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Advances in climate modelling now provide the oppor-
tunity for utilizing global general circulation models 
(GCMs) at very high-resolution for projections of  
future climate and extreme events. Diagnostics of 
global atmospheric GCM simulations at different 
horizontal resolutions of 20, 60, 120 and 180 km  
reveals the marked skill of 20 km mesh GCM (MRI–
AGCM3.2S) in capturing regional characteristics of 
climatological summer monsoon rainfall over India 
and its frequency distribution, and mean annual 
variation of rainfall over most of the homogeneous  
regions of India. Future projections by time-slice 
simulations of MRI-AGCM3.2S under global warming  
scenario show widespread but spatially varying in-
crease in rainfall over interior regions of peninsular, 
west central, central northeast and North East India 
(~ 5–20% of seasonal mean) and significant reduction 
in orographic rainfall over the west coast (~ 10–15%, 
consistent with the recent observed trends). MRI-
AGCM3.2S projects spatially heterogeneous increase in 
warm days and extreme hot events (highest decile) 
over India. Projected changes in extreme rainfall 
events (above 95 percentile) show intensification of  
extreme rainfall over most parts of India by the end of 
the century with opposite change over the west coast. 
Ultra-high-resolution is found to be crucial not only 
for realistic mean summer monsoon simulation, but 
for achieving useful future projections of Indian mon-
soon and extremes. At lower resolution, the simula-
tions fail to capture the observed characteristics of 
present-day monsoon rainfall and its spatial heteroge-
neity, and projections lack useful regional climate  
information. Thus, consideration of fine-scale pro-
cesses are critical for reasonable probabilistic projec-
tion of regional-scale climate change. 
 
Keywords: Climate change projection, extreme events, 
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Introduction 

PROJECTIONS of changes in climate and extremes are 
critical for assessing potential impact of climate change 

on human and natural systems. For example, in a pre-
dominantly agrarian society like India, agriculture is  
decided to a great extent by both weather (heavy rainfall, 
hot/cold events) and climate (duration and strength of 
seasonal rainfall) conditions. Global warming may pre-
cariously affect agricultural production and the livelihood 
of farmers by unpredictably changing the abundance of 
seasonal rainfall and extreme events. Thus, reliable pro-
jections of future climate change and changes in extreme 
events are crucial for agro-economic states of India. But 
the large inter-model difference in the simulation of  
Indian summer monsoon by the current global general 
circulation models (GCMs) and their low skill in simulat-
ing the present-day Indian summer monsoon variability1 
are the major detrimental factors. 
 Future climate projections indicate that summer pre-
cipitation is likely to increase in South Asia on a broader 
scale2 and an increase in the frequency of intense precipi-
tation events in parts of South Asia is also likely3. How-
ever, large uncertainty exists in projections of Asian 
monsoon precipitation4. GCMs often fail to capture the 
fine-scale structures that affect regional climate due to 
their coarse resolution. This aspect partially accounts for 
the deficiencies shown by GCMs in reproducing impor-
tant aspects of the regional distribution of the Indian 
summer monsoon rainfall. It is known that the summer 
monsoon precipitation over the Indian subcontinent  
involves high-resolution processes of interaction between 
the large-scale monsoon circulation and local complex 
terrain, heterogeneous land surfaces, and adjacent warm 
oceans. So it is important to employ high-resolution 
models and understand the sensitivity of monsoon simu-
lation to model resolution. 
 Employing very high-resolution global GCM can  
resolve features on finer spatial scales such as the West-
ern Ghats5,6. However, even the highest resolution simu-
lation among Intergovernmental Panel for Climate 
Change Fourth Assessment Report (IPCC AR4) coupled 
models showed lack of reasonable fidelity in capturing 
important features of present-day summer monsoon rain-
fall3. This implies the significance of suitable physics 
schemes to be used in high-resolution models for achiev-
ing realistic monsoon simulation. Models with improved 
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physics schemes, especially for parameterized deep con-
vection, are found to markedly improve monsoon simula-
tion7. Hence, it is meaningful to examine the role of 
model resolution in the presence of suitable deep convec-
tion schemes, on simulation and projection of Indian 
monsoon rainfall with focus on its regional characteris-
tics. It is also pertinent to study the projected changes in 
high percentile (extremes) precipitation and temperature 
events under global warming using model configurations 
which have high fidelity for seasonal monsoon rainfall. In 
this article, we analyse the changes in mean monsoon 
precipitation and extreme temperature and precipitation 
events due to global warming and their sensitivity to 
model resolution and deep convection parameterization, 
using time-slice simulations of a global GCM by employ-
ing four resolutions and two deep convection parameteri-
zations. 

