, the authors
have examined the stability of the SAM circulation based
on diagnostic analysis of climate datasets over the past half
century; and addressed the issue of likely future changes in
the SAM in response to global warming using simulations
from an ultra-high resolution (20 km) global climate
model. Additional sensitivity experiments using a
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simplified atmospheric model have been presented to
supplement the overall findings. The results here suggest
that the intensity of the boreal summer monsoon over-
turning circulation and the associated southwesterly mon-
soon flow have significantly weakened during the past
50-years. The weakening trend of the monsoon circulation
is further corroborated by a significant decrease in the
frequency of moderate-to-heavy monsoon rainfall days and
upward vertical velocities particularly over the narrow
mountain ranges of the Western Ghats. Based on simula-
tions from the 20-km ultra high-resolution model, it is
argued that a stabilization (weakening) of the summer
monsoon Hadley-type circulation in response to global
warming can potentially lead to a weakened large-scale
monsoon flow thereby resulting in weaker vertical veloci-
ties and reduced orographic precipitation over the narrow
Western Ghat mountains by the end of the twenty-first
century. Supplementary experiments using a simplified
atmospheric model indicate a high sensitivity of the large-
scale monsoon circulation to atmospheric stability in
comparison with the effects of condensational heating.

Keywords South Asian monsoon - Global climate
change - Stability of monsoon circulation - Orographic
precipitation response - Western Ghats

1 Introduction

The South Asian monsoon (SAM) circulation sustains the
lives of over one fifth of the world’s human population
whose water supply is almost entirely dependent on the
seasonal summer monsoon rains during the June to Sep-
tember months. While on average the seasonal monsoon
rains contribute nearly 75-80% of the annual precipitation
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in the region, their year-to-year variations exert significant
impacts on agriculture, water resources, power generation,
industry, transportation and various socio-economic acti-
vities of the region (Swaminathan 1987; Sikka 1999).
Given the profound implications of the SAM on humanity
and society and the increasing population pressures in the
region, understanding how the regional monsoon hydro-
logical cycle might respond to global climate change is a
problem of major concern.

Several studies based on climate model simulations
suggest that greenhouse warming is likely to intensify the
monsoon precipitation over a broad region encompassing
South Asia due to increased atmospheric moisture content
and enhanced surface and tropospheric warming (e.g.,
Meehl and Washington 1993; Bhaskaran et al. 1995; Kitoh
et al. 1997; Lal et al. 2000; Hu et al. 2000; May 2002,
2004, 2010; Meehl and Arblaster 2003; Rupakumar et al.
2006; Turner et al. 2007). However, precise assessments of
future changes in the regional monsoon rainfall based on
the IPCC AR4 models have remained ambiguous due to
wide variations among the model projections (e.g., Kripa-
lani et al. 2007; Annamalai et al. 2007; Sabade et al. 2010;
Krishna Kumar et al. 2010; Fan et al. 2010; Turner and
Slingo 2009). Furthermore, the simulated precipitation
response to global warming by climate models is actually
accompanied by a weakening of the large-scale southwest
monsoon flow (e.g., Kitoh et al. 1997; Douville et al. 2000;
Stephenson et al. 2001; Ueda et al. 2006; Stowasser et al.
2009; Sabade et al. 2010; Cherchi et al. 2010). This issue
will be taken up during subsequent discussions in the
paper.

Historical datasets provide valuable information about
the behavior of the SAM during the last century. Observed
precipitation records over India during the twentieth cen-
tury indicate absence of any significant long-term trend in
the summer monsoon rainfall for the country as a whole,
although there are specific areas where the seasonal

monsoon rainfall trends are found to be significant (Gu-
hatakurtha and Rajeevan 2006). Based on an analysis of
observed daily gridded (1° x 1°) rainfall data for the per-
iod (1951-2003), Goswami et al. (2006) noted a significant
increase in the frequency of heavy rainfall events over
Central India which is compensated for by a decrease in the
frequency of occurrence of moderate and low rainfall
events. On the other hand, Guhathakurtha et al. (2010) have
examined changes in extreme rainfall events using station
level daily rainfall based on a fairly dense network of rain-
gauge stations over India for the period 1901-2005. They
noted decreasing trends in the frequency of monsoon rainy
days in most parts of the country. Likewise, Dash et al.
(2009) pointed out a significant decrease in the frequencies
of moderate and low rain days for the entire country in the
last half century.

1.1 Motivation

One of the intriguing aspects of the SAM is the significant
decrease (>95% significant level) of the summer monsoon
precipitation over the Western Ghat mountains and the
orographic slopes of Myanmar (Fig. 1) as evidenced from
the observed daily rainfall for the period (1951-2007). The
trend maps in Fig. la, b are based on the APHRODITE
(0.5° x 0.5° resolution) and the IMD (1° x 1° resolution)
daily gridded rainfall datasets respectively. Both datasets
show a decreasing trend in rainfall over parts of the west
coast of India and also over regions of north and central
India, although there are some differences between Fig. la,
b. One of the earliest studies that reported a decreasing
trend in the southwest monsoon rainfall over Kerala was by
Soman et al. (1988). By examining rainfall time-series over
75 stations in Kerala for 80 years (1901-1980), they noted
a decrease of as much as 10-20% in the southwest mon-
soon rainfall, particularly over the eastern highlands and
adjacent areas in the region, during the second half

Fig. 1 Spatial map of linear
trend of rainfall rate for JJAS
season based on the

a APHRODITE (0.5° x 0.5°
resolution), b IMD (1° x 1°
resolution) daily gridded rainfall
datasets. The units are

mm day~' (57 year'). Only
values exceeding the 95% level
of significance based on a
students’ ¢ test (see Balling et al.
1998) have been shaded. Both

(a)

35N

30N 4

20N A

datasets are gridded daily 15N ~
rainfall for the period
1951-2007 _—

(b)

<’ ."""'_'-.

j-

J0E

80E

@ Springer

70E 80E 90E 100E



R. Krishnan et al.: Will the South Asian monsoon overturning circulation stabilize any further? 189

(1941-1980) as compared to the first half (1901-1940) of
the analysis period. Figure la shows a relatively larger
decreasing trend in the monsoon rainfall over Myanmar as
compared to Western Ghats. The reason for these regional
differences in the rainfall trends is not fully clear. Both
regions experience significant large-scale orographic pre-
cipitation during the summer monsoon season; although it
is likely that the activity of monsoon synoptic systems like
lows and depressions may contribute much more to the
quantum of seasonal monsoon rains over Myanmar as
compared to that over the Western Ghats. The objective of
the present work is two-fold. One of the goals of this study
is to assess the observed changes in the large-scale SAM
circulation in relation to the regional monsoon precipitation
changes based on detailed data diagnostic analyses. The
second part of the paper focuses on understanding the
likely future changes in the SAM precipitation and circu-
lation response to global warming.

The scientific motivation for the proposed objectives
stems from the fact that the SAM circulation is basically a
large-scale convectively coupled phenomenon and there-
fore changes in the regional monsoon precipitation would
imply dynamical linkages with large-scale circulation.
Various studies have alluded to the possible weakening of
the large-scale monsoon circulation during recent decades.
Based on an analysis of NCEP reanalysis winds, Joseph
and Simon (2005) noted a weakening trend of the summer
monsoon low-level southwesterly winds over the Indian
region. This is further corroborated by a weakening of the
upper-tropospheric tropical easterlies over the South Asian
monsoon region as noted by Rao et al. (2004) and
Sathiyamoorthy (2005). More recently, Ramesh Kumar
et al. (2009) have reported an increasing trend both in the
duration and frequency of monsoon “breaks” (i.e., dry
spells) over India in recent decades, which they attributed
to the accelerated SST warming trend in the tropical
eastern Indian Ocean since the 1970s. In yet another study,
Turner and Hannachi (2010) examined regime changes of
the low-frequency summer monsoon intraseasonal vari-
ability and pointed out that the recent three decades
were accompanied by significantly higher probability of
occurrence of break-monsoon regime relative to the active-
monsoon regime which was more frequent prior to the mid-
1970s. The weakening of the large-scale summer monsoon
circulation is also reflected in the activity of monsoon
synoptic disturbances (e.g., monsoon depressions) which
have significantly decreased in frequency during the last
few decades (e.g., Rajeevan et al. 2000; Dash et al. 2004).
Based on a comprehensive analysis, Fan et al. (2010) have
shown the weakening trend of the observed SAM circula-
tion during the last half century using an integrated mon-
soon dynamical index defined in terms of a common
pattern among multiple atmospheric fields (sea level

pressure and both zonal and meridional tropospheric wind
shears).

