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Abstract

We review the skill of thirty coupled climate models participating in the Coupled Model
Intercomparison Project 5 (CMIP5) in terms of reproducing properties of the seasonal cycle
of precipitation over the major river basins of South and Southeast Asia (Indus, Ganges,
Brahmaputra and Mekong) for the historical period (1961-2000). We also present projected
changes by these models by the end of century (2061-2100) under the extreme scenario
RCPS8.5. First, we assess their ability to reproduce observed timings of the monsoon onset
and the rate of rapid fractional accumulation (RFA slope) - a measure of seasonality within
the active monsoon period. Secondly, we apply a threshold-independent seasonality index
(SI) — a multiplicative measure of precipitation (P) and extent of its concentration relative to
the uniform distribution (relative entropy — RE). We apply SI distinctly for the whole
monsoonal precipitation regime (MPR), westerly precipitation regime (WPR) and annual
precipitation regime. For the present climate, neither any single model nor the multi-model
mean performs best in all chosen metrics. Models show overall a modest skill in suggesting
right timings of the monsoon onset while the RFA slope is generally underestimated. One
third of the models fail to capture the monsoon signal over the Indus basin. Mostly, SI
estimates for WPR are simulated higher than observed for all basins, while for MPR, it is
simulated higher (lower) for the Ganges and Brahmaputra (Indus and Mekong) basins,
following the pattern of overestimation (underestimation) of precipitation. However, models
are biased positive (negative) for RE estimates over the Indus and Ganges (Brahmaputra and
Mekong) basins, implying the extent of precipitation concentration for MPR and number of
dry days within WPR higher (lower) than observed for these basins. Under the RCP8.5
scenario, most of the models project a slightly delayed monsoon onset, and a general increase
in the RFA slope, precipitation and extent of its concentration (RE), all suggesting a higher
seasonality of the future MPR for all basins. Similarly, a modest inter-model agreement
suggests a less intermittent WPR associated with a general decrease in number of wet days
and a decrease (increase) in precipitation over the Indus and Ganges (Brahmaputra and
Mekong) basins. Based on SI, multi-model mean suggests an extension of the monsoonal
domain westward over northwest India and Pakistan and northward over China. These
findings have serious implications for the food and water security of the region in the future.

1 Introduction



Climate change has substantial impacts on the hydrological cycle at global (Allan, 2011;
Kleidon and Renner, 2013; IPCC, 2013; Roderick et al., 2014), regional (Ramanathan et al.,
2005; Lucarini et al., 2008; Turner and Annamalai, 2012; Hasson et al., 2013 and 2014a), and
local scales (Roderick et al., 2014; Greve et al., 2014). The issue of understanding the impact
of climate changes on the hydrological cycle has special relevance for areas dependent upon
the seasonal water availability and for areas highly vulnerable to hydro-climatic extremes,
such as South Asia (Hirabayashi et al. 2013; Hasson et al., 2013). Seasonal cycle of
precipitation in South Asia is the key for ensuring food and water security of one-fifth of the
world’s inhabitants (Ho and Kang 1988; Lal et al., 2001; Sperber et al., 2013; Sabeerali et al.,
2014) and strongly affects the gross domestic product of the agrarian-based economies
(Subbiah et al., 2002; Gadgil and Gadgil, 2006). Historical observations show that the
summer monsoonal rainfall over India has been decreasing significantly for the last six
decades (Wapna et al., 2013; Bolasina et al., 2011) while the water table in most of India has
already been dropped considerably (Rodell et al., 2009). The annual per capita water
availability has substantially reduced and it still faces growing stress due to population
growth and ongoing economic development (Babel and Wahid, 2008; Eriksson et al., 2009,
Rasul, 2014). Such changes might become more pronounced under the global warming
scenario with ensuing drastic impacts on the socio-economic setup in the region. Therefore,
assessment of future changes in the precipitation regime and its seasonality are critical for the
policy makers and relevant stakeholders for the future water resources management and long-
term planning of the sustainable regional economies.

Presently, the global climate models are applied as a primary tool for projecting future
changes associated with a variety of anthropogenic greenhouse gas (GHG) emission
scenarios and are being extensively used to understand the climate system of the Earth and
the hydrological cycle on global and regional scales. However, reliability of the projected
changes largely depends upon the degree of skill of these models in adequately representing
the physical climatic processes and in reproducing the observed hydro-climatic phenomena.
Despite substantial improvements in their numerics and in the representation of the physical,
chemical, and biological processes taking place in the climate system, a realistic
representation of the hydrological cycle in these models has not been achieved, so far. This is
due to the fact that in these models some of the crucial fine scale hydro-climatic processes
that occur on a variety of spatio-temporal scales are not explicitly resolved but represented
only through parameterization schemes (May, 2002; Hagemann et al., 2006; Tebaldi and
Knutti, 2007). Furthermore, the structural limitations of the global climate models often lead
to the underrepresentation of existent physio-geographical characteristics that greatly affect
realism of the model simulations. Such inadequate representation may results in a serious bias
in the crucial parameters and may lead to physical inconsistencies of water and energy
balance at global (Lucarini and Ragone, 2011; Liepert and Previdi, 2012; Liepert and Lo,
2013) and regional scales (Lucarini et al., 2008; Hasson et al., 2013). Given these limitations,
it is a great challenge for the present-day climate models to describe correctly the
hydrological cycle over the South and Southeast Asia region that features a tremendous
diversity in its hydro-climatic patterns, determined by its unique physio-geographical
characteristics, mainly the extensive cryosphere and complex terrain of the Hindu Kush—
Himalayan (HKH) ranges and Tibetan Plateau (TP). The hydrology of such region is
determined by form and magnitude of the spatially heterogeneous and highly seasonal
moisture input from the prevailing large scale circulations modes: the western (predominantly
winter) mid-latitude disturbances (Wake, 1987; Rees and Collins, 2006; Ali et al., 2009) and
the south and Southeast Asian summer monsoon, where the latter one dominates (Annamalai
et al., 2007; Turner and Annamalai, 2012). The westerly disturbances are extratropical