Model configurations, simulations and datasets 

The model used for global warming projection is a global 
atmospheric GCM jointly developed by Japan Meteoro-
logical Agency (JMA) and Meteorological Research  
Institute (MRI), Japan5,8. The model includes the Ara-
kawa–Schubert cumulus parameterization scheme9 (here-
after referred to as AS) with a prognostic closure10. At the 
highest resolution, the model corresponds to triangular 
truncation 959 with a linear Gaussian grid (TL 959L60) in 
the horizontal (the transform grid uses 1920 × 960 grid 
cells with approximate grid size of 20 km). The linear 
grid adopted in the model using a semi-Lagrangian 
scheme can suppress the aliasing effect arising from the 
quadratic Eulerian advection terms in addition to reduc-
ing the number of grid points11. The model has 60 layers 
in the vertical, with the model top at 0.1 hPa. The simula-
tion at this resolution is hereafter referred to as MRI-
AGCM3.1S. To study simulation sensitivity to model 
resolution, three additional simulations of the model  
were performed at three lower resolutions of TL319L60 
(~ 60 km grid size with 60 vertical layers), TL159L40 
(~ 120 km grid size with 40 vertical layers) and  
TL95L40 (~ 180 km grid size with 40 vertical layers)  
using the same boundary forcing (hereafter referred to  
as MRI-AGCM3.1H, MRI-AGCM3.1M and MRI-
AGCM3.1L respectively). 
 The higher resolution configurations (MRI-AGCM3.1S 
and MRI-AGCM3.1H) of the model12 were integrated 
with a new deep convection scheme13 by Yoshimura 
(hereafter referred to as YS). The YS scheme is based on 
Tiedtke14 with modifications to represent all top-level 
cumulus plumes by interpolating two convective updrafts 
with maximum and minimum rates of turbulent entrain-
ment and detrainment. The YS scheme in the model is 
found to yield a more realistic simulation of tropical  
precipitation12. Both simulations have 64 vertical layers 

with the top at 0.01 hPa (ref. 12). Hereafter, these simula-
tions are referred to as MRI-AGCM3.2S and MRI-
AGCM3.2H respectively. 
 Two cases of 25-year simulations for the present-day 
(1979–2003) and future (2075–2099) corresponding to 
the IPCC Special Report on Emissions Scenarios (SRES) 
A1B scenario15 are performed for each model configura-
tion. For the present-day climate (PDC) simulation,  
observed sea-surface temperature (SST) and sea-ice con-
centration (SIC) from the Hadley Centre HadISST data-
set16 for 1979–2003 are prescribed. The SST and SIC 
boundary conditions for the projected future climate 
(PFC) time-slice experiment are estimated5,17,18 using the 
Coupled Model Intercomparison Project phase 3 (CMIP3)19 
multi-model SST data. Using the outputs of SST and SIC 
from different CMIP3 models, the estimation method 
uses a multi-model ensemble technique to incorporate the 
effects of future climate change along with realistic pre-
sent-day interannual variability. 
 The validation data for the present-day rainfall simula-
tions are taken from the daily India Meteorological  
Department (IMD) gridded rainfall data on 0.5° × 0.5° grid 
for the period 1979–2007 (ref. 20). For rainfall validation, 
we have also used the Asian Precipitation Highly Resolved 
Observational Data Integration Towards Evaluation 
(APHRODITE) precipitation dataset from 1951 to 2007 on 
0.25° × 0.25° grid21. 

Resolution impact on mean monsoon simulation 

The fidelity of the model in representing the present-day 
climatological features of Indian monsoon is crucial for 
building confidence in its future projections. Over India, 
summer monsoon rainfall is mainly associated with the 
seasonal location of planetary scale Inter-Tropical Con-
vergence Zone (ITCZ), which is significantly modulated 
by regional characteristics such as orography, convective 
processes influenced by geography and surrounding warm 
oceans. Due to the complex interaction among various 
processes, there are multiple locations for the seasonal 
tropical convergence zones (TCZs) or rainbelts to occur 
over the Indian region in summer1. Hence, realistic incor-
poration of all these regional processes at sufficiently 
high-resolution in a global GCM is essential to achieve a 
reasonable mean summer monsoon rainfall simulation. 