Studies have shown that the historical twentieth century
simulations 20CM3 of the Coupled Model Inter-compari-
son Project (CMIP3) multi-model database (Meehl et al.
2007) qualitatively capture the weakening tendency of the
SAM circulation during the second half of twentieth cen-
tury, although the member models exhibit considerable
spread in quantifying the monsoon circulation and precipi-
tation response (see Tanaka et al. 2004: Fan et al. 2010).
Given the complexities in the attribution of regional pre-
cipitation changes to global warming, it would be important
to reconcile the dynamical links between the observed
changes in the regional monsoon rainfall and the large-scale
SAM overturning circulations. In particular, it would be
relevant to know whether the precipitation decrease over the
Western Ghat mountain slopes (Fig. 1) in recent years is
related to a weakening of the large-scale summer monsoon
Hadley-type circulation and indeed a weakening of the low-
level south-westerly monsoon flow itself. This issue forms
the central theme of the first part of this work. The second
issue addressed in the paper is the potential influence of
global warming on the large-scale monsoon circulation and
precipitation distribution particularly over the Western Ghat
mountains (Fig. 1). Here it may be mentioned that coarse
horizontal resolution climate models with grid size
>100 km, which were used in the IPCC AR4 assessment,
have the challenge of adequately resolving the fine mon-
soon precipitation features along the narrow Western Ghats
whose maximum zonal width does not exceed 100 km.
Therefore the use of the MRI ultra high-resolution global
climate with horizontal mesh size of approximately 20-km
(Ref: Mizuta et al. 2006; Kitoh and Kusunoki 2009) in the
present study overcomes the problem of inadequate hori-
zontal resolution in representing the Western Ghat
mountains.

Rajendran and Kitoh (2008) have previously investi-
gated the impact of global warming on Indian monsoon
precipitation using the MRI 20-km mesh global model.
They noted a likely increase in the simulated monsoon
rainfall over the interior regions of the Indian subcontinent
for the future climate scenario and a significant reduction in
orographic rainfall over the west coasts of Kerala and
Karnataka. The rainfall reduction over the west coast was
mostly to the south of 15°N and was accompanied by a
drastic reduction in the southwesterly winds over the
eastern Arabian Sea. Several studies have also suggested
the possibility of a weakening of the tropical large-scale
overturning circulations in response to global warming
(e.g., Knutson and Manabe 1995; Douville et al. 2000; Sugi
et al. 2002; Sugi and Yoshimura 2004; Held and Soden
2006; Zhang and Song 2006; Veechi et al. 2006; Veechi
and Soden 2007; Gastineau et al. 2008). Such a situation
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can occur if the rate of precipitation increase is much
slower than the rate of increase of moisture content in
response to rising surface temperatures, as constrained by
the Clausius-Clapeyron relationship (see Cherchi et al.
2010). Given the competing effects of increased latent
heating and increased stability due to global warming, it
would be worthwhile to understand if the observed
decrease of monsoon precipitation over the Western Ghat
mountains is related to changes in the large-scale summer
monsoon circulation under changing climate. Keeping
these scientific issues in mind, we have conducted a
detailed diagnostic analysis of observed and reanalysis
datasets for the historical period; together with analyses of
the present-day and future (end of twenty-first century)
monsoon projections using the Meteorological Research
Institute (MRI) ultra-high resolution 20-km mesh global
climate model. Additionally, we have performed supple-
mentary experiments using a simplified atmospheric model
in order to gain deeper insight into the physical mecha-
nisms that can influence the strength of the large-scale
monsoon Hadley-type circulation in response to global
warming. The details of the model experiments and data-
sets are discussed in the following sub-section.

1.2 Datasets and model experiments

The datasets used in the present study include the India
Meteorological Department (IMD) daily gridded (1° x 1°)
rainfall dataset over India available for the period
1951-2007 (Rajeevan et al. 2006), the Asian Precipita-
tion—Highly-Resolved Observational Data Integration
Towards Evaluation of Water Resources (APHRODITE)
gridded (0.5° x 0.5°) daily rainfall dataset for the period
1951-2007 (Yatagai et al. 2009); monthly sea-level pres-
sure data available for (1850-2009) based on the HadSLP2
dataset (Allan and Ansell 2006); atmospheric winds from
National Center for Environmental Prediction (NCEP)
reanalysis for the period 1948-2009 (Kistler et al. 2001)
and European Centre for Medium Range Weather Fore-
casts (ECMWF) reanalysis (ERA40) for the period
1958-2002 (Uppala et al. 2005). We have also presented
back trajectories of summer monsoon flows computed
based on the 6-hourly ERA40 wind data for the period
1958-2006, using the ECMWF operational analyses from
2002 onwards.

The data diagnostic analysis is supplemented by simu-
lations using the ultra high-resolution global atmospheric
GCM with horizontal grid size of ~20 km and 60 vertical
layers developed jointly by the Meteorological Research
Institute (MRI) and the Japan Meteorological Agency
(JMA). This is a global spectral model with triangular
truncation T959 having 1,920 x 920 Gaussian grid cells.
The model includes the Arakawa-Schubert cumulus
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parameterization scheme with the prognostic closure of
Randall and Pan (1993). Detailed description of the model
is given in Mizuta et al. (2006). Two cases of 25-year time-
slice simulations for the present-day climate (1979-2003)
and future climate (2075-2099) corresponding to the IPCC
A1B scenario were performed with the model on the Earth
Simulator—a massively parallel vector super computer
system consisting of 5,120 processors. For the present-day
climate simulation (PDC), observed sea surface tempera-
ture (SST) and sea ice concentration (SIC) from the Hadley
Centre HadISST dataset (Rayner et al. 2003) for
(1979-2003) was prescribed. The SST and SIC boundary
conditions for the future global warming climate (GWC)
simulation were estimated by using the Coupled Model
Inter-comparison Project phase 3 (CMIP3) multi-model
data based on the approach of Mizuta et al. (2008). Using
the outputs of SST and SIC from different CMIP3 models,
the estimation method uses a multi-model ensemble tech-
nique to incorporate the effects of future climate change
along with realistic interannual variability. The technique
also takes into account a procedure for correcting the
present-day climate biases for each model. The details of
the technique are described in Mizuta et al. (2008),
Murakami and Wang (2010). In addition to the ultra high-
resolution model simulations, we have performed numeri-
cal experiments using a simplified zonally symmetric
model to gain deeper insight about the sensitivity of the
monsoon meridional overturning circulations to changes in
static-stability and diabatic heating. The details of the
sensitivity experiments are discussed in Sect. 5.

2 Changes in the observed monsoon rainfall
and circulation

Here we focus on the issue of decreasing summer monsoon
precipitation over the Western Ghat mountain slopes as
noted earlier in Fig. 1. The Western Ghat mountains are
one of the wettest regions in the world (see Xie et al. 2006)
and the climatological mean of the total summer monsoon
seasonal precipitation over this region exceeds 2500 mm
(Ref: http://www.tropmet.res.in). Based on a detailed
analysis of the Tropical Rainfall Measuring Mission
(TRMM) Precipitation Radar (PR) data, Romatschke and
Houze (2011) have noted that the rainfall over the moun-
tainous western coasts of India and Myanmar is largely
associated with small and medium-sized convective sys-
tems, present throughout the day, as a consequence of the
orographic response to the monsoon southwesterly flow.
Daily rainfall amounts in the range of 10-20 mm are quite
common over several regions of the Indian subcontinent
during the summer monsoon season. According to the India
Meteorological Department (IMD), percentile thresholds
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for moderate-to-heavy rainfall events based on daily rain-
fall data can be defined whenever the daily rainfall amount
lies between the 75th and 95th percentile (Joshi and
Rajeevan 2006). Based on this definition, we have con-
firmed that the rainfall amounts associated with the mod-
erate-to-heavy rainfall events over Western Ghats are
typically in the range of 20-100 mm (figure not shown).
Figure 2a provides a typical illustration of the spatial plot
of the frequency count of moderate-to-heavy rainfall events
(i.e., between 75th and 95th percentile) during the 122 days
(1 June to 30 September) of the summer monsoon season.
The plot has been constructed using 122 days of daily
climatological mean rainfall based on the APHRODITE
dataset which is available for the period 1951-2007. It is
noted that moderate-to-heavy rainfall events have maxi-
mum frequencies of nearly 65 days during a season over
several locations of the Western Ghats, the mountain slopes
of Myanmar and southern slopes Himalayas over Northeast
India. The black line in Fig. 2b shows the time-series of the
frequency count of moderate-to-heavy events computed
over the west coast of India (72°E-77.5°E; 8°N-19°N) for
each of the summer monsoon seasons (June—September)
during 1951-2007. A decreasing trend (>95% level of
statistical significance) in the frequency of moderate-to-
heavy rainfall can be noted in Fig. 2b. This is consistently
supported by a significant decrease in the frequency of
upward motions based on the NCEP reanalysis 500 hPa
vertical velocity (w) over the region (70°E-80°E; 8°N-—
20°N) as evidenced from the grey line in Fig. 2b. Further,
it is seen that the two time-series in Fig. 2b show a sig-
nificant correlation of 0.54 on the interannual time-scales.