cyclones formed and/or fortified over the Caspian and the Mediterranean Seas, which
transported through the southern flank of the Atlantic and Mediterranean storm tracks
(Hodges et al., 2003; Bengtsson et al., 2006) to their far eastern extremity, enter into the
study area along HKH and eventually subside over the continental India (Hasson et al.,
2014a). On the other hand, the South and Southeast Asian monsoon along with the East
Asian monsoon are interrelated components of the Asian monsoon system (Janowiak and
Xie, 2003). The monsoon is a thermally driven system in which a large-scale meridional
thermal gradient between the land and the ocean (Li and Yanai, 1996; Fasullo and Webster,
2003; Chou, 2003) is formed both, at the surface - due to intense seasonal solar heating over
the land and its low heat capacity - and at the mid-to-upper troposphere - due to the HKH and
TP causing sensible heating aloft forming the Tibetan warm anticyclone (Bohner, 2006; Clift
and Plumb, 2008) - in late-spring that result in a north—south pressure gradient, which induces
the cross-equatorial surface flow and heralds the monsoonal onset (Li and Yanai, 1996;
Fasullo and Webster, 2003). The study basins of the Indus, Ganges and Brahmaputra are
under the dominant influence of the south Asian summer monsoon precipitation regime
(MPR), however, the Mekong basin receives its precipitation from both south Asian and
southeast Asian components of the Asian monsoon system (Hasson et al., 2013). Over the
study domain, the monsoon onset starts over the southern India and advances towards the
southern China and subsequently to northwestern India and Pakistan (Matsumoto, 1997;
Janowiak and Xie, 2003; Hasson et al., 2013 and 2014a). Hence, the monsoon onset starts
over the Mekong and Brahmaputra basins in mid-to-late-May and tracks over the Ganges and
Indus basins till June to July. The monsoon retreat, referring back to dry and dormant
conditions, goes roughly in a reverse order, latest by October (Goswami, 1998). The sudden
breaks during the active monsoon period (Ramaswamy, 1962; Miehe, 1990; Bohner, 2006),
spanning over few days to several weeks (Turner and Annamalai, 2012), can seriously threat
the water availability (Webster et al., 1998), and food production, particularly for the areas of
rain fed agriculture (Subbiah, 2002; Gadgil and Gadgil, 2006), such as parts of the west India
and Pakistan (Wani et al., 2009). These areas are also quite sensitive to the delays in the
monsoon onset. Given that importance, an adequate model representation of the various local
scale physio-geographical features and physical processes that are influential to the
diversified aspects of the precipitation regimes associated with the prevailing large scale
circulations, particularly the monsoon, are yet a great challenge for the climate science and
modelling community.

It is unfortunate that despite the relative high-resolution, the current generation of climate
models included in the 5™ phase of the Coupled Model Intercomparison Project (CMIP5 -
Taylor et al., 2012; Guilyardi et al., 2013) still misrepresent substantially the real topography
of the HKH and Tibetan Plateau (Chakraborty et al., 2002 and 2006; Boos and Hurley, 2013)
akin their predecessors. Moreover, the region features an extensive irrigation activity
throughout the year that plays a major role in the interaction of the regional circulations over
the region in order to determine the strength of the concurrent and subsequent monsoonal
precipitation regimes and their spatial extents (Saeed et al., 2009 and 2013; Levine and
Turner 2012; Marathayil et al., 2013; Levine et al., 2013). Such phenomenon is completely
missing in the CMIP5 models. This further hinders a realistic simulation of the precipitation
regimes over the region, particularly that of associated with the summer monsoon. As a result
of such common deficiencies, the systematic errors in the simulated precipitation patterns,
such as delayed monsoon onset over India, inadequate simulation of seasonal cycle
(Kripalani et al., 2007; Kumar et al., 2011; Sperber et al., 2013; Sperber and Annamalai,
2014; Hasson et al., 2014a), underestimation of monsoonal precipitation and offset in the
positions and intensities of its maxima (Wang et al., 2004; Annamalai et al., 2007,



Christensen et al., 2007; Lin et al., 2008; Sperber et al., 2013), rising trend of the monsoonal
precipitation contrary to the observed falling trend (Wang et al., 2004; Ramanathan et al.,
2005; Sabeerali et al., 2014; Saha et al., 2014), cold sea surface temperature (SST) biases
over the northern Arabian Sea (Levine et al., 2013; Sandeep and Ajayamohan, 2014), and the
suppression of the monsoon far north over China and far west over Pakistan are consistent
between the CMIP 3 and 5 modeling efforts.

Despite of the above mentioned shortcomings, the CMIP5 models are successful in capturing
some of the key features over the region with a high inter-model agreement. For instance,
Sperber et al., (2013) have reported high fidelity of the CMIP5 models - and of their
predecessors, included in the third phase of the Climate Models Intercomparison Project
(CMIP3) - in simulating the mean monsoonal winds. Further, some studies (Menon et al.,
2013; Sandeep and Ajayamohan, 2014) have shown that the coupled climate models are able
to realistically simulate the recently observed northward shift of the low-level monsoonal jet,
which is consistent with the future projected increase in the monsoonal extent (Kitoh et al.,
2013; Lee and Wang, 2014) and overall widening of the tropical zone (Fu 2006; Seidel and
Randel, 2007). Hasson et al. (2014a) have reported a satisfactory representation of the change
in the western mid-latitude precipitation regime under climate change over the region by the
CMIP3 models, featuring a qualitative agreement for the pole ward shift of mid-latitude
storm tracks under the global warming scenario as documented by various studies (Bengtsson
et al., 2006; Fu, 2006; Fu and Lin, 2011). Such capabilities of models - despite their structural
limitations and incomplete representation of various features - provide some confidence on
their projected changes.

As compared to the CMIP3, the CMIP5 models have gone through an extensive
development, introducing higher horizontal and vertical resolutions, improved interactions
between atmosphere, land use and vegetation components, interactive and indirect aerosols
treatments and inclusion of a carbon cycle etc. (Taylor et al., 2012). The CMIP5 models show
typically some improvements relative to the CMIP3 models in their ability to represent the
climate system (Knutti and Sedlacek, 2013; Knutti, 2013; Geil et al., 2013; Liu et al., 2014).
For instance, future increase in the south Asian summer monsoon precipitation as projected
by the CMIP3 models (Ashrit et al., 2003; Meehl and Arblaster, 2003; Ashrit et al., 2005;
Hasson et al., 2014a) are still very uncertain due to a relatively larger inter-model spread
(Meehl et al., 2007; Turner and Slingo, 2009; Kumar et al., 2011; Turner and Annamalai,
2012; Hasson et al., 2014a), which is related to the diversity in their spatial resolution (Kim et
al., 2008) and in the adopted convection schemes (Turner and Slingo, 2009; Bollasina and
Ming, 2012). Contrary to this, the CMIP5 models feature a high agreement on the
intensification of the summer monsoon precipitation (Kitoh et al., 2013; Menon et al., 2013;
Wang et al., 2013; Lee and Wang, 2014) in future. Moreover, the CMIP5 models show a
relative improvement for the time-mean precipitation through better simulating its maxima
over the region of steep topography (Sperber et al., 2013), which may be linked to their
relatively fine resolutions (Rajendran et al., 2013).

Most of the studies on the seasonal cycle of precipitation over South Asia focus only on MPR
and adopt various threshold-based techniques to investigate fidelity of the climate models in
representing, e.g., timing of the monsoon onset, retreat and maxima (e.g. Sperber et al., 2013;
Sperber and Annamalai 2014; Hasson et al.,, 2014a). Since the westerly disturbances
intermittently transport moisture to the region (Syed et al., 2006; Hasson et al., 2014a), such
metrics are not equally applicable for the westerly precipitation regime (WPR). Moreover, an
absolute threshold of 5 mm day'1 is commonly used to identify the monsoon onset and retreat