Summer monsoon rainfall 

The most important aspect of Indian summer monsoon 
and the most difficult parameter for the GCMs to simu-
late is the rainfall occurring in the season1. Figure 1  
reveals numerous regional details of the summer mean 
(June–September average, referred to as JJAS) rainfall 
over India based on two different observations 
(APHRODITE rainfall and IMD rainfall for the period 
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1979–2003). The boundaries of six homogeneous regions 
of India22, viz. peninsular India (I), west central India 
(II), northwest India (III), hilly regions of India (IV), cen-
tral northeast India (V) and North East (NE) India (VI) 
are also depicted. The major rainfall centres include  
meridionally oriented orographic maximum along the 
west coast of the Indian peninsula, relative maxima over 
the central Indian region, parts of the Indo-Gangetic Plain 
and the NE region. The narrow west coast orographic  
region has two distinct topographical and climatic fea-
tures: to the west lies a coastal plain with heavy rainfall 
(windward side) and to the east lies a plateau with less 
rainfall (leeward side). The moisture-laden monsoon 
winds cause heavy rainfall on the windward side of the 
range, distinguishing it from the much drier leeward side. 
Most of the west coast rainfall (90%) occurs during June–
September, there being comparatively less rainfall during 
the rest of the year. This illustrates the requirement for  
 
 

 
 

Figure 1. JJAS mean rainfall over India (mm day–1) from IMD (a), 
APHRODITE (b) and PDC simulations with AS deep convection 
scheme at four resolutions: MRI-AGCM3.1S (c), MRI-AGCM3.1H (d), 
MRI-AGCM3.1M (e) and MRI-AGCM3.1L ( f ). 

ultra-high resolution in GCMs to provide important  
regional characteristics, especially in the context of oro-
graphic precipitation. There is a close comparison between 
the two datasets in representing the prominent features of 
summer mean rainfall and its spatial gradient over India. 
 The MRI-AGCM3.1S captures many aspects of the  
regional distribution of observed rainfall, especially the 
rainfall over parts of core monsoon region of west central 
and central northeast regions. On the southeast part of 
Peninsular India and northwest India, precipitation is 
relatively weak as in observation. However, there is a 
slight rainfall underestimation over southeastern parts of 
central northeast India around West Bengal. In compari-
son, all lower resolution simulations fail to represent the 
west coast orographic rainbelt and rainfall over NE India 
and the hilly regions. In terms of intensity, location and 
extent of the major rainbelts and relative distribution of 
high and low rainfall, MRI-AGCM3.1S tends to give im-
proved simulation, especially over the west coast NE and 
hilly region of India. Regional details of rainfall over 
core monsoon zone are also close to observation in MRI-
AGCM3.1S. Accordingly, the pattern correlation coeffi-
cient (PCC) against IMD mean rainfall increases to 0.78 
in MRI-AGCM3.1S from 0.34 in MRI-AGCM3.1H (in-
significant for MRI-AGCM3.1M and MRI-AGCM3.1L). 
The improvement in the simulation of east Asian summer 
monsoon by a 20 km model, in comparison to a lower 
resolution (~ 180 km) model, was brought out by the 
study of Kitoh and Kusunoki23. Their study revealed that 
the high-resolution model was superior in simulating 
Baiu frontal structure, Baiu rainfall and the orographic 
rainfall qualitatively and quantitatively. 

Sensitivity to deep convection parameterization 

Figure 2 illustrates the impact of deep convection on sea-
sonal mean monsoon from the two high-resolution simu-
lations of MRI-AGCM3.2S and MRI-AGCM3.2H. When 
new YS deep convection scheme is used, there is a 
marked improvement in the simulation of rainfall over 
core monsoon region comprising west central India,  
central northeast India, NE India and the Hilly regions. 
The relative minima over southeast peninsular India and 
northwest India also become conspicuous and PCC  
increases to 0.81 for MRI-AGCM3.2S (0.75 for MRI-
AGCM3.2H). With the new scheme, the west coast rain-
belt is well represented in MRI-AGCM3.2H. The appar-
ent improvement with YS scheme indicates that with 
optimum high-resolution of 20 km, further improvements 
in physics schemes could yield better simulation with 
quasi-realistic seasonal mean monsoon rainfall. 

