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Abstract

The possibility of an impact of global warming on the Indian monsoon is of critical
importance for the large population of this region. Future projections within the Coupled
Model Intercomparison Project Phase 3 (CMIP-3) showed a wide range of trends with
varying magnitude and sign across models. Here the Indian summer monsoon rainfall
is evaluated in 20 CMIP-5 models for the period 1850 to 2100. In the new generation
of climate models a consistent increase in seasonal mean rainfall during the summer
monsoon periods arises. All models simulate stronger seasonal mean rainfall in the
future compared to the historic period under the strongest warming scenario RCP-8.5.
Increase in seasonal mean rainfall is the largest for the RCP-8.5 scenario compared
to other RCPs. The interannual variability of the Indian monsoon rainfall also shows
a consistent positive trend under unabated global warming. Since both the long-term
increase in monsoon rainfall as well as the increase in interannual variability in the
future is robust across a wide range of models, some confidence can be attributed to
these projected trends.

1 Introduction

Indian summer monsoon rainfall affects the lives of the large population of India by
determining its water availability as well as food security (Parthasarathy et al., 1988;
Auffhammer et al., 2006). About 80 % of the annual precipitation over India occurs dur-
ing the monsoon months from June to September (Kripalani et al., 2003; Turner and
Annamalai, 2012) and the released latent heat plays an important role in the atmo-
spheric circulations as well as the radiative heat budget of the region (Webster, 1972).
Even after achieving growth in service and industrial sectors, agriculture plays a vi-
tal role in the economy of the country as it is the predominant occupation in the rural
regions of India. Extreme rainfall events and crop failure have adverse effects on the
millions of inhabitants as well as the national economy. Hence it is of critical importance
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to understand how the monsoon will change under future warming, in order to take suf-
ficient adaptation measures.

Changes in the Indian monsoon under global warming are still a matter of intense
scientific debate (e.g. Turner and Annamalai, 2012; Sabade et al., 2011). An anal-
ysis of observational data for the past 130yr shows no clear evidence of the effect
of global warming on Indian monsoon rainfall strength and its interannual variability
(Kripalani et al., 2003; Mooley and Parthasarathy, 1984; Guhathakurta and Rajeevan,
2008). While no clear trend can be found for monsoon rainfall averaged over India as
a whole (Mooley and Parthasarathy, 1984; Guhathakurta and Rajeevan, 2008), obser-
vations show significant trends in rainfall over several smaller regions of the country
(Jagannathan and Parthasarathy, 1973; Kumar et al., 1992; Guhathakurta and Rajee-
van, 2008). Some subdivisions of India show a positive trend in monsoon rainfall, some
show a significant negative trend where as there are some small regions that do not
show any significant trend (Kumar et al., 1992; Guhathakurta and Rajeevan, 2008).
Observations based on a 1° x 1° gridded daily dataset suggests that monsoon rainfall
in a homogeneous region over central India shows no significant long term trend during
the past few decades (Goswami et al., 2006). Even though the frequency and magni-
tude of extreme events show a rising trend over central India (Rajeevan et al., 2006;
Goswami et al., 2006), a significant trend is absent in seasonal mean rainfall. This is
attributed to a decrease in the frequency of moderate events (Goswami et al., 2006). A
study by Fu et al. (1999) shows an increase in the Indian monsoon rainfall in relation
to an abrupt warming around the year 1920.

By contrast several ice core records and speleothem records show a decreasing
trend in the Indian summer monsoon (ISM) rainfall in the last century. ISM rainfall in-
tensity measured from the Dasuopu ice core shows a decreasing trend during the past
century (Duan et al., 2004; Thompson et al., 2000). ISM intensity from speleothem
record over southern Arabia also shows a decreasing trend over the past century which
is attributed to the increase in sea surface temperature over the Indian Ocean (Burns
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et al., 2002). The ISM intensity reconstructed from a tree ring record over Tibetan
Plateau also shows a decreasing trend from 1860 to present (Xu et al., 2012).