(Wang and LinHo, 2002; Sperber et al., 2013), which in view of the large inter-model
discrepancies does not seem appropriate for testing models performances, especially when
large biases in the seasonal cycle of precipitation are present (Geil et al., 2013). Namely, a
dry (wet) bias may lead to a delayed (early) timing of the onset relative to the observations.
Some of the dry models even cannot achieve the absolute threshold, particularly over the arid
regions and areas of far reaches of the monsoon where amplitude of the simulated
precipitation can be very small, such as, over the Indus Basin (Hasson et al., 2013 and
2014a). Therefore, in order to define the monsoon onset and retreat from a large inter-model
“wetness” scatter the use of a relative threshold has been encouraged (Geil et al., 2013;
Hasson et al. 2014a; Sperber and Annamalai, 2014). Analyzing the CMIP3 models, Hasson et
al. (2014a) have uniformly applied a relative threshold of 0.17 over the normalized basin-
integrated monthly precipitation of the Indus, Ganges, Brahmaputra and Mekong basins.
Using a relative rather than an absolute criterion of accumulated precipitation has
considerably reduced the effect of a large CMIP3 inter-model spread on defining the
monsoon onset as opposed to typical threshold-based techniques. Similarly, Sperber and
Annamalai (2014) have applied a relative threshold of 0.2 over the fractional accumulated
pentad (5-day mean) precipitation from the CMIP5 models. Though use of a relative
threshold together with the adopted data processing approach circumvents the effect of a
large inter-model scatter on the analysis (Hasson et al., 2014a; Sperber and Annamalai,
2014), but again, uniformly applying a relative threshold over the whole study domain may
face difficulties because of the spatial heterogeneity of the precipitation regimes and/or the
temporal data resolution used in the analysis.

The goal of this review is to provide a comprehensive analysis of the performance of CMIP5
models in representing the seasonal cycle of precipitation and assessing their suggested
changes in response to changing climate conditions over the major river basins of South and
Southeast Asia, namely, Indus, Ganges, Brahmaputra and Mekong. Unlike previous studies
which assess models’ realism either at the grid-point or at the regional scale (Annalmali et al.,
2007; Fan et al., 2012; Turner and Annamalai, 2012; Sperber et al., 2013; Menon et al.,
2013), the focus of this study is on a river basin scale (Lucarini et al., 2008; Hasson et al.,
2013, 2014a). A river basin is a natural unit of practical water resource management that is
also quite relevant for impact assessment studies and can support for taking effective adaptive
measures (Lucarini et al., 2008; Hasson et al., 2013 and 2014a). First, we assess models’
performance for the time-dependent characteristics of MPR that are crucial for the water
resources management and subsequently for the food security in the region. In this regard, we
choose timing of the onset and retreat and the rate of precipitation concentration during the
wet season as skill metrics (monsoonal metrics) for twofold reason; 1) these are stringent
tests for assessing the model performance and, 2) these are most commonly employed by
various model performance assessment studies, so our results from the latest generation
climate models are comparable (e.g. Hasson et al., 2014a; Sperber and Annamalai, 2014). In
order to circumvent a large inter-model scatter of the CMIP5 models, we perform a relative
threshold based assessment of model performance over each basin based on the fractional
accumulated precipitation (Sperber and Annamalai, 2014). First, we identify a unique set of
relative thresholds for each basin from the observational dataset used in the study that yields
right timings of the monsoon onset and retreat for the respective basin. Then, we apply these
thresholds to the model datasets in order to investigate their skill for the select metrics and to
assess their suggested changes. Such basin-scale evolution of monsoon only precipitation
regime is, however, limited to the active monsoon duration (onset-retreat) and highly
sensitive to its accurate identification.



Therefore, we additionally apply a novel and threshold independent technique over both
MPR and WPR in order to distinctly characterize their overall seasonality over the study
basins as well as over the spatial domain of South and Southeast Asia (Fig. 1). Such
technique combines use of mean precipitation (P) and recently introduced dimensionless
seasonality index (SI). The SI, accounting for the spatio-temporal heterogeneity of
precipitation distribution, identifies the high-seasonality hotspots. The SI for a considered
time period is determined by multiplicatively combining the precipitation (P) normalized by
its spatial maximum and the relative entropy (RE) — an information theory - based
quantitative measure of the extent of precipitation concentration against the uniform
distribution. The index was first employed by Feng et al. (2013) using monthly observations
for the tropical land regions and then by Pascale et al. (2014a,b) over the monthly
precipitation from the CMIP5 models for the whole globe.

Since changes in the time behavior of the south Asian monsoon precipitation regime are not
evident at monthly scale (Hasson et al., 2014a), here, we investigate both monsoonal metrics
and seasonality indicators on pentad precipitation datasets. In the first part of study, we report
general and consistent biases of the CMIP5 models for all the chosen metrics against the
observations during the historical period (1961-2000). This provides useful information for
the climate modelers, as they suggest possible ways to improve the climate models, as well as
to the practitioners and agencies working with the limited area models in the region of
interest, as biases of individual models are made clear. In the second part, we present
projected future changes in the select metrics by the end of the century (2061-2100) under an
extreme representative concentration pathway (RCP) RCP8.5. The RCP8.5 scenario,
referring to highest GHG emissions due to burgeoning population, slow income growth,
modest technological development, higher energy demands and absence of climate change
policies (Riahi et al., 2011), provides a reasonable upper bound to climate change, and
constitutes a plausible worst-case-scenario, so studying it is important for bracketing the
future possible impacts of climate change in the hydro-climatology of the region.

The paper is organized as follows. In section 2, we briefly describe the data used in the study
and the methodology adopted for the analysis. Section 3 presents the model performance and
their projected changes for the chosen metrics. In section 4, we discuss in detail the findings
from the present study in relation with the available literature and summarize the main
results.

2 Data and method

It is indeed nontrivial to reconstruct the statistics of gridded datasets of precipitation in South
and Southeast Asia (Collins et al., 2013). The main problems come from the observational
uncertainty typically associated to: 1) an uneven density and temporal coverage of in-situ
observatories; 2) performance of the applied interpolation techniques; 3) difficulties in snow
detection over the complex HKH and Tibetan Plateau terrain (Fekete et al., 2004; Yatagai et
al., 2012; Palazzi et al., 2013; Hasson et al., 2014a; Prakash et al., 2014). Therefore, we have
decided to use multi-source satellite-merged observations for our analysis. We have used the
pentad precipitation datasets from the Global Precipitation Climatology Project (GPCP, Xie
et al., 2003) and the Climate Prediction Center Merged Analysis of Precipitation (CMAP, Xie
and Arkin 1997a) for the period 1979-2004 that were available at 2.5°x2.5° horizontal grid
resolution. The GPCP precipitation was obtained through merging microwave and infrared
based observations with in-situ rain gauge data, while the CMAP precipitation was obtained
through merging the microwave, infrared and outgoing long-wave radiation based



observations with the NCEP-NCAR reanalysis dataset (Huffman et al., 1997 and 2009; Xie
and Arkin, 1997b). Various studies have used the GPCP and CMAP datasets for the global
(Martin and Levine, 2012; Kitoh et al. 2013; Chou et al. 2013; Frierson et al. 2013; Ramesh
and Goswami, 2014) and regional (Bolvin et al., 2009; Cook and Seager 2013; Sperber et al.
2013) scale analysis of the hydrological cycle. Sperber and Annamalai (2014) have also
shown that the two datasets show little differences in terms of time dependent properties of
the seasonal cycle of precipitation over the south Asian summer monsoon domain. Xie et al.
(2003) have documented the development of pentad GPCP dataset and discussed its
differences relative to the CMAP observations. As of the model simulations, daily
precipitation data were obtained from the CMIP5 data for the historical period (1961-2000)
and for the projections (2061-2100) under an extreme global warming scenario of RCP8.5
(Table 1). The RCP8.5 assumes that the radiative forcing will ramp up to 8.5Wm™ by the
year 2100 and can be considered the upper end of the climate forcing scenarios adopted by
the IPCC. Further details about the RCPs can be found in Moss et al. (2010) and van Vuuren
et al. (2011). The requisite data was available from thirty coupled climate and Earth System
Models (ESMs) that provide several ensemble members for each simulated scenario. We
have chosen only first realization from each model as Coleman et al. (2011) and Pascale et al.
(2014a & b) have reported robustness among the several ensemble members of an individual
model.