In noting the above rainfall variations, it is important to
understand the associated changes in the large-scale sum-
mer monsoon overturning circulations during the last
50 years. For this purpose, we have examined the vari-
ability of the meridional streamfunction during the June—
September (JJAS) season averaged zonally over Indian
longitudes (70°E-90°E) using reanalysis data from both
NCEP and ERA. The stokes streamfunction (i) is obtained
by downward integration (from top to surface) of the
meridional mass flux using data at all vertical levels, with
the assumption that V is zero at the top of the atmosphere
(see Oort and Yeinger 1996; Dima and Wallace 2003).
Figure 3a, b show the pressure-latitude (p—¢) cross-section
of yy computed using JJAS climatological meridional winds
averaged over the 70°E-90°E. In a strict sense, the defi-

nition of meridional stream-function in a pressure-latitude
i 3

a[—}v,] + a[—(f;] = 0, where [-] denotes
the zonal mean. However, this condition is not satisfied for
averages over finite longitudinal bands (say between 70°E-

90°E). In such a case, f?gg%‘jdx ~ [u(90E) — u(70E)] is

not necessarily zero at all latitudes and therefore might not

(y—p) plane requires that
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Fig. 2 a Mean frequency count of moderate-to-heavy rain events
based on 122 days of daily climatological JJAS rainfall from 1 June
through 30 September. Moderate-to-heavy rain events are cases with
daily rainfall between the 75th and 95th percentile and the frequencies
are expressed as counts per N (=122). b Time-series of interannual
variability of frequency count of moderate-to-heavy rainfall events
(black) over west coast of India (72°E-77.5°E; 8°N-19°N) for the
summer monsoon (JJAS) seasons during 1951-2007. The unit is
number of counts per Ny (=16,470 = 122 x 135). Note that the high-
resolution APHRODITE dataset includes only land points and there
are 135 land points over the considered spatial domain. The grey line
is the time-series of interannual variability of frequency count of
upward vertical velocity at 500 hPa over the region (70°E-85°E;
8°N-20°N). Using NCEP daily data, the cases of upward velocity
(i.e., negative ) are counted for the entire season over the considered
domain which has 42 grid-points. The frequency unit is number of
counts per Now (=5,124 = 122 x 42)

conserve mass. Nevertheless, the portrayal of monsoon
overturning circulations in terms of the meridional stream-
function averaged over finite longitudinal bands is physi-
cally insightful and consistent with the (y—p) structure of
the summer monsoon zonal wind field (Webster 2001). In
Fig. 3a, b, a positive (negative) sign for y corresponds to a
clockwise (anticlockwise) rotation as seen in the (p—¢)
cross-section. One can note upward motions in the NH
(which can be seen extending beyond 20°N) and subsi-
dence over the southern sub-tropics around 25°S in both
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<« Fig. 3 Climatology of the streamfunction (1) of the mean meridional
circulation (kg s_l) averaged over (70°E-90°E) for the summer
monsoon (JJAS) season, based on a NCEP and b ERA40. Crossed
(dashed) contours correspond to negative (positive) Y and represent
anticlockwise (clockwise) circulations in the y—p plane ¢ Time-series
of the strength of the monsoon reverse Hadley cell from NCEP
(1948-2009) and d ERA (1958-2002) reanalysis. Scaling on y-axis in
¢, d is (x10" kg s™1). The linear trend of monsoon Hadley cell
index from the NCEP and ERA40 reanalyses are found to be
~—0.07 x 10'° kg 5! year’1 and —0.11 x 10" kg 5! year’1
respectively. e Time-series showing the difference in mean sea level
pressure (MSLP) in hPa between the South Asian monsoon trough
region (73°E-95°E; 15°N-30°N) and the southern Indian Ocean
(50°E-100°E; 40°S-25°S) during JJAS for (1948-2009)

the NCEP and ERA datasets. It is important to mention that
the ascending branch of the monsoon reverse Hadley-type
circulation in the NH is basically associated with the
seasonal summer monsoon precipitation (see Dima and
Wallace 2003). Oort and Yeinger (1996) determined the
intensity of the winter-time Hadley cell from the maximum
value in the tropics of the streamfunction of the meridional
overturning circulation. We have employed the same
approach to determine the strength of the summer monsoon
reverse Hadley-type circulation. Due to the anticlockwise
rotation, the sign of i in this case is negative (see Fig. 3a,
b). The intensity of the climatological mean monsoon
reverse Hadley circulation as seen in Fig. 3a, b is over
—2.0 x 10" kg s~' in NCEP reanalysis and about
—2.5 x 10" kg s7! in ERA-40.

For studying the temporal variability in the intensity of
the monsoon reverse Hadley cell, we have considered the
time-series of the maximum negative s associated with the
anticlockwise rotation. A similar approach was used by
Mitas and Clement (2005) to investigate the winter Hadley
circulation. For convenience, we have considered the time-
series of the absolute magnitude of y/ of the anticlockwise
rotation so that all the values are positive. Figure 3c, d
show the interannual variability in the strength of the
monsoon reverse Hadley cell from the NCEP (1948-2009)
and ERA (1958-2002) reanalysis data. Note that the indi-
ces are relative to their respective climatological baseline
values. A significant decreasing trend in the intensity of the
monsoon reverse Hadley circulation can be noted in
Fig. 3c, d which is consistent with a weakening trend of the
summer monsoon low-level westerly flow as reported in
earlier studies (e.g., Joseph and Simon 2005; Joseph and
Sabin 2008; Ramesh Kumar et al. 2009). The linear trends
of monsoon Hadley index from NCEP (~—0.07 x 10"
kgs ™' year™') and ERA40 (—0.11 x 10" kg s™" year™ ")
reanalyses are found to exceed the 99% of statistical
significance.

Some studies have pointed out the issue of likely
artificial shifts in the reanalysis data due to introduction
of satellite observations around 1979 (e.g., Bengtsson

et al. 2004; Kinter et al. 2004). Keeping this in view, we
have further verified the validity of the weakening trend
of the summer monsoon large-scale circulation by ana-
lyzing the meridional gradient of sea level pressure
(SLP) variations over the monsoon region based on the
HadSLP2 dataset. Figure 3e shows the time-series of
interannual variability of the meridional gradient of SLP
during (1948-2009). This index is computed by taking
the SLP difference between the South Asian monsoon
trough region (73°E-95°E; 15°N-30°N) and the sub-
tropical high over the southern Indian Ocean (50°E-
100°E; 40°S-25°S) during the JJAS season. The upward
trend in Fig. 3e indicates a decline in the negative
meridional gradient of SLP, which is consistent with the
weakening trend of the large-scale summer monsoon
circulation. The magnitude of the upward trend is
~0.008 hPa year~' and exceeds the 95% level of sta-
tistical significance.

Further evidence for the weakening of the boreal
summer monsoon circulation comes from the following
analyses of monsoonal flow trajectories presented below.
Figure 4a shows a map of the climatological mean density
of 21-day back-trajectories of low-level summer mon-
soonal flows arriving over the Indian subcontinent in the
lower troposphere (925 hPa). The 21-day back-trajectory
computation is based on 6-hourly wind data from ERA40
and performed at intervals of 3 days starting from day
121 (i.e., May 1) and ending on day 304 (October 31) for
all monsoon seasons during 1958-2006. The back tra-
jectories were integrated back for 21 days prior to their
arrival at 72 destination points over the Indian region at a
destination height of 925 hPa. A typical example of
21-day back trajectories arriving at the 72 destination
points on 15 July 1961 is shown in Fig. 4b. Using the
back trajectory data for each season during 1958-2006
(i.e., 49 years), we have computed the trajectory density
on 1° x 1° grid boxes by counting the number of tra-
jectories passing through any grid box. The climatological
mean density (Fig. 4a) is then determined by dividing the
total count at any grid-box by the total number of years.
Figure 4a shows that most particles reaching the Indian
region have their origins in the tropical/sub-tropical
Indian Ocean. These particles are subsequently trans-
ported northward across the equator by the boreal summer
monsoon cross-equatorial flow, as seen in Fig. 4b, where
it is also noted that most of the passage over the warm
ocean occurs at low levels. Figure 4c shows the time-
series of area-averaged values of the seasonal mean (i.e.,
1 May to 31 October) trajectory density for each of the
49 years (1958-2006). The area-averages are calculated
over the Indian Ocean and monsoon region (30°E-115°E;
15°S—-15°N). A clear decreasing trend (>99% level of
statistical significance) can be noted in the density of
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Fig. 4 a Climatological mean (a)
density of back-trajectories of

monsoonal flows reaching the 256
Indian subcontinent during the 128
boreal summer season (JJAS). 30N

b An example of 21-day back 64
trajectories arriving at the 72 22
destination points (black

markers) on 15 July 1961. The 0 16
back-trajectories are computed

using the 6-hourly, 8
3-dimensional wind data from

ERAA40 and the color bar 4
indicates the pressure-level of 30S >
the air parcel. ¢ Interannual

variability of the seasonal mean

trajectory density over (30°E— 0 4§E 9?E
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monsoon trajectories reaching the Indian landmass from
the tropical/sub-tropical Indian Ocean (Fig. 4c).