Models have their own limitations in capturing the regional rainfall accurately (Turner
and Annamalai, 2012). While some model studies find very little impact on the all In-
dia monsoon rainfall in transient and time-slice climate change experiments (Mahfouf
et al., 1994; Timbal et al., 1995; Lal et al., 1994, 1995), some others suggest an in-
crease in the mean Indian monsoon precipitation as well as the interannual variability
under enhanced warming (Meehl and Washington, 1993; Kitoh et al., 1997; Hu et al.,
2000; Lal et al., 2001; Cubasch et al., 2001; May, 2002; Fan et al., 2012). The Ham-
burg COSMOS model shows a complex behavior with changing skewness of the rainfall
distribution and an associated increase in monsoon failure events (Schewe and Lever-
mann, 2012). A subset of the IPCC AR4 models suggest an increase in the strength of
the monsoon precipitation (Kripalani et al., 2007), whereas the monsoon circulation is
projected to weaken (Tanaka et al., 2005; Ueda et al., 2006), while earlier studies using
slab ocean models suggest a strengthening of monsoon precipitation as well as the cir-
culation (Zhao and Kellogg, 1988). The projected precipitation from few CMIP-3 models
which are considered more realistic show a range of trends including negative trends
in monsoon rainfall by 2100 (Turner and Annamalai, 2012) under the SRES A1B sce-
nario. More recent studies consider the effect of black carbon aerosols on south Asian
monsoon (Meehl et al., 2008; Ramanathan et al., 2005) and suggest that a “business
as usual” black carbon scenario can result in about 25 % decrease in mean monsoon
rainfall by the mid-21st century. Some of the models also show a projected increase
in the rainfall interannual variability. However, the seasonal projection of interannual
variability of South Asian monsoon rainfall is a major challenge (Sperber and Palmer,
1996; Goswami, 1998).

In order to capture the full range of possible future scenarios, including mitigation
strategies, the Representative Concentration Pathways (RCP) have been developed
as a basis for the IPCC fifth assessment report. There are four RCPs categorized ac-
cording to their approximate radiative forcing in the year 2100. We use data from RCP
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model simulations in order to study the projected changes in the mean and variability
of ISM rainfall in future. In this study, we examine the mid-nineteenth century to the
end of the twenty-first century variability of ISM rainfall simulated by twenty of the mod-
els that participated in the CMIP-5. Section 2.1 shows a brief model evaluation of the
Indian summer monsoon mean rainfall. Section 2.2 gives the trend in all India mean
monsoon rainfall and Sect. 2.3 its interannual variability in the RCP based simulations.
The results are discussed in Sect. 3.

2 Results
2.1 Model evaluation

In this study, we use simulated rainfall obtained from 20 of the models that participated
in the CMIP-5. Models are chosen according to the availability of the data: only those
models are analyzed for which data for historic period (1850—2005), RCP-8.5 and at
least one more scenario were available at the time of the study. The model information
is summarized in Table 1. The range in global mean temperature as constrained by
past climate observations allow for a wide range of responses within an RCP (Schewe
et al., 2011). Historical simulations are based on observed concentrations of green
house gases and reconstructed aerosol emissions. Future projections are based on
the four Representative Concentration Pathways (RCP) (Moss et al., 2010). RCP-8.5
is the pathway for which radiative forcing reaches 8.5Wm™2 by 2100. Similarly RCP-
4.5 and RCP-6.0 represent the pathways for which radiative forcing reach 4.5 and
6Wm™2 in 2100. RCP-2.6 peaks in radiative forcing at 3Wm™2 before 2100 and de-
clines afterwards reaching 2.6Wm~2in 2100. India as a whole (all-India) is selected
for the study and data is masked over all-India region. Mean rainfall is obtained by
averaging the June-September (JJAS) rainfall over the all-India land region and de-
noted as all-India summer monsoon rainfall (AISMR). The all-India rainfall dataset from
Parthasarathy et al. (1994) is used to compare the seasonal mean rainfall from models
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during historical periods with observations. The observational data covers a period
from 1871 to 2004.