Frequency distribution of regional rainfall 

Figure 3 shows the frequency distribution of JJAS rainfall 
over three important regions of peninsular India, west
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Figure 2. Same as Figure 1, but for PDC simulations of the model with YS deep convection scheme for MRI-
AGCM3.2S (a) and MRI-AGCM3.2H (b). 

 
 
central India and central northeast India (regions I, II and 
V). Despite slight quantitative difference between IMD 
rainfall and APHRODITE estimates, their modal struc-
ture is similar over all regions. There is a clear improve-
ment in the simulation of rainfall distribution with YS 
scheme for region I, where MRI-AGCM3.2S simulation 
is the closest to observations. For region II, the new 
scheme helps to make the peak amplitudes comparable 
though they are shifted to higher rainfall by 3 mm/day. 
For region V, there is a marginal improvement in the  
distribution. With YS scheme, the model tends to have a 
better simulation of rainfall distribution, especially over 
core monsoon region. 

Annual variation of homogeneous region rainfall 

The primary manifestation of Indian monsoon which is 
crucial for an accurate simulation of the mean monsoon 
and its variability1, is the annual variation with distinct 
seasonality in precipitation. Mean rainfall annual cycles 
for homogeneous regions of India from IMD observation 
and high-resolution PDC simulations are shown in Figure 4. 
Over all regions, except the hilly regions, there is marked 
seasonality in observed precipitation associated with the 
summer monsoon. The sudden enhancement in monthly 
precipitation associated with the onset phase, persistence 
of intense rainfall during June to September and the sharp 
reduction after the withdrawal in September are well 
manifested in observation and simulated by the models. 
The model shows reasonable skill in capturing the phases 
of rainfall annual variation with some quantitative differ-
ences. In some cases, simulations show a tendency for 
overestimating the mean rainfall and MRI-AGCM3.2S 

simulation is able to bring down this anomaly (e.g.  
regions I–III). 
 Observed and simulated mean, standard deviation, and 
PCC (table in Figure 4) for different regions show that 
over peninsular India (region I) and northwest India  
(region III), YS scheme makes the summer mean and 
variability of rainfall closer to observation. For west  
central India (region II), the new scheme improves the 
variability (with a slight overestimation in mean rainfall), 
but sensitivity to higher resolution appears to have con-
tributed towards improved spatial distribution (higher 
PCC). For regions V and VI, MRI-AGCM3.2S still has 
some deficiency as can be seen from the low PCCs for all 
the simulations. Overall, there are noticeable improve-
ments in the simulation of mean, variability and annual 
variation of regional rainfall in MRI-AGCM3.2S. 

Ultra-high resolution climate change projections 

At the end of the 21st century, under global warming  
scenario (A1B), ultra-high-resolution models (MRI-
AGCM3.2S and MRI-AGCM3.1S) predict (Figure 5) 
widespread but spatially varying increase in rainfall over 
the interior regions of peninsular, west central, central 
northeast and northeast India (~ 5–20% of seasonal 
mean). However, over the west coast of India (~ 10–15%), 
and some parts of northwest India and Jammu-Kashmir 
(~ 5–10%), future reduction in rainfall is projected by 
MRI-AGCM3.2S. Over the windward side of the west 
coast, the projected changes indicate significant weaken-
ing of rainfall in future. In the leeward side, increase in 
future rainfall is predicted by the model. These projected 
changes are qualitatively similar to the recent trends  
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observed over this region6. Rajendran et al.6 showed that 
drastic reduction of vertical ascent and weakening of  
circulation (increased stability) due to upper tropospheric 
warming effect predominate over the moisture build-up 
effect (that causes enhanced rainfall over the interior  
regions) in reducing rainfall over the west coast. In con-
trast, sustained increase in moisture transport into the  
interior region along with increased precipitable water 
causes intensification of future rainfall over northern 
parts of the west coast6. 
 So far, future scenarios for Indian summer monsoon 
rainfall even using high-resolution regional climate mod-
els projected relatively uniform climate change3. Spatial 
distribution of summer monsoon precipitation change due 
 
 

 
 

Figure 3. Rainfall–frequency distribution over three homogeneous 
regions of India (I, II and V) for IMD observation and PDC simulations 
with different resolutions. 