For the monsoonal metrics, we have first calculated the time series of basin-integrated pentad
precipitation from each considered dataset for the four study basins. For each year and for
each pentad, the basin-integrated precipitation was calculated through first weighing the
pentad precipitation at each grid cell by the fraction of its area lying within the natural
boundary of a basin and then area-averaging over the basin area:

1
Plige =7, PirdA Eqn. 1

where p; j is the mean precipitation at pentad i and year £ at a certain grid point, A is the basin
area and (p);  is the basin-averaged precipitation at the same time. Further details about the
basin integration approach for precisely calculating volumetric quantities can be found in
Lucarini et al. (2008) and Hasson et al. (2013 and 2014a). We have then accumulated (p); x
(Eqn. 2) such as each pentad i is the sum of its preceding pentads within a year & and itself (in
the following we omit the label £ to keep the notation as simple as possible) and from the
accumulated precipitation, IT;, we estimate the fractional accumulated precipitation, I,

Iy = Z§=1(P>i Eqn. 2
ﬁt = Ht/ H73 Eqn 3

where t = 1,2,3, ...,73 denotes each pentad of the year, as models with Gregorian and 360
days calendar were adjusted to 365-day calendar. We plot seasonal cycles of II; from all
datasets in Figure 3 to show the inter-model scatter of the simulated precipitation, multi-
model mean (MMM) and observations for each basin. In order to circumvent the effect of
such scatter on the estimation of select metrics, we have obtained the fractional
accumulation, IT, by dividing each pentad of IT, within a year by its last pentad (Eqn. 3).
Based on II; of the GPCP/CMAP datasets, we have identified relative thresholds for the
observed timings of monsoon onset and retreat for each basin (see Fig. 4). We have
considered a threshold for the monsoon onset as the fractional accumulation of the pentad
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after which the rapid fractional accumulation (RFA) starts, Il,,. Similarly, for the monsoon
retreat, it was taken as the fractional accumulation of the pentad, before which the rapid
fractional accumulation ends, IT,,;. The RFA refers to the linear growth in the fractional
accumulation within the active monsoon duration and can be determined through a linear
slope (onward called RFA slope) calculated using Eqn. 4.

RFA Slope=S= (I1,0,—11,,)/N  Eqn. 4

where N refers to the total number of pentads during the active monsoon duration (from I,y
to Tl ,¢). The RFA slope tells how fast the precipitation accumulates within an active
monsoon period (Fig. 5). In other words, it provides a measure of the concentration of
precipitation within the active monsoon duration. We have verified that our identified
thresholds for each basin, based on the GPCP/CMAP datasets, provide right timings of the
climatic monsoon onsets and retreats for the respective basins when compared to the
observed onset/retreat isochrones - lines spatially indicating progression of the long term
mean monsoon onset/retreat dates - around the center of the respective basins as defined by
the Indian Meteorological Department (Krishnamurti et al., 2012) and as identified by
Janowiak and Xie (2003) from the GPCP dataset. Based on these thresholds, we have first
obtained for each basin the timing of the monsoon onset, retreat and the RFA slope on yearly
basis and then their climatological means were obtained for the historical (1961-2000) and
future (2061-2100) periods. We estimated the offsets of the models from the observations
during the historical period, and assessed the future projected changes with respect to
historical period for the considered metrics along with their statistical significance using a
Students’ T-test (Welch, 1938).

Since the study area undergoes the influence of two large-scale circulation modes, the
summer monsoon and westerly disturbances, some regions feature bimodal precipitation
regime, yielding substantial amounts of water in distinct periods of the year (Hasson et al.,
2014a). The central and eastern part of the region receives water almost exclusively in
summer, during the monsoon (MPR). In addition to the monsoonal precipitation, the western
part of the study area receives water during winter and spring seasons (Rees and Collins,
2006; Hasson et al., 2013 and 2014a) as a result of the synoptic disturbances from the
southern flank of the jet (WPR). In view of such spatial heterogeneity, we have analyzed the
spatial dependence of the SI, in addition to analyzing it on the aggregated basin scale. This
has allowed us to present local and sub-basin scale model performance and their projected
changes. In order to apply SI separately over both MPR and WPR, we have roughly divided
the hydrological year into monsoon and “westerly” seasons, based on our results from the
fractional accumulation analysis. We refer the period May to October as the MPR (36
pentads), the rest of the hydrological year (November to April) is taken as WPR, comprising
of 37 pentads (See Fig. 2).

Since performance of the models in our above mentioned analysis highly depends upon the
accuracy of the chosen relative thresholds, and thus on the adequate identification of the
active monsoon duration, we have additionally employed threshold-independent seasonality
index (SI) (Feng et al., 2013; Pascale et al., 2014a, b), which, accounting for the spatio-
temporal distribution of precipitation, provides a measure of the overall seasonality of
precipitation regime. The SI is given by the product of the precipitation P (normalized, for
convenience, by its spatial maximum) times the relative entropy RE (Eqn. 5) — an information
theory based quantitative measure of the degree of concentration of the precipitation,
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measuring the “distance” from the uniform distribution. Considering a grid cell x in our
domain and a specific time range of WPR, MPR and annual precipitation regime comprising
of ¢ pentads, let us define 7 as the precipitation fraction of the pentad i:

Tix = Dix/Px where i=1..t and P.-Yi_;Dix ..-Eqn.5
from which the relative entropy (RE) is computed as:
REt,x = 25:1 T x log, (t T[i,x) Eqn. 6

where ¢ is 73 for the hydrological year, 36 for the monsoon season and 37 for the cold season.
Note that when applying the RE indicator to the MPR or WPR, we are indeed looking at the
subseasonal variability of precipitation.

The RE is maximum (= log, t) when the precipitation is concentrated in a single pentad, and
zero when the precipitation is uniformly distributed among the pentads (m; = 1/t, i = 1...t)
within the considered time duration. Changes in RE is, therefore, refer to the effective
dryness or wetness of the pentads within the considered time period. The RE changes, purely
caused by the transformation of pentads from wet to completely dry and vice versa, can also
be related to changes in the length of dry/wet season in the case of MPR. The RE is related to
number of dry days, 71 (Pascale et al., 2014a):

fi = 5t(1 — 27RE) Eqn.7

where ¢ refers to number of pentads in a considered precipitation regime. Here, an increase
(decrease) in RE estimates corresponds well to the increase in number of dry (wet) days.
Moreover, SI of WPR when dominated by RE estimates need to be interpreted better as an
indicator of erratic behavior, since P comes from number of incident events. Based on
estimates of RE and P, SI for all considered time periods is obtained as Eqn. 8.