In order to identify models with a potentially realistic representation of the mon-
soon rainfall, we compare their long-term seasonal mean with the observed precipi-
tation (Parthasarathy et al., 1994) for the period 1871 to 2004 (Fig. 1). The climato-
logical mean rainfall from observations is 7.1 mm day‘1, with a standard deviation of
0.7mm day'1 . About half of the models capture seasonal mean rainfall within twice the
standard deviation (vertical dashed lines in Fig. 1) of the observed mean for the period
1871 to 2004. Models like MIROC-ESM and MIROC-ESM-CHEM show a slight over-
estimation of seasonal mean rainfall, while models like CSIRO-Mk3 and MRI-CGCM3
show an underestimation. The error bars in Fig. 1 represent long-term standard devi-
ations for each of the models under consideration and the values vary from 0.4 to 0.7
for various models. NorESM1-M and GFDL-CMS3 capture the mean rainfall closest to
the observed mean. The spatial patterns of rainfall during the monsoon season as
simulated by all the models are shown in Fig. 2. The models which underestimate
the climatological rainfall do not capture the spatial pattern of monsoon well. CSIRO-
Mk3.6.0 and MRI-CGCM3 model more rainfall over the east coast of Bay of Bengal and
the tropical Indian Ocean. They show very low rainfall over the all-India region. Sim-
ilarly, the Hadley Centre models (HadGEM2-CC and HadGEM2-ES) and the Institute
Pierre Simon Laplace models (IPSL-CM5A-LR and IPSL-CM5A-MR) capture very little
rainfall over the all-India region with comparatively higher rainfall over the Himalayan
mountains and the Bay of Bengal.

As discussed by Levermann et al. (2009) the monsoon region can enter a climatic
regime in which latent heat transport towards land is insufficient to sustain a monsoon
circulation which may lead to abrupt monsoon transition (Zickfeld et al., 2005) as ob-
served in the past (Schewe et al., 2012; Cook et al., 2010; Sinha et al., 2011). While
observations clearly show that the ISM is currently within the active monsoon regime
it is possible that the CMIP-5 models which exhibit a very weak ISM are outside this
regime. In this study, we decide to interpret the results of the future monsoon evolution
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from models with historical mean precipitation below the observed mean minus twice
its standard deviation (5.7 mm day'1) as well as the ones with an unrealistic spatial
pattern, with care as they are less likely to provide a good approximation of the real
evolution. Full information is, however, provided for all models.

2.2 Long term trend in Indian monsoon rainfall under various RCP warming
scenarios

AISMR is analyzed for the four RCPs (Figs. 3 and 4). AISMR shows a clear positive
long-term trend in all the models under the RCP-8.5 scenario whereas the long term
trend is small under RCP-2.6 scenario (Fig. 3). And even for the lowest concentration
scenario RCP-2.6, only three out of twenty models show a small decreasing trend in
rainfall. The percentage changes in the AISMR (6mean) by the end of the 21st century
(2070-2100) with respect to the pre-industrial period (1870—-1900) under all the RCPs
are summarized in Fig. 5. Models listed in the upper panel of Fig. 5 are those that cap-
ture the AISMR well with mean rainfall for the historic period (1871-2004) falling within
twice the standard deviation (0.7 mm day‘1) of the observed mean (7.1 mm day'1 )- The
relative increase in mean monsoon rainfall is less (up to < 15 %) for these models com-
pared to the ones with a much lower historic mean. The significance of §mean values
are obtained from a Student’s t-test and it shows that 19 out of the 20 models show a
significant increase in 6mean under the RCP-8.5 scenario at a 95 % confidence level.
MPI-ESM-LR shows a slight increase in the AISMR during the end of the twenty first
century compared to the pre-industrial period under RCP-8.5 scenario, which is not
significant at a 95 % confidence level. MRI-CGCM3 shows the maximum increase in
AISMR of about 60 % by the end of the twenty-first century compared to the end of
the nineteenth century for RCP-8.5 and RCP-6.0 scenarios. But as shown in Fig. 2,
MRI-CGCMBS does not capture the spatial pattern of AISMR realistically. All the models
show a consistent increase in 6 mean at 95 % confidence level under all the scenar-
ios. None of the negative values of 6mean are significant at a 95 % confidence level.
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In summary, a consistent picture of an increasing seasonal mean rainfall under global
warming arises from the CMIP-5 intercomparison.