Spatial plots obtained by regressing the observed JJAS
rainfall upon the time-series monsoon dynamical indices
are useful for inferring the regional precipitation response
to variations in the monsoon flow pattern. The plots in
Fig. 5 are based on regression of JJAS rainfall (both the
APHRODITE and IMD datasets) upon the time-series of
different monsoon dynamical indices (i.e., meridional
gradient of SLP, monsoon Hadley cell index, monsoon
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trajectory density index). It is interesting to note positive
anomalies over central India and also over regions of west
coast of India in Fig. 5 which are consistent with a weak-
ened monsoon. In particular, the west coast positive
anomalies are more pronounced for the regression w.r.t to
the monsoon Hadley cell and trajectory density indices.
The positive anomalies for regressions based on the SLP
meridional gradient index are more pronounced over the
monsoon trough region of north-central India, but confined
over smaller regions along the west coast.
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Fig. 5 Patterns generated by
regressing JJAS rainfall upon
time-series of different indices.
The left (a, b, ¢, d) and right
(e, f, g, h) panels are computed
based on the APHRODITE and
IMD rainfall datasets
respectively. a Index
corresponds to difference in
MSLP (hPa) between (73°E~
95°E; 15°N-30°N) and (50°E-
100°E; 40°S-25°S) during
(1948-2009). The SLP gradient
index has been multiplied by a
negative sign to ensure a
decreasing trend among all the
dynamical indices. Unit of
regression is mm day ™’
(hPa)~!. b Monsoon Hadley cell
index (x10' kg s™") during
(1948-2009) from NCEP
reanalysis. Unit of regression is
mm day~' (x10'"" kg s7") 7.

¢ Same as (b) except for ERA40
reanalysis during (1958-2002).
d Index corresponds to seasonal
mean trajectory density over
(30°E-115°E; 15°S—15°N)
during (1958-2006) expressed
as normalized count. Unit of
regression is mm day ! (std.
deviation of index) ™'
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Fig. 6 a Spatial distribution of JJAS mean SST (K) for the PDC
experiment. b Anomaly map of the difference in the JJAS mean SST
between the GWC and PDC experiments. ¢ JJAS mean precipitable

3 Future projections of monsoon in the ultra-high
resolution model

An interesting aspect of the tropical atmospheric
response to global warming is the wind-precipitation
paradox in that a weakening of the tropical overturning
circulations occurs despite an increase of precipitation.
This is also known as the suppressant effect of CO, on
the hydrological cycle (e.g., Allen and Ingram 2002;
Richter and Xie 2008; Cherchi et al. 2010). This para-
doxical situation can be explained using energy balance
considerations which imply that the dry static stability of
the tropical atmosphere would be constrained to increase
if the rate of increase of atmospheric moisture content
far exceeds the rate of precipitation increase as predicted
by climate models. In the following section, we shall
examine the monsoon simulations corresponding to the
present-day climate (PDC) and the future global warming
climate (GWC) time-slice experiments of the MRI 20-km
mesh model to understand how the large-scale monsoon
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3.1 Present-day and future monsoon response

The time-mean SST for the JJAS season used in the PDC
time-slice experiment is shown in Fig. 6a. The SST dis-
tribution shows the region of maximum SST (~30°C) in
the tropical west Pacific, Indian Ocean and the Bay of
Bengal. Also clearly seen in Fig. 6a are the cooler SSTs in
the tropical eastern Pacific, together with the negative east—
west SST gradient along the equatorial Pacific. The dif-
ference map of time-mean SST between the GWC and
PDC time-slice experiments is shown in Fig. 6b. The SST
difference map shows anomalous warming both in the
tropical and extra-tropical regions. The anomalous SST
warming in the tropical Indian Ocean, equatorial Pacific
and tropical Atlantic Ocean is as large as 2.5°C, while the
maximum warming in the extra-tropical north Pacific
Ocean is about 3°C. The question that is of particular
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Table 1 Variables related to the South Asian monsoon circulation
from the PDC and GWC simulations

Variable PDC GWC %
change
Surface air temperature (°C) 26.28 28.62 +8.92
Precipitation rate (mm/day) 7.28 7.70 +5.83
Evaporation rate (mm/day) 4.02 4.28 +6.56
Precipitable water (kg m~2) 51.65 61.23  +18.56
—1.0*Omega at 500 hPa (Pa/s) +0.035 40.031 —10.90
Atmospheric stability (potential +54.0 +60.7 +12.4

temperature difference between
200 hPa and 1000 hPa)

The values correspond to the JJAS mean averaged over the region
60°E-130°E; Eq—30°N

interest to our discussion is the atmospheric water vapour
response to the aforementioned SST warming. Figure 6¢
shows the time-mean precipitable water for the JJAS sea-
son simulated in the PDC experiment over the Indian
Ocean and monsoon region. It can be noticed that the
simulated atmospheric moisture content during JJAS sea-
son has maxima located over the regions near the west
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coast of India, Arabian Sea, Bay of Bengal and northeast
India. The difference map of precipitable water between
the GWC and PDC time-slice experiments (Fig. 6d) shows
a substantial increase in atmospheric moisture content in
the GWC simulation relative to the PDC experiment. The
maximum increase of precipitable water can be seen over
the Arabian Sea, west coast of India, Bay of Bengal, Indian
subcontinent and the west-central equatorial Indian Ocean.
The area-averaged values of precipitable water computed
in Tablel for the PDC and GWC simulations indicate a
likely increase of atmospheric moisture in the future by as
much as 19% over the Asian summer monsoon domain
(60°E-130°E; Eq—30°N).

Having noted the possibility of a significant increase in
atmospheric moisture content over the Asian monsoon
region in the future, we shall now examine the nature of
large-scale dynamical response of the summer monsoon
circulation to global warming. Figure 7a—d show spatial
maps of mean rainfall, sea-level pressure (SLP), winds at
low (850 hPa) and upper (200 hPa) levels from the PDC
simulation. The PDC simulation shows the major semi-
permanent features of the large-scale monsoon circulation
which include the South Asian monsoon trough, the sub-
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Fig. 7 Spatial maps for JJAS mean fields from PDC simulation of MRI 20 km AGCM. a Rainfall in mm/day. b mean sea level pressure in hPa.
¢ 850 hPa winds (m/s), shading denotes magnitudes. d 200 hPa winds (m/s)
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Fig. 8 Anomaly maps of the difference between the GWC and PDC
simulations for JJAS mean fields a Rainfall (mm/day). b Mean sea

level pressure in hPa. ¢ 850 hPa winds (m/s), shading denotes
magnitudes. d 200 hPa winds. The contours in (a, ¢, d) correspond to

tropical anticyclones over the southern Indian Ocean, the
monsoon cross-equatorial and southwesterly flow, low-
level Somali jet, the upper tropospheric Tropical Easterly
Jet and the Tibetan High. It may be noted that the mag-
nitude of the negative SLP gradient between the monsoon
trough and the subtropical anticyclones over the southern
Indian Ocean is ~20 hPa. Rajendran and Kitoh (2008)
showed that the JJAS rainfall simulation from the MRI
20-km mesh model is fairly realistic in capturing the inter-
tropical convergence zone (ITCZ) and the tropical mon-
soons in terms of the location and spatial extent of rainfall.
Figure 7a brings out many interesting features of the South
Asian monsoon rainfall, such as the heavy precipitation
over the orographic regions along the west coast of the
Indian Peninsula and the windward slopes of the Bilauk-
tang mountain range in southern Myanmar and moderate
rainfall over the Indo-Gangetic plains and central India.
The rain shadow region over the southeastern parts of
Peninsular India is also well captured by the model. A
deficient aspect of the model simulation is the underesti-
mation of the monsoon rainfall maximum over northern
Bay of Bengal. This bias appears to be related to problems
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the 99 and 95% significance level computed from student’s ¢ test for
the anomalies of rainfall and zonal wind at 850 and 200 hPa levels. It

is noted that the MSLP anomalies over the entire spatial domain have
statistical significance lying between the 95 and 90% levels

in realistically simulating the organization of meso-scale
convective systems over the monsoon trough region
(Choudhury and Krishnan 2011). While noting the model
precipitation biases on smaller scales like the head Bay of
Bengal, it must be pointed out that the annual cycle of
rainfall averaged over all-India simulated by the MRI
20-km mesh model compares quite well with the observed
IMD rainfall (see Rajendran and Kitoh 2008).