Sl = REy = Eqn. 8

0

Here P, is a constant scaling factor and it is taken as the maximum of P, within the
considered time period, ¢ of the observed datasets GPCP/CMAP (Feng et al., 2013). The
estimate of SI is zero if either RE or P,, is zero (completely wet or dry conditions,
respectively) and reaches its maximum value when RE estimate for the year of P,
approaches maximum (log, t). The SI index provides a measure of seasonality by
considering the spatial heterogeneity of the precipitation distribution. For instance, over the
Thar Desert (on the southern portion of the Pakistan-India border), SI will be low despite of
the erratic behavior of its precipitation and prolonged dry season (highest RE) because the
incident precipitation is extremely low. On the other hand, regions under year round
precipitation regime (low RE) such as eastern Tibet can still feature high SI because total
precipitation input is high. Details of the seasonality indices and their calculation are given in
Feng et al. (2013) and Pascale et al. (2014a, b). In order to consistently estimate RE and S/,
we have remapped all model datasets to the common GPCP and CMAP grid resolution of
2.5% x 2.5° using a bilinear interpolation. For sake of inter-model comparison, we have
adjusted the model datasets with the Gregorian and 360-day model calendar (Table 1) to 365-
day calendar before the pentad precipitation was calculated. We have calculated the yearly
estimates of seasonality indicators (P, RE, SI) from the gridded pentad precipitation,
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integrated them over the study basins (Eqn. 1) and obtained their climatological means for the
historical (1961-2000) and future (2061-2100) periods.

It is worth mentioning that in the rest of the paper we do not perform bias
reduction/correction of the data, in order to have the ability to fully appreciate the models'
discrepancies. Furthermore, our presented results are mainly relative to the GPCP dataset as it
performs relatively better than the CMAP dataset in terms of the monsoonal precipitation
(Prakash et al., 2014). In fact most of the available observations feature certain limitations in
the rainfall estimation over the mountainous massifs, along the Himalayan foothills and over
the northeast India (Prakash et al., 2014). Thus, we suggest that our results should be
interpreted in the context of a larger spectrum of observational uncertainty featured by both
the observational datasets considered here, and those discussed elsewhere (e.g. Collins et al.,
2013; Prakash et al., 2014).

3 Results
3.1 Monsoon onset, duration and RFA slope (1961-2000)

The GPCP data set agrees well with the CMAP observations for the climatological seasonal
cycle of basin-integrated P over the study basins (Fig. 2 and 3). Instead, models exhibit
diverse skills, featuring a large inter-model spread and deviation from the observations. It is
clear from the figure 3 that models perform well over the Mekong basin in absolute term
while models overestimate P for the Brahmaputra basin and show both
overestimation/underestimation of P for the Indus and Ganges basins. The IT; plotted in
figure 3 for the Indus basin clearly shows that some models do not adequately simulate the
MPR (no sharp growth between pentads 37-52). In figure 4, we show that II eliminates the
inter-model scatter of P (shown in Figs. 2 and 3) and that in relative terms models reasonably
simulate the seasonal cycles for the Mekong, Brahmaputra and Ganges basin, which are
dominated by the MPR. Here, a sharp growth in I, shown in figure 4 refers to the active
monsoon duration that spans over 26-62, 28-57, 32-55 and 37-52 pentads, for the Mekong,
Brahmaputra, Ganges and Indus basins, respectively. Interestingly, we note that models for
the Indus basin feature serious discrepancies and are generally biased wet for the WPR but
dry for the MPR as compared to the considered observations. For instance, the ratio of
observed precipitation between the monsoon period and rest of the year is around 1.46, where
the models range between 0.18-1.34, where only six models feature such ratio above unity. In
figure 5, we plot the estimated RFA slope against the identified monsoon onset pentads from
all datasets, which clearly summarizes adequacy of the individual models and of MMM for
all basins, against the observations.

As discussed, the Indus basin features a bimodal precipitation distribution because of the
contributions of the westerly disturbances and summer monsoon system (Syed et al., 2006;
Ali et al., 2009; Palazzi et al., 2013; Hasson et al., 2014a). We note that most of the models
during such period (pentads 1-36) overestimate IT against the GPCP/CMAP observations. For
the monsoon season, we have found fractional accumulation of 0.15 and 0.9 as relative
thresholds that identify right timings of the monsoon onset and withdrawal, respectively (see
Fig. 4). Thus, the monsoon duration spans over the pentads from 37 to 52 comprising a total
of 16 pentads (Fig. 4). During such period, the GPCP data set suggests a highest RFA slope
of 0.048 for the basin, indicating shortest active monsoon duration among all study basins. In
order to eliminate the effect of WPR while analyzing the monsoonal properties, here, we
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consider only pentads from 31-73. The difference between the CMAP and GPCP datasets in
terms of their suggested climatic properties of the onset, duration and RFA slope for the basin
is statistically insignificant. The MMM suggests a realistic timing of the monsoon onset, it
prolongs the monsoon duration by 10 pentads and underestimates the RFA slope by 45%
(Table 2). Eight models (CanESM2, CESMI1-CAMS, CSIRO-Mk3-6-0, IPSL-CMA-MR,
MIROCS, MPI-ESM-LR and MRI models) suggest realistic timings of the onset (Fig. 5). The
rest of models generally suggest a delayed onset by 3-8 pentads, except the MIROC-ESM,
MIROC-ESM-CHEM and models from the MOHC. Irrespective of the models’ skill
regarding the onset, all models suggest an unrealistically long duration of monsoon by 5-15
pentads with respect to observations. We note that such prolonged duration of the monsoon is
linked with the substantial underestimation of the RFA slope (or vice versa) for the basin (see
Fig.5 and Table 2). Actually, both estimates are highly negatively correlated. Interestingly, in
one-third of the models (bcc-csml-1, IPSL-CMA-LR, IPSL-CMB-LR, CSIRO-Mk3-6-0,
FGOALS-g2, INMCM4 and models from CMCC and MRI) MPR is almost absent over the
basin. Two other models (EC-EARTH and BNU-ESM) show an unrealistic seasonal cycle of
precipitation.

For the Ganges Basin, our identified relative thresholds for timings of the onset and
withdrawal of the monsoon are pentads of 0.15 and 0.95 fractional accumulation,
respectively. The observed climatic monsoon onset starts at the pentad 32 while active
duration of the monsoon spans over 25 pentads. The RFA slope is estimated to be 0.036. We
note that two models (IPSL-CMB-LR and EC-EARTH) simulate overall an unrealistic
seasonal cycle of P for the basin. These models along with seven other models (bcc-csml-1,
FGOALS-g2, IPSL-CMB-LR and models from MOHC and MRI) achieve quite early the
onset threshold (before pentad 26) but their rapid accumulation starts quite later (Fig. 5, Table
2). This may be attributed to the unrealistic pre-monsoonal P or to the prolonged WPR
simulated by these models. Such a systematic wrong onset influence the MMM, which also
suggests an unrealistically early onset, with a bias of four pentads. Most of the models
suggesting an unrealistically early onset mainly overestimate the observed duration of the
monsoon and substantially underestimate the rapid accumulation during such period. From
the rest, 17 models (BNU-ESM, CanESM2, CMCC-CMS, CMCC-CM, CNRM-CMS5,
CSIRO-Mk3-6-0, INMCM4, IPSL-CMA-MR, NorESM1-M and models from MPI, MIROC,
NCAR and NSF-DOE-NCAR) suggest right timings of the onset. Only models from NOAA-
GFDL suggest a statistically significant delay in the onset timing by 2-4 pentads. Six models
(CESM1-CAMS, GFDL-ESM2G and GFDL-ESM2M, MIROCS and models from MPI)
suggest realistic duration of the monsoon.