to global warming shows larger amplitude with more  
regional details in simulations with 20 km resolution 
(Figure 5) compared to lower resolution projections (Fig-
ure 6). This shows that high-resolution simulations are 
essential to extract useful regional climate information. 
The manner of change in precipitation is uneven in ultra-
high-resolution models with distinct spatial inhomogeneity 
(Figure 5). Different factors can contribute to the uneven 
change in high-resolution grid due to climate warming. 
The increase in the saturation-specific humidity or the 
capacity to hold water vapour with the rise in temperature 
can increase the actual water vapour content in the  
atmosphere. Thus, if the mean residence time of water  
vapour in the atmosphere do not change, both precipita-
tion and evaporation would increase with exponential  
dependence on temperature. But, regional factors which 
are resolvable with 20 km resolution such as the avail-
ability of surface moisture, horizontal convergence/ 
divergence of air flow in the lower atmosphere and  
orography modulate the concentration of water vapour 
evaporated from the surface or transported into the area. 
Thus, the resultant spatial distribution of atmospheric 
moisture and the precipitation changes can be uneven. 
 Consistent with the projected changes in summer mean 
rainfall, the mean annual variations of all-India rainfall in 
future scenario (Figure 4) also clearly show that intensifi-
cation of rainfall is projected not only during the summer 
monsoon but during the rest of the year for most of inte-
rior regions. As for the mean rainfall change, the pro-
jected future changes suggest suppression of rainfall in 
May–August with subsequent intensification in Septem-
ber–October for region I and rainfall suppression in June–
July for region III. 

Climate change impact on extreme events 

The impact of resolution is typically felt at local or  
regional scale as a result of interactions between large-
scale forcing and local terrain and land surface3; so 
analysis of climate extremes is especially suited for  
assessing potential climate change impacts using ultra-
high-resolution models. We analyse indices derived from 
daily maximum temperature and daily precipitation from 
MRI-AGCM3.2S, MRI-AGCM3.1S and MRI-AGCM3.2H, 
as recommended by World Meteorological Organization/ 
World Climate Research Programme on Climate Vari-
ability and Predictability (WMO/WCRP CLIVAR)  
Expert Team for Climate Change Detection Monitoring 
and Indices (ETCCDMI)24 based on indices of occurrence 
of warm days (TX90p), very wet days (R95p) and  
extremely wet days (R99p). TX90p represents the warmest 
decile for maximum temperature and precipitation indices 
represent rainfall falling above the 95th (R95p) and 99th 
(R99p) percentiles, which include the most extreme  
precipitation events. Several studies show that there are



SPECIAL SECTION: ATMOSPHERIC AND OCEANIC SCIENCES 
 

CURRENT SCIENCE, VOL. 104, NO. 10, 25 MAY 2013 1414 

 
 
 

 Fi
gu

re
 4

. 
M

ea
n 

ra
in

fa
ll 

an
nu

al
 c

yc
le

 f
or

 h
om

og
en

eo
us

 r
eg

io
ns

 o
f 

In
di

a 
fr

om
 I

M
D

 o
bs

er
va

tio
n 

an
d 

PD
C

 a
nd

 P
FC

 s
im

ul
at

io
ns

 o
f 

M
R

I-
A

G
C

M
3.

2S
, 

M
R

I-
A

G
C

M
3.

1S
 a

nd
 M

R
I-

A
G

C
M

3.
2H

. O
bs

er
ve

d 
an

d 
si

m
ul

at
ed

 m
ea

n 
an

d 
st

an
da

rd
 d

ev
ia

tio
n,

 a
nd

 P
C

C
 fo

r P
D

C
 s

im
ul

at
io

ns
 a

re
 g

iv
en

 in
 th

e 
ta

bl
es

. 



SPECIAL SECTION: ATMOSPHERIC AND OCEANIC SCIENCES 
 

CURRENT SCIENCE, VOL. 104, NO. 10, 25 MAY 2013 1415

 
 

Figure 5. Projected future changes in JJAS mean rainfall over India by MRI-AGCM3.2S and MRI-AGCM3.1S. 
Within each colour the gradient in hue corresponds to changes as percentage of mean summer monsoon rainfall 
(< 5%: grey, 5–15%, 15–25% and >25%). 

 
 
positive trends in the frequency of hot events and heavy 
or in some places reduced precipitation events3,17. How-
ever, it is not currently clear in what ways fine-scale 
feedbacks in high-resolution simulations modulate the  
regional and local responses to those large-scale changes. 
Therefore, the impact of warming on the regional distri-
bution of extreme hot and severe precipitation events in 
India is investigated using ultra-high-resolution projec-
tions. 