Anomaly maps of the difference between the GWC and
PDC simulations are shown in Fig. 8a—d. The summer
monsoon anomalous precipitation response shows an
overall increase in rainfall over most parts of the subcon-
tinent. It is further interesting to note a significant decrease
of monsoon rainfall over the southern part of the Indian
west coast and along the coasts of southern Myanmar and
the South China Sea in the GWC experiment when com-
pared to the PDC simulation. The negative anomalies over
the west coast of India and Myanmar in Fig. 8a exceed the
99% level of statistical significance. Also seen in Fig. 8a is
the pattern of increased rainfall over the western tropical
Indian Ocean and decreased rainfall over the south east-
central tropical Indian Ocean. The difference in the low-



R. Krishnan et al.: Will the South Asian monsoon overturning circulation stabilize any further? 199

200

[(a)

rrrrrrlsa

200 7

(c)
NN ’///M"“'\\‘\?‘“_\\\U b e e

300 . t1rtrtlts, 300 PN T Lt
400 i frerttes, 400 MWWt
500 See Ttettes, 500 W waea L
600 o trttase  goo PN Ll
700 B boo trsasd 700 PNV
800 ... (ERERR 800 411 1annnnnnan.
900 i— 900 1t artnsanenannse
1000 + 10 1000

308 2OS 108 EQ 10N 20N 30N

-9.75-8.25-6.75-5.25-3.75-2.25-0.75 0.75 2.25 3.75 525 6.75 8.25 9.75

308 20S 10S EQ 10N 20N 30N

30N 30N Ts~e=r—=

25N 25N

20N 20N

15N - 15N

10N - 10N

5N A 5N

EQ - EQ

5S 55 A

10S 10S -

158 15S f8so

205 - 2os-

255 - 255-

308 L— : : : : | 30512 .
60E 70E 8OE 90E 100E 110E 120E 60E 70E B8O 90E 100E 110E 120E
-1 -9 -7 -5-3 11 3 5 7 9 11 1 -3.25-2.75-2.25-1.75-1.25-0.75-0.25 0.25 0.75 1.25 1.75 2.25 2.75 3.25

Fig. 9 a The latitude-pressure section of monsoon Hadley-type
circulation for the PDC run. The meridional and vertical velocities are
averaged longitudinally between 60°E and 100°E. The shading
denotes the magnitude of vertical velocity (— x 100) in units of
Pa s~'. b Spatial map of vertical velocity field (w x 100) at 500 hPa

level wind response between the GWC and PDC experi-
ments shows anomalous easterlies up to 15°N over the
Arabian Sea, Indian subcontinent and further eastward,
indicating a weakening of the large-scale summer monsoon
southwesterly flow in the GWC simulation. Anticylonic
anomalies can be seen over the northern Arabian Sea, Bay
of Bengal and adjoining areas (Fig. 8c). The circulation
anomalies are consistently reflected in the SLP anomalies
(Fig. 8b) which show high pressure anomalies of about
2-3 hPa over the subcontinent and negative SLP anomalies
over the Mascarene region in the subtropical Indian Ocean.
The SLP anomaly pattern is consistent with a weakening of
the large-scale meridional SLP gradient associated with the
SAM circulation. The weakening of the large-scale mon-
soon circulation in the GWC experiment is also captured in
the upper-tropospheric circulation response which shows
anomalous westerlies dominating over much of the Indian
Ocean monsoon region; as well as the northern areas
covering the Afghan, Indo-Pakistan and Tibetan regions.
Anomalous upper-tropospheric westerlies over the summer

for the PDC simulation in Pa s~'. Anomaly maps of the difference
between the GWC and PDC simulations for. ¢ Monsoon Hadley
circulation. d Vertical velocity (o x 100) at 500 hPa (Pa s~1). The
contours in (d) correspond to the 99 and 95% statistical significance
levels of the anomalies

monsoon region represent a weakening of the Tropical
Easterly Jet and Tibetan anticyclone (Fig. 8d). Such large-
scale upper-tropospheric anomalies are typically observed
during weak monsoons (e.g., Ramaswamy 1962; Kesha-
vamurty and Awade 1974; Krishnan et al. 2000, 2009;
Krishnan and Sugi 2001).

The SAM circulation is basically a convectively coupled
phenomenon and therefore a large-scale weakening of the
SAM circulation would imply a decrease of monsoon
convection. The issue here is to understand the large-scale
monsoon circulation changes (Fig. 8b—d) and the response
of monsoon convection to global warming. For this pur-
pose, we shall first examine the mean summer monsoon
Hadley-type circulation and vertical velocity for the PDC
simulation. The latitude-pressure section of monsoon
Hadley-type circulation for PDC (Fig. 9a) has been con-
structed using the meridional and vertical velocities aver-
aged longitudinally between 60°E and 100°E. One can
notice strong ascending motions around 15°N which is
associated with the SAM convective activity, along with a
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secondary branch of upward motion over the near-equa-
torial region around 5°S associated with the oceanic TCZ
precipitating region as shown in Fig. 7a. The descending
branch of the monsoon Hadley circulation is seen over the
southern subtropical Indian Ocean and is characterized by
strong subsidence around 20°S-30°S latitude belt. Also
note that the ascending and descending branches of the
monsoon Hadley circulation are linked by a southerly flow
from the Indian Ocean into the subcontinent in the lower
troposphere; and a return northerly flow in the upper tro-
posphere. Furthermore, the map of vertical velocity field
(—w) at 500 hPa for the PDC simulation in Fig. 9b illus-
trates the spatial distribution of upward and downward
motions associated with the boreal summer monsoon. It
can be noted that upward velocities are concentrated over
the SAM region, near-equatorial Indian Ocean, Southeast
Asia, tropical west Pacific and the African ITCZ; whereas
downward velocities are pervasive over the southern sub-
tropical Indian Ocean.

We now focus on the response of monsoon convection
and large-scale Hadley-type circulation to global warming
by examining the difference (GWC—PDC) between the
two simulation experiments. The latitude-pressure section
of the difference in the monsoon Hadley-type circulations
between the two simulations (Fig. 9c) shows anomalous
subsidence between 5°N and 15°N which is consistent with
weaker ascending motions of the SAM in GWC as com-
pared to PDC. Likewise, the anomalous upward motions
over the southern subtropics are consistent with a weaker
subtropical descent in GWC relative to PDC. The spatial
map of the difference in the 500 hPa vertical velocity
between the two simulations (Fig. 9d) shows a significant
decrease of upward velocity over the west coast of India
and southern Myanmar, South China Sea, tropical west
Pacific and the near-equatorial Indian Ocean in the GWC
simulation. It is also important to note the anomalous
decrease in downward velocities over the southern sub-
tropical Indian Ocean between 15°S and 30°S. The afore-
mentioned decrease of vertical velocities in the GWC
simulation exceeds the 99% level of statistical significance
and is consistent with a weakening of the large-scale
monsoon Hadley-type circulation.

3.2 Precipitation response over the Western Ghats
in relation to large-scale circulation change

The percentage contribution of the large-scale precipitation
component to the total rainfall which is a sum of the large-
scale and convective precipitation simulated by the MRI
20-km model is shown in Fig. 10a. It can be noted that the
simulated large-scale precipitation component contributes
nearly 50-70% of the total rainfall over the west coast of
India (Fig. 10a). The parameterization of conversion from
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Fig. 10 a Percentage contribution of the large-scale precipitation
component to the total rainfall for PDC simulation during JJAS.
b Change in large-scale condensational rainfall (mm/day) between
GWC and PDC simulations

cloud water to large-scale precipitation in the MRI GCM is
based on the scheme proposed by Sundqvist (1978). The
most important parameters affecting the large-scale con-
densational rainfall are humidity, temperature and vertical
motion; wherein the vertical velocity basically determines
the condensation rate and the supply of liquid water content
(see Tiedtke 2002). Mizuta et al. (2006) have analyzed the
contributions of large-scale condensational rainfall relative
to the total rainfall (which includes both large-scale con-
densational and convective rain) in the MRI model at dif-
ferent horizontal resolutions. They noted that the
contribution from large-scale condensational rainfall
increases over the global tropics as the model resolution is
increased, because of the ability to better resolve the ver-
tical velocities at higher horizontal resolutions.

A reduction in the vertical velocities over the Western
Ghats/Indian west coast weakens in response to global
warming (see Fig. 9d), is expected to cause a decrease
of large-scale condensational rainfall over the region.
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A comparison of the GWC and PDC runs shows a relative
decrease of large-scale condensational precipitation in
GWC over the southern part of west coast of India by as
much as 4 mm/day (Fig. 10b). This decrease of large-scale
condensational rainfall in GWC over the region corre-
sponds to a —18% departure relative to the PDC simulation
and exceeds the 99% level of statistical significance. To
further corroborate this point, we have examined the fre-
quency distribution of moderate to heavy rainfall amounts
(i.e., between 75th and 95th percentile) in the PDC and
GWC simulations (Fig. 11). The pre-dominance of mod-
erate-to-heavy rainfall events along the west coast of India
and southern Myanmar is clearly borne out in the model
simulations (see Fig. 11a). The plot in Fig. 11b shows the
difference in frequency counts of moderate-to-heavy rain-
fall between the GWC and PDC simulations. It is noted
that major decreases in the moderate to heavy rainfall in
the GWC simulation are located along the Western Ghat
mountains, off the west coasts of India and southern
Myanmar. By computing the mean frequencies of moder-
ate-to-heavy events based on daily outputs from the
25-year PDC and GWC runs, we have verified that the
difference in their mean frequency counts (Fig. 11b) over
the Western Ghats region (72°E-77.5°E, 8°N-19°N)
exceeds the 95% level of statistical significance. It is also
interesting to note that the GWC simulation shows a slight
increase in the frequency of moderate-to-heavy rainfall
over central, north and north-east India. From Figs. 10b
and 11b, it can be inferred that the decrease in frequency of
moderate-to-heavy rainfall over the Western Ghats in
GWC is basically a manifestation of the decrease in large-
scale condensational precipitation over the region. In fact
this point is consistently supported by a significant
decrease in the frequency of upward vertical velocities over
the region in the GWC experiment as compared to the PDC
simulation (Fig. 11c). The simulated response over that
part of the Western Ghats, where large scale precipitation
is declining (Fig. 10b), is consistent with the decreasing
strength of the horizontal lower tropospheric monsoon flow
there (Fig. 8c). The simulated response further north over
the west coast and central India, where the monsoon flow
shows little change, is associated with an increase in large-
scale precipitation.