For the Brahmaputra basin, the pentads suggesting right timings of the monsoon onset and
withdrawal are those featuring fractional accumulation of 0.18 and 0.95, respectively. The
active monsoon regime starts at pentad 29 and ends at pentad 57, spanning over 28 pentads in
total. The RFA slope is about 0.030, which is higher than the Mekong basin but lower than
the Ganges and Indus basins. The CMAP dataset suggests an early onset by one pentad and a
prolonged duration by 2 pentads while it underestimates the RFA slope by 5% against the
GPCP dataset. In view of the observational uncertainty, half of the models suggest realistic
timings of the onset (See Table 2). Two models (BNU-ESM and NorESM1-M) suggest an
onset delayed by 2 pentads, while the rest of 13 models suggest early onset by 2-11 pentads.
Two models (EC-EARTH and IPSL-CMB-LR) perform worst in terms of all monsoonal
metrics. For the RFA slope, only two models (MPI-ESM-MR and CSIRO-Mk3-6-0) agree
with the observations while all the rest of models underestimate it (Fig. 5 and Table 2). Such
models also simulate extended monsoon duration, as the RFA slope is highly negatively
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correlated to the monsoon duration. The MMM suggests an early onset by 2 pentads and a
duration prolonged by 7 pentads while the RFA slope is underestimated by 16% as compared
to the GPCP dataset. An early onset suggested by the MMM is mainly influenced by two
models (EC-EARTH and IPSL-CMB-LR) performing worst in terms of the onset timings

(Fig. 5).

The Mekong basin features a gentle RFA slope (0.025), an early onset (at pentad 26) and
extended active monsoon duration (36 pentads) among all study basins. The fractional
accumulation of 0.11 and 0.95 suggest pentads of the monsoon onset and withdrawal for the
basin. The difference between CMAP and GPCP datasets in terms of the chosen metrics is
insignificant. The MMM also suggests a realistic timing of the onset and duration while it
overestimates the RFA slope by only 5%. Only seven models (bcc-csml-1, BNU-ESM,
CMCC-CESM, CMCC-CMS, FGOALS-g2, GFDL-ESM-2G, NorESM1-M and MPI models)
suggest realistic timings of the onset. Thirteen models suggest the onset timing delayed while
nine models suggest it earlier by 1-4 pentads (Fig. 5 and Table 2). Surprisingly, EC-EARTH
model suggests timing of the onset earlier by 20 pentads. Such a model performs consistently
worst for all metrics over the Mekong and over all other study basins. Ten models suggest a
realistic duration of the monsoon suggesting either smallest or no difference in their
estimated RFA slopes against the GPCP observation. Thirteen models suggest the monsoon
duration shortened by 2-7 pentads while only five models suggest it extended by 2-8 pentads.
Note that Mekong is the only study basin for which the monsoon duration is simulated
significantly shorter than the observed by almost half of the models, mainly because of
delayed onset (Fig. 5).

3.2 Mean precipitation, relative entropy, and seasonality index (1961-2000)

In addition to presenting basin-integrated estimates of seasonality indicators (Table 3), we
discuss in detail the local scale biases from the individual models for such indicators. Here,
we show estimates of P, RE and SI (Figs. 6-8, respectively) for the GPCP and CMAP
observational datasets and for the MMM (top to bottom rows, respectively) for WPR, MPR
and annual precipitation regime (left to right columns, respectively). Figures showing biases
and projections from the individual models are given in the supplementary material. Table 4
summarizes the root mean square error (RMSE), pattern correlation (PC) and standard
deviation (o) of P, RE and SI calculated over the whole spatial domain (as in Fig. 1), for the
observations, MMM and for all individual models within WPR and MPR. We remind here
that RE estimates for WPR are more appropriate to be interpreted as number of dry/wet days
due to the fact that westerly P is received over the region from number of intermittent events.
Thus, for such areas, we interpret SI as an indicator of intermittency or erratic behavior.

Westerly Precipitation Regime

For all study basins, most of the models suggest higher values of SI during WPR as compared
to the observations. This is generally associated with overestimation of P, irrespective of the
fact that number of dry days (RE estimates) are overestimated (underestimated) in the Indus
and Ganges (Brahmaputra and Mekong) basins with respect to the observations.

Looking at spatial variability of these estimators, one finds that the biases in the P, RE and SI
are not uniform among the individual models (See supplements). As of P, most of the models
considerably overestimate it over the HKH region, with the exception of eight models (EC-
EARTH, CSIRO-Mk3-6-0, GFDL-ESM2M, GFDL-ESM2G, MRI-CGCM3, CanESM2,
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IPSL-CMA-MR and CMCC-CESM). Models from the MIROC, NCAR and NSF-DOE-
NCAR, along with five models (FGOALS-g2, bcc-csml-1, BNU-ESM, EC-EARTH and
NorESM1-M) slightly overestimate P over India, where the rest of models slightly
underestimate it. Most of the models underestimate P over southern Pakistan (lower Indus
Basin). The estimates of RE are substantially higher than observed over most of Pakistan,
India, Myanmar and Thailand by the products of the CMCC, MRI, MPI, IPSL, and NOAA-
GFDL modeling groups, suggesting higher number of dry days within WPR with respect to
the GPCP observations. The rest of models mostly show lower than observed RE over
southern India and Tibetan Plateau, implying higher number of wet days within WPR therein.
Positive biases in SI are observed over most of the target region by almost all models, and
particularly over the HKH ranges. Thus, the MMM also provides value for SI larger than
observations over the HKH ranges, Tibetan Plateau and eastern China regions, due to
overestimation of P. The GPCP, CMAP and MMM agree well on the extremely high
estimates of RE over the Thar Desert and over the adjacent (very dry) areas of Pakistan and
India, suggesting minimum number of wet days therein. In contrast, MMM overestimates the
observed number of wet days over the Myanmar coast and Taklimakan Desert (north of the
Tibetan Plateau), where low values of RE (dry days) are found. Over the Brahmaputra region,
medium level estimates of P, RE and SI are observed. Fig. 6 clearly shows that northern
Pakistan (northern Indus basin) and Brahmaputra basins receive considerable P under
westerly disturbances.

Monsoonal Precipitation Regime

For the study basins, more than half of the models have a positive (negative) bias for RE for
the Indus and Ganges (Brahmaputra and Mekong) basins. However, in contrast to WPR,
models feature negative (positive) bias for the SI for the Indus and Mekong (Ganges and
Brahmaputra) basins, mainly due to the underestimation (overestimation) of P.