Warm days and hot events 

TX90p is defined as the number of days with maximum 
temperature above 90 percentile value estimated from a 
base period (PDC simulation). Let TXij be the daily maxi-
mum temperature on day i in period j and TXin90 the  
calendar day 90th percentile centred on a 5-day window 
for the base period. The occurrence of warm days is  
determined where TXij > TXin90 (ref. 24). During the 
monsoon season, increase in hot events is not as strong as 
in March/April (not shown), due to the feedback of wide-
spread increase in future rainfall. Projections indicate that 
during monsoon (JJAS), the number of warm days and 
extreme hot events (TX90p) will be increased in future 
(Figure 7) over the entire country. As seen in the case of 
the annual cycle of monthly mean temperature, at the end 
of the 21st century, simulations also predict an increase 
of maximum temperature (TXx)24 throughout the year 
(not shown). Figure 7 also shows the probability density 
functions (PDFs) for the daily maximum temperature 
above 90 percentile for JJAS season. PDFs were pro-
duced by binning daily maximum temperature above 

threshold (90 percentile) during the season for the whole 
period. The mean and standard deviation of PDC PDF are 
different from those of PFC simulation, indicating a clear 
shift towards warmer conditions at the end of the century. 
Differences between the distributions for the occurrence 
of warm days in the PDC and future warming climate 
(PFC) suggest that there will be warming of extreme 
maximum temperatures in future. The pattern of number 
of warm days with temperatures greater than 90 percen-
tile in JJAS, appears to have been caused in part by the 
summer surface-moisture-precipitation feedback in the 
time-slice experiment5. 

Rainfall extremes 

The patterns of changes in the number of extreme precipi-
tation events (R95p, Figure 8) correspond well to those of 
seasonal mean precipitation (Figure 5), especially for 
peaks in frequency over west central and central northeast 
India, and reduction over the west coast and parts of 
northwest India and Jammu & Kashmir. The patterns 
(Figure 5) suggest a weakening of the west coast oro-
graphic rain, due in part to the changes in the extreme 
precipitation regime. In contrast, over west central and 
central northeast India, positive changes in seasonal mean 
precipitation were associated with positive changes in the 
frequency of extreme rainy days (Figure 8). For very 
heavy precipitation, many coastal areas, except the west 
coast, exhibit substantial increase in occurrence, with 
peak positive changes over northern parts of the west 
coast around Mumbai and east coast5,6. Frequency distri-
bution of daily rainfall above 95 percentile from PDC and
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Figure 6. Same as Figure 5, but for MRI-AGCM3.1H, MRI-AGCM3.1M and MRI-AGCM3.1L. 
 

 
 

Figure 7. Future changes in number of days in JJAS with daily maximum temperature greater than 90 percentile, between PFC and PDC simula-
tions of MRI-AGCM3.2S, MRI-AGCM3.1S and MRI-AGCM3.2H. (Inset) Probability density functions (PDFs) of daily maximum temperature 
above 90 percentile in JJAS. 
 

 
 

Figure 8. Changes in number of days in JJAS with precipitation greater than 95 percentile between PFC and PDC simulations of MRI-
AGCM3.2S, MRI-AGCM3.1S and MRI-AGCM3.2H. Frequency distribution of daily mean precipitation above 95 percentile in JJAS. 
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PFC simulations is also shown in Figure 8 (inset). Inten-
sification of extreme rainfall events (R99p) also occurs in 
PFC (not shown). 
 It is argued that precipitation extremes should increase 
with global warming25–27. Trenberth et al.27 hypothesized 
that in the PDC, precipitation intensity increases nearly at 
the same rate as atmospheric moisture28,29, which increa-
ses at about 7% K–1 according to the Clausius–Clapeyron 
equation. They argued that the increase in extreme rain-
fall could even exceed this rate because additional latent 
heat released from increased moisture could invigorate 
the storms. But this does not have to be the case, since 
the mean static stability of the atmosphere also changes 
with warming30. An invigorated storm could increase 
moisture removal from the atmosphere. 
 On the other hand, global evaporation, which is deter-
mined by global surface energy budget, increases at the 
same rate as global mean precipitation31,32, about 2–3% K–1. 
This means that in a warmer climate it would take longer 
for evaporation to replenish atmospheric moisture, thus 
longer dry spells between storms. Moreover, the  
enhanced latent heat from convection would make the  
atmosphere more stable and thus less likely to precipitate, 
especially for light and moderate precipitation that  
requires an unstable large-scale environment. For example, 
over the west coast of India, the resultant effect was 
found to suppress moderate precipitation due to larger 
upper tropospheric warming relative to the surface and 
lower levels6. 