4 Physical mechanism of monsoon large-scale
circulation response to global warming

In order to gain deeper insight into the CO,-induced
changes in monsoon convection and large-scale circulation
in the MRI 20-km model, we shall first focus on an analysis
of the model’s heat budget. Knutson and Manabe (1995)
presented a detailed atmospheric heat budget over the
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Fig. 11 a Spatial map of frequency of moderate to heavy rain events
for PDC run. b Difference in frequency of moderate to heavy rain
events between GWC and PDC. ¢ Difference in frequency of 500 hPa
upward vertical velocity between GWC and PDC. Frequencies are
calculated using daily rainfall outputs covering 25 summer monsoon
seasons from the PDC (1979-2003) and the GWC (2075-2099) runs.
Each summer monsoon season has 122 days from 1 June through 30
September. Therefore, the unit of frequency is number of counts per
N (3,050 = 25 x 122)

tropical Pacific to understand the weakening of upward
motions over the tropical western Pacific simulated by the
GFDL coupled model in response to a quadrupled CO,
concentration. The issue of weakening of large-scale
atmospheric overturning circulations (e.g., Walker and
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Hadley circulation) and decrease in the intensity of tropical
convection in response to global warming has been dis-
cussed by numerous investigators (e.g., Betts and Ridgway
1989; Knutson and Manabe 1995; Bengtsson et al. 1996;
Sugi et al. 2002; Held and Soden 2006; Veechi et al. 2006
and many others). From thermodynamic energy arguments,
it has been postulated that the weakening of overturning
circulations is induced by increased atmospheric static
stability in response to a slower rate of increase of global
rainfall relative to the increase in lower tropospheric
moisture.

4.1 Heat budget associated with the summer monsoon
Hadley circulation

The approximate energy equation in the tropics may be
expressed as wg—g =~ %c% (see Holton 1979; Knutson and
Manabe 1995). The heating rate Q in the above equation
involves condensational heating (Qc) and radiative cooling
(Qr)- Sugi et al. (2002) noted that while the change in Q¢
due to global warming is proportional to the change in
precipitation rate, the increase in Q¢ over the global tropics
appears to be nearly compensated by a similar increase in
Qg, so that the net heating rate Q increases only slightly.
On the other hand, the significant decrease in upward
vertical velocity would have to be balanced by an increase
in dry static stability of the atmosphere.

To understand the thermodynamic energy arguments in
the context of the SAM system, we have presented in
Table 1 values of some of the relevant time-mean variables
averaged over a large region (Eq—30°N; 60°E-130°E)
covering the SAM domain for the PDC and GWC simu-
lations. Based on the approximate thermodynamic equa-
tion, the relationship among precipitation (P), upward
velocity (w) and dry static stability (S), for the precipitation
area in the tropics can be expressed as:

S = oP, (1)

where o is a scaling constantFrom Eq. 1, we can also
derive

Aw AP AS
w P s @
It can be noted from Table 1 that the percentage increase of
precipitation and evaporation in GWC relative to PDC is
about 6%, whereas the corresponding change in precipi-
table water is much higher ~19%. On the other hand, it is
interesting that the atmospheric stability increases by more
than 12% and correspondingly the upward vertical velocity
decreases by ~ 11%. In interpreting the fractional changes
in area averaged w, P and S, it is important to mention the
following. As Eq. 1 is a general equation, Eq. 2 is also
general but valid more locally in a strict sense rather than

@ Springer

for area average. For instance, it may be noted that the area
of decreasing precipitation in Fig. 8a is smaller than the
area of decreasing upward velocity in Fig. 9d due to the
second term of Eq. 2. Likewise the area of precipitation
increase over the southern Bay of Bengal and the area of
upward velocity anomaly are unequal. The main point from
Table 1 is the increase of dry static stability in the GWC
run which is consistent with the decrease in upward vertical
velocity over the monsoon region.

The heat budget analysis based on the time-averaged form

of temperature tendency equation ((I) %g) ~ %%EJF%%‘; is
presented below for the summer monsoon Hadley-type cir-
culation. Figure 11a shows the JJAS mean heat balance for
the region of heavy monsoon precipitation over the Indian
subcontinent (70°E-90°E; 10°N-30°N) which corresponds
to the ascending branch of the summer monsoon Hadley-
type circulation. The solid (dashed) lines in Fig. 12 indicate
the PDC (GWS) simulations respectively. Figure 12b shows
the heat balance for a region of time-mean subsidence over
the southern sub-tropical Indian Ocean (60°E—100°E; 25°S—
15°S), which corresponds to the descending branch of the
monsoon Hadley-type circulation. Over the Indian monsoon
region, the heating in PDC due to moist convection
and condensation (max ~+3 K day™') is approximately
balanced by radiative cooling (max ~—1K day ")

and dynamical cooling (—6)%~—2 K day™'). Over the
southern sub-tropical Indian Ocean, the radiative cooling
(~—15Kday ") and dynamical warming (~—3.0 K
day~') are dominant terms in the heat balance; while con-
densational heating is small and mostly confined near to the
surface.

It is interesting to note a relative increase in condensa-
tional heating, in the GWC simulation as compared to
PDC, over the Indian subcontinent in the middle and upper
troposphere (Fig. 12a), which is balanced by increased
dynamical and radiative cooling terms. The enhanced
dynamical cooling in the GWC simulation (Fig. 12a) is
essentially due to increased time-mean dry static stability

(— %), since the upward velocity actually decreases in

GWC relative to PDC. Further, we have verified that the
increase of dry static stability in the GWC experiment
largely occurs in the upper troposphere (figures not shown).
Over the southern subtropical Indian Ocean (Fig. 12b), the
GWC simulation shows a relative decrease of dynamical
warming in the lower and middle troposphere extending
vertically up to 300 hPa. This decrease in dynamical
warming over the southern subtropics is due to weaker
subsidence in the monsoon Hadley circulation in the GWC
simulation. Figure 12a also shows enhanced radiative
cooling in the upper troposphere which can be related to
enhanced emission by water vapor, which increases at that
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Fig. 12 JJAS mean heat balance for PDC (solid curve) and GWC
simulation (dashed curve). The dark line represents dynamical
cooling, medium line is for radiation and the light line is for moist
convection and condensation. a Indian subcontinent (70°E-90°E;
10°N-30°N). b Southern sub-tropical Indian Ocean (60°E-100°E;
25°8-15°S). Units are K day ™'

level in the GWC experiment. Knutson and Manabe (1995)
performed a series of sensitivity runs of the GFDL coupled
model to clarify the mechanism of enhanced radiative
cooling in the upper troposphere over the tropical west
Pacific in response to quadrupling of CO,. They noted that
increased water vapor and the direct effect of upper-tropo-
spheric warming greatly enhances the emission of longwave
radiation and radiative cooling near the 200 hPa level.

It is worth mentioning that the heat budget arguments
only constrain the global or area average quantities. The
regional or local changes in convection or precipitation can
be quite sensitive to SST distribution changes. For the
SAM, the uncertainties in specifying future SST distribu-
tion especially in the tropical Indian and Pacific Oceans
may have large effects. Studies have noted that time-slice
experiments based on prescribed SST have inherent limi-
tations as opposed to transient coupled model runs in
simulating the Indian Ocean and monsoon climate pro-
cesses (e.g., Douville 2005; Copsey et al. 2006; Krishnan
et al. 2010). For example, the lack of SST feedback in
time-slice experiments can affect the SST-convection
relationship, which in turn can alter the large-scale tropical
overturning circulations. We cannot also rule out the
uncertainties of the monsoonal response arising from
uncertainties in the evolution of ENSO in future climate
scenarios. Likewise, a question may arise about the sensi-
tivity of the dipole-like pattern of rainfall anomaly over the
tropical Indian Ocean (Fig. 8a) to the specified SST
boundary forcing in the GWC time-slice experiment. While
the precipitation anomaly in Fig. 8a bears some resem-
blance to the anomalous rainfall distribution during Indian
Ocean Dipole (IOD) events, it may be noted that the
monsoonal wind response in Fig. 8c is rather different from
the observed wind anomalies during IOD events which are
characterized by an intensified summer monsoon cross-
equatorial flow (see Behera et al. 1999; Krishnan and
Swapna 2009). Clearly, all these are important scientific
issues which will need rigorous evaluation of coupled
model simulations. Nevertheless, it must be pointed out
that we have verified the reproducibility of the monsoon
convection response by comparing the GWC and PDC
simulations from the MRI model at three other horizontal
resolutions viz., 60, 120 and 180 km respectively. The
simulations at the 3 different resolutions make use of the
same SST distribution as that of the MRI 20-km model. It
is noted that the vertical velocity anomalies obtained by
taking the difference between the GWC and PDC simula-
tions at the 3 different resolutions, consistently show an
overall decrease of upward velocity over the SAM region
and adjoining area which is consistent with that of the MRI
20-km model (figure not shown).