We now focus on the spatial variability of the indicators. The GPCP dataset features high
estimates of P over the Western Ghats of India, northern India (Ganges Basin), Bangladesh
(and the whole Brahmaputra Basin), Myanmar, and over the Mekong Basin. The CMAP
dataset agrees well with the GPCP dataset in terms of spatial correlation (PC=0.85), whereas
the RMSE is around 300mm. Such difference is mainly due to the higher P over the Bay of
Bengal in the CMAP dataset and over Myanmar and Brahmaputra Basin in the GPCP dataset
relative to each other. Both observational datasets suggest a negligible P over the southern
Pakistan (lower Indus Basin region), the western Tibetan Plateau and over the Karakoram
Range. In contrast, MMM underestimates P over the northwestern India while it hardly sees
any precipitation over the Indus basin. Such systematic biases mainly arise due to well-
known inability of most of the models in fetching the monsoonal system too far to its western
extremity. Similarly, MMM overestimates P over the eastern parts of the Himalayas and
Tibetan Plateau region. Besides of the bias in P, low values of RE found over the lower
Mekong Basin, over the Brahmaputra basin and over the wide area of the eastern Tibetan
plateau are somewhat consistent between the GPCP, CMAP and MMM datasets. We find a
negative bias in SI over the Indus basin and over large parts of the western Tibetan Plateau,
which is associated with large RE and low P estimates. On the other hand, low estimates of
SI over the lower Mekong Basin and eastern Tibetan Plateau are associated with the presence
of a too regular regime of precipitations (low RE). We note that the RE increases as one
moves northwest, thus implying a more concentrated MPR in that direction. Such transition is
however not fully consistent between the observations and the MMM, as the latter features a
positive bias in RE over large part of northwestern India. It is also worth noting that the
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region defined by values of SI below 0.11 for the MPR corresponds fairly well to the actual
spatial extent of the south Asian summer monsoon. This also matches well with the domain
estimated by Pascale et al. (2014a) using SI < 0.05 and Wang et al. (2011) who used a
threshold of 2.5 mm day™' over the estimated annual precipitation range for the study region.
Such consistent results show that the extent of the monsoon can also be defined not only by
resorting to an index capturing a seasonal variability, but also considering indicators of sub-
seasonal variability, as in case of present study. The MMM suggested monsoon domain is
underestimated over northwest India, Pakistan and over China regions against the
observations, which also feature small differences among each other.

In contrast to the low bias of P of MMM over northern India, models from the NCAR, NSF-
DOE-NCAR and NOAA-GFDL as well as the model EC-EARTH either suggest negative or
no biases against the observations. The rest of the models suggest higher bias either over the
whole India or at least over the Ganges Basin (northern India). Models from NCAR, NSF-
DOE-NCAR and MPI along with two models (MIROCS, NorESM1-M) suggest very large
positive bias of P, and SI over the Himalayan range and almost no bias for RE. Models from
the MRI along with two models (IPSL-CM5B-LR and CSIRO-Mk3-6-0) show over the
whole monsoonal domain the largest dry bias, with highest RE and lowest SI. Data from the
MPI, IPSL, NOAA-GFDL, CMCC, MOHC and BCC modeling groups suggest higher RE
mainly over Pakistan (Indus Basin). The remaining (almost half) of the models generally
underestimate RE over the whole domain. A general underestimation of SI by most of the
models is either associated with the underestimation of RE or P, or both.

Annual precipitation regime

Based on the analysis of basin-integrated seasonality indicators, we note from most of the
models that seasonality of the annual precipitation regime over the Indus (Mekong) basin is
generally dominated by SI estimates of WPR (MPR) (Table 2). For the mean annual P, the
GPCP and CMAP datasets substantially differ - CMAP suggests higher magnitude of P
particularly over the Western Ghats of India and over the lower Mekong Basin (coast of
Cambodia), while the GPCP suggests the same over the Brahmaputra basin (mainly over
Bangladesh, Myanmar and Indian province of Assam). Such differences mainly arise from
the multi-probed data sources merged in these datasets. There is a negligible P over the Thar
Desert, Taklimakan Desert and over the southern Pakistan, as also shown by MMM. All three
datasets, therefore, indicate highest estimates of RE and lowest estimates of SI, suggesting a
low number of wet days and highly erratic precipitation regime over these regions. Similarly,
MMM has a positive bias in the Western Ghats of India for SI, which is mainly influenced by
positive bias of P. The pattern of high SI over the Bay of Bengal is, however, not consistent
among the GPCP, CMAP and MMM datasets, and follows the pattern of their precipitation
maxima The MMM underestimates the observed P over the Ganges basin, while it
overestimates P — and SI - over the eastern Himalaya. As of the coastal Mekong Basin,
observations suggest high estimates of SI whereas MMM suggests the opposite, because of
the lower estimates of RE. Similarly, for the eastern part of the Tibetan Plateau, simulated P
is overestimated but SI estimates are similar to that of the observations because of the
compensating negative RE bias.

Summarizing, models from MRI, IPSL, MPI, CMCC and MOHC along with seven models
(NorESM1-M, INMCM4, FGOALS-g2, CNRM-CMS5, CSIRO-Mk3-6-0, CanESM2 and bcc-
csml-1) substantially underestimate SI over most of the study domain, mainly as a result of
underestimation of P. Five models (BNU-ESM, CESM-CAMS5, EC-EARTH, MIROC-ESM-
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CHEM and MIROC-ESM), however, moderately underestimate SI over northern India
(Ganges Basin), while only MIROCS has a substantial positive bias. Only models from the
NOAA-GFDL along with two models (CESM1-BGC and CCSM4) from NCAR suggest
values of SI similar to observations. For most of the individual models, positive biases in RE
compensate underestimation of P and SI, and vice versa. Instead, CanESM2 simulates low
values of SI, associated to negative biases in P and in RE, the latter due to less concentrated
MPR over most of the land region within the study domain.

3.3 Future change in Monsoon onset, duration and RFA slope

We present in Table 2 results of our investigation regarding the future projections from all
models considered in the present-day analysis. However, in the text, we restrict our
discussion to only the subset of models that provide a satisfactory representation of the
present-day climatology and project statistically significant changes relative to the historical
period for the select monsoonal metrics.

We note that most of the models project statistically insignificant changes in the monsoon
onset, in active monsoon duration and in the RFA slope for the Indus basin. When looking at
those models that project significant change for at least one of the select metrics, four models
(BNU-ESM, CMCC-CESM, MIROC-ESM-CHEM and MPI-ESM-LR) foresee timing of the
monsoon onset delayed by 1-3 pentads for the latter half of the 21st century, while three
models (CanESM2, FGOALS-g2 and HadGEM2-ES) suggest an earlier onset by 1-2 pentads.
The majority of models (BNU-ESM, CMCC-CM, GFDL-CM3, IPSL-CMA-MR, NorESM1-
M and models from MOHC and MIROC) project a decrease of 2-6 pentads in the monsoon’s
duration, while only two models (CanESM2 and GFDL-ESM2M) suggest an increased
duration of the monsoon by 4 pentads. Looking at the RFA slope, we find that the majority of
models foresee a significant positive increase under future climate conditions, with changes
ranging between 10 and 40%.