Concluding remarks 

Diagnostics of MRI global climate model simulations at 
different horizontal and vertical resolutions of TL959L60, 
TL319L60, TL59L40 and TL95L40 (~ 20, 60, 120 and 
180 km respectively) illustrates the marked skill of the 
model in capturing major characteristics of climatological 
summer monsoon rainfall over India, and frequency dis-
tribution of summer rainfall and mean annual variation of 
rainfall over most of the homogeneous regions, when  
ultra-high resolution of ~ 20 km is employed. The model 
shows consistent further improvement in simulating mean 
summer monsoon with a new physics scheme for deep 
convection at high-resolution (20 and 60 km). At 20 km 
resolution, with recent deep convection schemes, present-
day simulation captures the regional details of Indian 
summer monsoon and compares well with observed pre-
cipitation distribution. This indicates that simulation of 
the local aspects of the Indian summer monsoon benefits 
from ultra-high resolution. Therefore, we can have better 
confidence in the validity of the prediction of future 
changes in Indian summer monsoon on the basis of time-
slice experiment. 
 Future projections using time-slice simulations of very 
high-resolution models with two deep convection schemes 

under global warming scenario show widespread but  
spatially varying increase in rainfall over the interior  
regions of peninsular, west central, central northeast and 
NE India (~ 5–20%) and significant reduction in oro-
graphic rainfall over the west coast (~ 10–15%, consistent 
with the recent observed trends) and some parts of hilly 
regions of Jammu & Kashmir and northwest India (~ 5%). 
Over the west coast, the drastic reduction of vertical  
ascent and weakening of circulation due to upper tropo-
spheric warming effect predominate over the moisture 
build-up effect (that causes enhanced rainfall over other 
parts) in reducing the rainfall. 
 The ultra-high-resolution model projects spatially hete-
rogeneous increase in extreme hot events (highest decile) 
over the whole of India and increasing trend in the num-
ber of warm days. Projected changes in extreme rainfall 
events show intensification of extreme rainfall over most 
parts of India by the end of the century, with opposite 
trend over the west coast for both heavy (above 95 per-
centile) and extreme (above 99 percentile) rainfall events. 
The close correspondence between changes in seasonal 
mean rainfall and extreme rainfall events points out that 
the contribution of high percentile rainfall events to sea-
sonal rainfall is also likely to increase in future over the 
country. For the west coast, the increase in temperature, 
coupled with a decline in rainfall, will have drastic con-
sequences on the production of crops. This will exacer-
bate existing vulnerabilities of the people who depend on 
agriculture. On the other hand, decrease of moderate  
precipitation can lengthen dry spells and increase the risk 
of drought because light and moderate precipitation is a 
critical source of soil moisture as well as groundwater. 
Over other regions, increases in heavy precipitation can 
increase surface run-off and lead to intense floods and 
landslides. 
 Very high-resolution is found to be crucial not only for 
realistic mean summer monsoon simulation, but for 
achieving useful future projections of Indian monsoon. At 
lower resolutions, the simulations fail to capture observed 
characteristics of present-day monsoon rainfall and its 
spatial heterogeneity. This warrants consideration that 
fine-scale processes at sufficiently high-resolution are 
critical for reasonable probabilistic projection of regional-
scale climate change. 
 The future changes in the seasonal mean monsoon and 
extreme events predicted by the simulations are plausible 
considering the capability of the model to simulate these 
aspects of present-day Indian summer monsoon. How-
ever, it is to be noted that this is one of several possibili-
ties to be expected in the future. For example, the projected 
results can be sensitive to the particular scenario for con-
centration of the important greenhouse gases (GHGs) in 
the future. Further, the projection can be sensitive to the 
initial and boundary conditions used. In order to assess 
the effects of these uncertainties, an ensemble of global 
time-slice simulations would have to be performed, with 
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different ultra-high-resolution climate models, initial and 
boundary forcing with different GHG scenarios prescri-
bed. 
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