5 Sensitivity of large-scale monsoon circulation
response to static stability and condensational heating

The above discussions suggest that a likely overall increase
of monsoon precipitation over the interiors of the Indian
subcontinent in response to global warming could actually
be accompanied by an increase in dry static stability. Here,
we shall examine the relative effects of changes in diabatic
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heating and static stability on the intensity of the large-
scale summer monsoon Hadley circulation. For this pur-
pose, we have performed sensitivity experiments using a
simplified zonally symmetric model of the monsoon. This
is basically a dry atmospheric model forced by externally
specified heating and is a convenient tool for studying the
monsoon Hadley-type circulations (see Krishnan et al.
1992; Krishnan and Venkatesan 1997). The zonally sym-
metric model is a dry model forced by specified heating. It
has 25 vertical o-levels corresponding to (¢ = 0.98, 0.94,
0.90, ... 0.06, 0.02) and has been constructed by setting the
zonal variations to zero (ie., 5
equations of the full global spectral model (see Sundaram
et al. 2010; Choudhury and Krishnan 2011). The prognostic
and diagnostic variables in the model are expanded in
terms of Legendre polynomials in the meridional direction
and the series is truncated at 40. The nonlinear advection
terms are calculated at grid points and later transformed
into the meridional wavenumber domain. The model
equations are integrated using a semi-implicit integration
scheme with a time-step of 15 min. The model uses linear
damping in the form of Rayleigh friction and Newtonian
cooling terms, both having e-folding decay time-scale of
5 days; and a Laplacian form of horizontal diffusion in the
vorticity, divergence and temperature equations.

=0) in the primitive

5.1 Design of sensitivity experiments using the zonally
symmetric model

Before proceeding to the model sensitivity experiments we
shall examine the thermodynamic energy of the zonally
symmetric model, which can be written as follows:

or 1 ¥(vT)
0t acos¢ 0¢

+TD+ oy

RT [— —193¢] O KT

— |D s R Y
e +(V+ )aa¢ Tt ey (3)

In the above equation, T is temperature, V is meridional
velocity, D is divergence, Q is diabatic heating, J is the

coefficient of Newtonian cooling with an e-folding time-
scale of 5 days, K, = 6.25 x 10* m? s~ ! is the horizontal
diffusion coefficient; C,, = 1,004 J kgfl K~!, which is the
specific heat of dry air at constant pressure; y is the static
stability, ¢ is the sigma vertical velocity and the over bars

6 correspond to vertically averaged quantities. In the
model formulation, the temperature field (T) at a given
vertical level is expressed as a sum of the global mean (7))
and the deviation from the global mean (T" = T — Ty).
Accordingly, the static stability term can be expressed as

y = R@—Ctr) — % (see Bourke 1974).

Earlier it was seen that the simulated future change in
the monsoonal response to global warming was charac-
terized by an overall increase of rainfall over the interiors
of the subcontinent; as well as increased atmospheric static
stability. While the increased stability would tend to
weaken the monsoon Hadley circulation, the enhancement
of latent heating (i.e., increased rainfall) is expected to a
strengthen the large-scale monsoonal flow. Given the
competing effects of stability and heating, we have carried
out the following sensitivity experiments (see Table 2) to
understand the response of the large-scale monsoon Hadley
circulation to global warming.

The control (CNTL) experiment corresponds to the
present-day baseline simulation in which the model is
forced with the observed mean climatological diabatic
heating for the JJAS monsoon season. Since our focus is on
the SAM Hadley circulation, the model is forced with
heating averaged over the Indian longitudes (70°E-90°E).
Figure 13a shows the latitude-pressure section of the cli-
matological mean diabatic heating from NCEP reanalysis
(1948-2000) used in the CNTL experiment. The vertical
profile of climatological global mean temperature (7,) used
in the CNTL experiment (Fig. 13b) is also from NCEP
reanalysis for the same period. As mentioned earlier, the
specification of the T, profile allows us to examine the
response of the SAM Hadley circulation to changes in
atmospheric static stability (y). In EXP1, we have varied
the static stability (y) parameter via changes to the vertical

Table 2 Design of sensitivity experiments using the zonally symmetric model of monsoon

Experiment Diabatic heating Ty
CNTL QrentLy: climatological JJAS mean heating from NCEP Ty rentw: vertical profile of climatological global

reanalysis averaged over the Indian longitudes (70°E-90°E) mean temperature from NCEP reanalysis
EXP1 Q[CNTL] TO = T() [CNTL] + T() [anom]

where TQ [anom] = T() [GWC] — TO [PDC] is Computed
from the MRI 20-km model
EXP2 Q = Qentr) + Qranom To = To [eNTL)
where Q [anom] = Q [GWC] — Q [PDC] is Computed from

the MRI 20-km model

EXP3 Q = Qientry + Qranomg To = To tentiy + To fanom)
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Fig. 13 a Zonally averaged (70°E-90°E) mean diabatic heating
(K day™") for JJAS season from NCEP reanalysis. b Vertical profile
of climatological global mean temperature 7 in (K) used in the
CNTL experiment derived from NCEP reanalysis data. ¢ Zonally

temperature lapse rate while keeping the diabatic heating
fixed as in the CNTL run. For this purpose we first com-
puted the anomaly proﬁle (TO [anom] — TO [GWC] — To [PDC])
of global mean temperature as the difference between the
GWC and PDC runs (see Fig. 13d) and the anomaly profile
(To ranom)) Was superposed on the climatological mean (75)
profile. In EXP2, we allow for the variation in diabatic
heating (Q) while the T, profile is kept same as in the
CNTL run. In EXP3, we allow for variations both in dia-
batic heating (Q) and static stability. It can be noted that the
profile of Ty [anom) Shows that the positive temperature
anomaly increases with altitude in the troposphere starting
from about ~2.5°C near the surface and increasing up

averaged (70°E-90°E) mean diabatic heating (JJAS) difference
between GWC and PDC runs. d Difference (GWC — PDC) in the
vertical profile of global mean temperature (7, [ANOM])

to ~6°C around 200 hPa (Fig. 13d). Further aloft in the
upper troposphere and stratosphere, the T [anom) profile
decreases with height, which is consistent with the atmo-
spheric radiative-convective response to increase of CO,
(see Manabe and Wetherald 1967). The increase of the
positive temperature anomaly with height basically implies
an increase in atmospheric stability.

The diabatic heating anomaly (Fig. 13c) in EXP2 and
EXP3 was computed by taking the difference between the
GWC and PDC simulations of the MRI 20-km model and
later superposed on the observed climatological mean
diabatic heating. Since the model simulated heating
anomalies (GWC — PDC) have smaller magnitudes
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Fig. 14 Monsoon Hadley circulation response based on the meridional and vertical velocities from the zonally symmetric model simulations a
CNTL, b Expl, ¢ Exp2, d Exp3. The shading denotes vertical velocity (¢) in (s™') and the values are scaled by a factor of 10"

compared to the mean heating, the superposition of model
heating anomalies on the observed mean heating was
considered while designing the sensitivity experiments.
The diabatic heating anomaly in Fig. 13c shows positive
anomalies in the NH in the middle and upper troposphere.
It is noted that the maximum anomaly of ~1.5 K/day
between 10°N and 20°N is largely due to increased rainfall
and moist cumulus convection over the Indian subcontinent
in GWC when compared to the PDC simulation. In
designing the sensitivity experiments, we have adopted the
strategy of superposing either the Ty [anom; Or/and the
heating anomaly Qpanom; On the corresponding climato-
logical JJAS mean based on NCEP reanalysis. This strat-
egy allows us to obtain a realistic monsoon Hadley
circulation in the CNTL simulation against which the other
sensitivity experiments (EXP1, EXP2 and EXP3) can be
compared. Model simulated mean diabatic heating is often
associated with large systematic biases arising from defi-
ciencies in the model parameterization, which can in turn
affect the quality of the CNTL simulation with the sim-
plified model. Therefore, it was felt that superposing the
diabatic heating anomaly (i.e., GWC minus PDC) on a
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realistic reference diabatic heating would facilitate inter-
pretation of the sensitivity of the monsoon Hadley circu-
lation to changes in diabatic heating and dry static stability.