Due to the relatively fast adjustment time of the atmosphere, most models show little
path-dependence of the ISM change, in the sense that changes are very similar for the
same increase in global mean temperature compared to pre-industrial period indepen-
dent of which scenario was followed. Therefore it is possible to provide the percentage
change in AISMR as a function of global mean temperature change or AISMR-change
per degree of warming. It is given in Fig. 6. RCP-2.6 scenario is not considered here
as the temperature changes are very low under this scenario. Considering only trends
which are significant at a 95 % confidence level, all models project an increase in the
AISMR with an increase in temperature. The trends are comparatively smaller for the
more realistic models. Figure 7 shows the histogram of the trends per degree Kelvin.
The relative changes in AISMR per degree of warming range from 1-19 % K. 66.5%
of the trends for an ensemble of all models lies in the range of 1-9 % K~ with a median
increase of 3.2%K™'. While considering only the more realistic models in the upper
panel of Fig. 6, 66.5 % of the relative changes in AISMR per degree of warming is in
the range 1.3-3 % K~'. These models show a median increase of 2.3 % K~". This value
is closer to the projected increase in global mean precipitation per degree of warming
(2.2+0.52% K'1) given by Frieler et al. (2011) for CMIP-3.

2.3 Future evolution of interannual variability

The percentage changes in long-term standard deviation for the period 2050-2100
with respect to 1900-1950 are used to analyze how the interannual variability evolves
under global warming. The standard deviation of seasonal mean rainfall shows a pos-
itive trend in most of the models under the RCP-8.5 scenario (Fig. 8) indicating an
increase in interannual variability in the future. Out of the 20 models under considera-
tion, 17 models show an increase in interannual variability under this scenario. MIROC-
ESM-CHEM, HadGEM2-CC and IPSL-CM5A-LR show a slight decrease (< 10%) in
standard deviation by the second half of the twenty first century compared to the
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first half of the twentieth century. It has to be noted that most models show an in-
crease in interannual variability in the future under various concentration pathways. The
largest increase is simulated by FGOALS-s2, BCC-CSM1.1 and HadGEM2-ES under
the RCP-8.5 scenario. CCSM4 shows a decrease in variability under all the scenar-
ios except RCP-8.5. GFDL-ESM2G, GFDL-ESM2M, FGOALS-s2, HadGEM2-ES and
MRI-CGCMS3 show an increase in interannual variability under all the four RCPs. While
HadGEM2-ES captures an increase in interannual variability under all the four scenar-
ios, HadGEM2-CC captures a decrease in interannual variability in the two available
scenarios at the time of the study. But as shown earlier in Fig. 2 these two models did
not capture the spatial pattern of monsoon rainfall reasonably well. Out of the few neg-
ative trends of interannual variability, most of them are under the RCP-2.6 and RCP-4.5
scenarios. The interannual variability has a clear positive trend in most of the models
under the higher scenarios RCP-6.0 and RCP-8.5.

3 Discussion and conclusions

The future evolution of Indian summer monsoon rainfall and its interannual variabil-
ity have been analyzed based on global coupled model simulations under the RCP
scenarios. This study analyzes whether previous inconsistency between models re-
garding the long term trend in the Indian summer monsoon rainfall under transient
warming scenarios still exists in the CMIP-5 generation of climate models. By compar-
ison of the models’ performance with the all-India mean monsoon rainfall for historic
period from observations and examination of the spatial patterns of rainfall, we con-
sider some models as more realistic and put more emphasis on them compared to the
ones with a very weak monsoon rainfall. For these models a consistent picture arises:
Indian summer monsoon rainfall increases under future warming. All models except
MPI-ESM-LR simulate the maximum positive trend in mean monsoon rainfall under the
highest concentration pathway RCP-8.5. This result agrees with Fu et al. (1999) who
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find an increase in the Indian monsoon rainfall during abrupt warming and suggests a
relationship between global temperature increase and the Indian monsoon rainfall.

An increase in seasonal mean precipitation can occur due to changes in the inter-
tropical convergence zone (Hu et al., 2000). In coupled models under global warming
it has been attributed predominantly to an increase in the water holding capacity of
the atmosphere with increase in surface temperature (Trenberth, 1998). For example,
Meehl et al. (2005) suggest the increase in water vapor content associated with an
increase in sea surface temperature in a warmer climate as the reason for enhanced
precipitation in the tropics in some IPCC AR4 models. The atmospheric water vapor
is projected to increase by 12—16 % over large parts of India (Kripalani et al., 2007)
at the time of CO, doubling. This increased moisture content can lead to enhanced
precipitation. In this study, we see that the increase in AISMR per degree change in
temperature is about 2.3 % K~ which is similar to the projected increase in global mean
precipitation per degree change in temperature in CMIP-3 (Frieler et al., 2011).