5.2 Response of the monsoon Hadley circulation

In all the experiments, the model is started from rest and
integrated for 100 days by keeping the heating and linear
damping terms fixed during the integration period. It is
noted that the model attains a near-equilibrium state well
before 100 days and the simulation at the end of the 100th
day is taken as the steady state response. Figure 14 shows
plots of the monsoon Hadley overturning circulation and
vertical velocity (shading) response in the 4 experiments.
The CNTL simulation (Fig. 14a) shows strong upward
velocities around 15°N-20°N associated with the ascend-
ing branch of the SAM Hadley circulation; and subsidence
around 20°S over the southern sub-tropics corresponding to
the descending branch. Further, it may be noted that the
SAM Hadley circulation is characterized by southerly flow
in the lower levels and northerly flow in the upper tropo-
sphere, as in Fig. 9a earlier for the MRI model. The
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vertical velocity has maxima in the mid-tropospheric levels
for both the branches of the monsoon Hadley circulation,
so that one can consider the meridional gradient of vertical
velocity (wpg) in mid-tropospheric levels as a measure of
the intensity of large-scale vertical motions associated with
the SAM Hadley circulation. This quantity can be com-
puted by taking the difference between the vertical veloc-
ities of the ascending branch (&), and the descending
branch ()¢ of the SAM Hadley circulation. In computing
this quantity, we first vertically averaged the vertical
velocity field (&) in the mid-tropospheric levels between
g =0.62 and ¢ = 0.38. Later the vertically averaged
quantity was then averaged meridionally between 10°N
and 25°N to obtain v; and averaged meridionally between
15°S and 25°S to obtain (¢),. The difference between (&),
and (6)g was used to determine the meridional gradient of
the vertical velocity (wmg). The value of wyg for the
CNTL simulation was found to be 1.90 x 10 s~'. In the
case of EXP2 (Fig. 14b), a significant weakening can be
seen in both the ascending and descending branches of the
SAM Hadley circulation relative to the CNTL run. The
value of wyg for the EXP1 simulation is ~1.65 x 10° s™!
which corresponds to ~ 13% reduction compared to the
CNTL run. On the other hand the EXP2 simulation
(Fig. 14c) does not show any appreciable increase in the
upward velocities, although the descending motions over
the southern subtropics are slightly weaker relative to the
CNTL run. It is important to note from Fig. 13d that the
diabatic heating anomaly over the southern subtropics is
almost negligible. The value of wyg for the EXP2 simu-
lation is 1.86 x10° s™! (ie., a slight reduction of ~2%)
compared to the CNTL run. In the case of the EXP3 run
(Fig. 14d), one can notice a substantial weakening of the
vertical motion in both branches of the monsoon Hadley
circulation. The value of wy;g for the EXP3 simulation is
found to be 1.62 x10° s_l, which corresponds to a reduc-
tion of ~15% relative to the CNTL run. Based on the
above results it can be inferred that an increase in the
atmospheric static stability due to global warming would
have a far greater impact on the large-scale monsoon
overturning circulation and offset the effects of increased
condensational heating arising from a likely increase of
precipitation over the interiors of the subcontinent.

6 Discussions and concluding remarks

One of the important scientific questions in climate change
assessment is the future response of the hydrological cycle
of the SAM system to global warming. Observed rainfall
records during the last 50 years indicate a significant
decrease in the frequency of moderate-to-heavy rainfall
events over most parts of India (e.g., Dash et al. 2009;

Guhathakurtha et al. 2010). This is also corroborated by a
significant rise in the frequency and duration of monsoon
breaks over India during recent decades (see Ramesh
Kumar et al. 2009; Turner and Hannachi 2010). Although
the frequency of extreme rainfall events (>10 cm/day)
have increased in certain parts of the country (Goswami
et al. 2006; Guhathakurtha et al. 2010), it is the decreasing
trend in moderate-to-heavy monsoon rainfall events that
poses an enormous long-term concern for one of the most
densely populated regions of the world that heavily
depends on the monsoonal rains.

By performing a detailed analysis of observed datasets,
the present study shows that the heavy precipitating regions
in the Western Ghat mountains and west coast of India
have been experiencing a decline in the frequency of
moderate-to-heavy rainfall days during recent decades. In
fact, the seasonal monsoon precipitation over Kerala has
significantly decreased over the last 1004 years (Gu-
hatakurtha and Rajeevan 2006). Based on an examination
of reanalysis circulation products, it is noted that the
decreased activity of monsoon rainfall over the west coast
of India is consistently supported by the decreasing trend of
the frequency of strong upward vertical velocities over the
region. Furthermore, it is confirmed that the stability of the
summer monsoon Hadley-type overturning circulation has
considerably increased (i.e., the overturning has weakened)
and the large-scale summer monsoon cross-equatorial flow
has also weakened in intensity during recent decades.

This observational evidence provided strong motivation
for understanding the likely future changes in the SAM
precipitation that can occur in response to global warming.
To address the above questions, a detailed investigation of
climate simulations from the MRI 20-km ultra high reso-
lution global model was carried out. Energy balance
arguments suggest that a rapid rate of increase of moisture,
as compared to the rate of rainfall increase, in response to
global warming can lead to increased dry static stability.
This in turn is found to offset the effect of the simulated
precipitation enhancement over the interiors of the sub-
continent, so as to produce a weakening of the large-scale
summer monsoon Hadley circulation and the cross-equa-
torial monsoonal flow. Consequently, the orographically
forced ascent of the moist monsoonal winds over the
Western Ghats weakens in the model simulations thereby
resulting in reduced upward velocities and decreased large-
scale precipitation particularly over the southern part of the
Western Ghats. The global warming time-slice simulation
of the MRI 20-km model shows a significant decrease of
large-scale condensational precipitation over the Western
Ghats and weakened large-scale monsoon flow by the end
of the twenty-first century relative to the present-day sim-
ulation. In the case of the CMIP3 models, the coarse model
resolution was a source of major uncertainty in assessing
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some of the regional precipitation changes. However, a
higher degree of confidence appears to emerge in certain
aspects of the MRI 20-km model simulations. In particular,
the ultra high horizontal resolution allows us to interpret
the monsoon precipitation response over the narrow Wes-
tern Ghat mountains with higher confidence given the
better ability at simulating vertical velocities. Furthermore,
the simulated reduction of monsoon precipitation over the
Western Ghats in the GWC run by the MRI 20-km model is
consistently supported by diminished vertical velocities
over the region. Detailed examination of daily model out-
puts reveals a decrease in the frequency of moderate-to-
heavy rainfall events; as well as the frequency of upward
velocities over the Western Ghats. It is also interesting to
note that much of the simulated decrease in orographic
rainfall over the Western Ghats is associated with large-
scale condensational precipitation. Using simplified model
simulations, it is shown that an increased dry static stability
due to global warming would exert greater influence and
weaken the large-scale monsoon overturning circulation;
whereas the effect of increased precipitation (condensa-
tional heating) over the interiors of the subcontinent may
not be able to compensate for the weakened large-scale
monsoon flow. At this juncture, it may be worth men-
tioning that although climate model simulations consis-
tently in general suggest a likely increase of dry static
stability in the future, the physical mechanisms controlling
the tropospheric amplification of surface warming on
decadal time-scales need far greater understanding (e.g.
Santer et al. 2005). Furthermore, studies have proposed
alternative mechanisms for increase of dry static stability in
a warmer climate. For example, it has been suggested that
depth of convection can extend higher in a warmer climate
because of an uplifting of the tropopause, which in turn can
make the atmosphere more stable thereby leading to a
weakening of the tropical circulation (see Chou et al. 2009;
Chou and Chen 2010). There are also suggestions that the
thermodynamic changes associated with increases in pre-
cipitable water can favour more frequent extreme precipi-
tation events near mountainous areas such as the southern
edge of the Tibetan Plateau (see Dairaku and Emori 2006).
Addressing some of these important issues is beyond the
scope of the present work, as they will require separate in-
depth investigations.

The present study has focused exclusively on the issue
of global warming and its impact on the SAM rainfall.
Quite a few recent studies have also alerted to the issue of
climate forcing by anthropogenic aerosols (e.g., sulphate,
black-carbon) and their possible impacts on the SAM (e.g.,
Chung and Ramanathan 2006; Lau et al. 2006 and others).
However, there are large uncertainties in the current
understanding of the indirect effects of aerosols and the
issue of cloud-aerosol interactions (see Forster et al. 2007,
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Stevens and Feingold 2009), prompting the need for further
observational and modelling research in that area. Lastly,
the use of a stand-alone atmospheric model in the present
study has prevented an understanding of some of the
coupled feedbacks between the monsoon and the Indian
Ocean dynamics which could have implications on exten-
ded monsoon breaks (see Krishnan et al. 2006; Ramesh
Kumar et al. 2009). Hopefully with the ongoing advances
in high speed (peta flop) computing, it may become pos-
sible in the near future to make long simulations of global
atmosphere—ocean-land coupled models at ultra-high
resolutions.
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