A second trend that emerges consistently across models in CMIP-5 is an increase in
interannual variability. The monsoon variability shows a general increasing trend under
various RCPs in most of the models. Rainfall variability is particularly important for so-
cietal and economic adaptation strategies, defining the required year-to-year flexibility
for agricultural management, disaster preparedness, etc. Further studies are needed
to understand the physical reasons behind the increase in interannual variability. One
of the reasons attributed to the increase is the increase in ENSO variability in future
which is transmitted to south Asian monsoon rainfall through the Walker cell (Hu et al.,
2000; Schewe and Levermann, 2012). Another possibility is that the enhanced vari-
ability is attributed to the increase in tropical Indian Ocean and Pacific sea surface
temperatures, irrespective of the ENSO variability (Meehl and Arblaster, 2003). Ac-
cording to Meehl and Arblaster (2003) the Pacific Ocean SST plays the dominant role
where as the Indian Ocean plays a secondary role in monsoon interannual variability.
Also an observations-based study suggests that the increase in interannual variability
of Indian summer monsoon is associated with warmer land and ocean temperatures
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(Meehl and Washington, 1993). We do not aim for a consistent physical understanding
across all climate models here, but concluded that most of the models that participated
in the CMIP-5 show a positive trend in monsoon mean rainfall as well as its interannual
variability under future warming. It can be noted that all the trends in AISMR which
are significant at a 95 % confidence level are positive. The long-term intensification of
monsoon rainfall, but even more so the intensification of monsoon variability, require
long-term adaptation strategies in coping with future climate change in India.
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Table 1. Details of the data availability for the 20 comprehensive models used in the study. Only
those models are selected for which data for historic period, RCP-8.5 and at least one more ESDD
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Fig. 1. JUAS mean rainfall over all India region from different models for the historic period. The
black vertical line shows the all India mean monsoon rainfall from observations for the period
1871-2004 and the dashed lines show mean plus/minus twice the standard deviation of all
India mean rain. Circles with error bars represent mean and mean plus/minus one standard
deviation for the 20 comprehensive models from 1871 to 2004.
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Fig. 3. Indian summer monsoon seasonal (June—September) mean rainfall for the period 1850—
2100 from the 20 comprehensive climate models. Gray shadings represent the yearly values
and red and blue lines represent the nonlinear trend in seasonal mean rain obtained from a
singular spectrum analysis with a window width of 21 yr for RCP-8.5 and RCP-2.6 respectively.
The non-linear trends are calculated using a routine from Aslak Grinsted and the method is
discussed in Moore et al. (2005).
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Fig. 5. Percentage change in mean rainfall for RCP-8.5 (red), RCP-6.0 (orange), RCP-4.5
(green) and RCP-2.6 (blue) for all the models under consideration. Relative change is calcu-
lated as the change in seasonal (JJAS) mean rainfall for the period 2070-2100 with respect to

the period 1870-1900, i.e. (M’M . 100) —100. The gap separates models with rainfall

JJASrainigzo_1900
values for 1871-2004 lying within and outside twice the standard deviation of the observed
mean as per Fig. 1. Two panels on the right hand side show the significance levels and the
vertical dashed line marks 95 % confidence level. Bars on the left side panels are transparent
if the 6mean values are not significant at 95 % confidence level.
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RCP-2.6 is very small, it is not taken into consideration. Transparent bars are the values which
are not significant at 95 % confidence level.
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Fig. 7. Histogram of the percentage changes in mean rainfall per degree change in temperature
for all the significant scenarios of all models as in Fig. 6. Red dots represent the values for the
models in the upper panel of Fig. 6. Black dashed line shows the median value for the ensemble
of all models and red dashed line shows the median value for the most realistic models, i.e. the
ones in the upper panel of Fig. 6.
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Fig. 8. The percentage change of standard deviation (STD) during the second half of 21st
century to the standard deviation during the first half of the 20th century under RCP-8.5 (red),
RCP-6.0 (orange), RCP-4.5 (green)and RCP-2.6 (blue) for all the models under consideration.
All values greater than 0 shows an increase in variability. The percentage change is given as

S-I—DZIZ)50—21OO H 1
(m . 100) — 100. The upper and lower panels are separated as in Figs. 5 and 6.
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