Similar to the Indus basin, most of the models project statistically insignificant changes for
the Ganges basin. However, in contrast to the Indus basin, models that project significant
changes agree well on a delayed onset by 2-4 pentads while only CanESM2 projects an early
onset by 2 pentads. Almost half of the models project a significant shortening of the monsoon
duration by 3-7 pentads (Table 2) while only two models (MIROCS5 and CMCC-CESM)
foresee the opposite, suggesting that it will be extended by 2-3 pentads, respectively.
Similarly, nine models project a significant increase in RFA slope ranging between 10 and
30% while two models (MIROCS and CMCC-CESM) foresee a reduction of about 10%.

For the Brahmaputra basin, models’ agreement is weaker regarding change in the timings of
the monsoon onset, as five models (BNU-ESM, CESM1-BGC, IPSL-CMA-MR, NorESM1
and MPI-ESM-LR) project a delayed onset by 1-4 pentads while four models (CSIRO-Mk3-
6-0, CESM1-CAMS, INMCM4 and MIROCS) project the onset early by 1-2 pentads.
However, almost half of the studied models agree well on a significant shortening of the
monsoon duration by 2-7 pentads while only two models (CSIRO-Mk3-6-0 and MIROCS)
project its extension by 3 pentads. Changes in the RFA slope are projected to be modest: one-
third of models foresee a significant increase in the RFA slope by 4-15%, whereas only two
models (CSIRO-Mk3-6-0 and MIROCY) project its decrease by 9%.

Looking at the Mekong basin, one finds that models foresee a weaker impact of climate
change on the properties of the monsoon. Twelve models (BNU-ESM, CanESM2, CNRM-
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CMS5, MPI-ESM-LR, and models from NCAR, NSF-DOE-NCAR, CMCC and only ESM
from NOAA) project delay in the monsoon onset by 1-2 pentads. Five models (CESM1-
BGC, CMCC-CMS, CMCC-CM, CSIRO-Mk3-6-0 and MPI-ESM-LR) project that the
monsoon duration will be shortened by 2-3 pentads, while two models (MIROC-ESM-CHEM
and MIROCY) project its extension by 1-2 pentads. Six models (CESM1-BGC, CMCC-CMS,
CSIRO-Mk3-6-0 and CNRM-CMS5, IPSL-CMA-MR and MPI-ESM-LR) project rise in the
RFA slope by less than 10% while three models (ESM from MIROC and NorESM1) project
the opposite suggesting its drop by less than 5%. The rest of the models either project no or
insignificant change for the chosen metrics for the basin. The models generally tend to
project a delayed monsoon onset, shortened duration of the monsoon and rise in the RFA
slope.

We found that MMM shows a little skill for the chosen metrics (3 out of 12) as compared to
some individual (CSIRO-Mk3-6-0, MIROCS and GFDL-ESM2G) or group of models (MPI
models). Because, of this, and given the discrepancies found across models, we have a little
confidence on the actual reliability of the future change suggested by MMM. The MMM
projects a monsoon onset delayed by 1-2 pentads for the Mekong and Ganges basins,
respectively while the onset will not change for the Indus and Brahmaputra basins. The
MMM projects that the monsoon duration will get shortened by one pentad for the Mekong
and Indus basins, by two pentads for the Brahmaputra basin and by four pentads for the
Ganges basin. The MMM also projects rise in the RFA slope of 1-10% for all basins by the
end of present century.

3.4 Future changes in mean precipitation, relative entropy and seasonality index

In Table 5 we present future changes in P, RE and SI indicators under an extreme emission
scenario of RCP8.5 for the future period (20161-2100) relative to historical period (1961-
2000) for all study basins. Additionally, in Table 6 we interpret the results of change in RE in
terms of number of wet and dry days for all study basins. Figure 10 presents the spatial scale
projected changes in precipitation, number of dry days and seasonality or intermittency of the
considered precipitation regimes by the end of century as suggested by MMM. We note a less
intermittent future WPR over the Indus and Ganges basins, associated with a projected
decrease in P and increase in number of dry days within WPR up to a fortnight as suggested
by most of the models (Table 6). Over the Brahmaputra and Mekong basins, the projected
decrease in the erratic behavior of WPR is associated with an increase in P but decrease in
number of wet days (increased RE) up to three weeks as foreseen by majority of models. The
seasonality of MPR and annual precipitation regime will increase over all study basins, which
are associated with general projected increase in both P and RE.

The MPI, IPSL and BNU models along with five models (EC-EARTH, GFDL-CM3,
INMCM4, CESM1-BGC and CCSM4) project a slight decrease in westerly P fairly regularly
across most of the study domain but suggest substantial decrease in number of wet days
(increase of RE) within WPR. Models also project a slight decrease in the erratic behavior of
WPR over the region, with exceptions of five models (INMCM4, CMCC-CM and GFDL-
CM3 and models from MPI), which mainly project an increase. The MMM suggests a
negligible increase in P and SI, though large changes are expected in RE, such as, a
substantial increase in the number of dry days over the northern Pakistan (HKH ranges, upper
Indus Basin), southern India, eastern China, Myanmar region and lower Mekong Basin and
decrease over the southern Pakistan, northern India and parts of the eastern Tibetan Plateau
(Fig. 10). An increase in the number of dry days for WPR over the HKH area might be of
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great relevance in terms of changes in the cryosphere, and subsequently for the timely
meltwater availability downstream. The WPR is projected to be less intermittent slightly
along the eastern Indian coast and over the regions where number of dry days are increased
(increased RE).

There is no obvious relationship between projected changes in the duration of the monsoon
and in the total precipitation. Four models (CanESM2, CMCC-CESM and ESM from MPI
and NOAA-GFDL) mainly project that monsoonal P will decrease while its duration will get
shortened (increase in number of dry days) over the Indian sub-continent. A slight increase in
P over the Mekong region is instead projected by such models, except by the CanESM2.
Only models from BCC, MOHC and FGOALS-g2 project substantial decrease in P over the
Mekong region. Models from NCAR, CMCC-CM, CMCC-CMS and EC-EARTH, project an
increase in P and shorter duration (increase in number of dry days) of the monsoonal regime,
implying more concentrated P over most of the study region. The IPSL, BNU and BCC
models and two models (FGOALS-g2 and MIROCS) suggest substantially extended wet
season over Pakistan and India while MOHC models project the same only over India. As a
result, almost all models foresee a slight increase of SI over the study region, with BCC
model as an outlier. The MMM suggests that P will substantially increase over the
Brahmaputra basin, Himalayan range and adjacent parts of the Tibetan Plateau, including the
Western Ghats. The study domain east of the Ganges basin shows relatively higher increase
in RE and SI that is mainly associated with changes in P. The SI over the southern India,
particularly over the Western Ghats will be increased. The RE will decrease over the
northwest India (western Ganges Basin) and mid of Pakistan (lower Indus Basin) though
there is negligible change in SI.

On an annual time scale, a prolonged duration of precipitation regime and negligible change
in the SI are projected over the lower Indus Basin and western Ganges Basin. However, for
the rest of the domain SI will increase with an increase in RE, which together with an
increased P implies a highly concentrated precipitation regime in future. While interpreting
the estimates of RE in terms of number of dry/wet days, we note an increase in number of dry
days over most of the study domain up to a month, except for the lower Indus and western
Ganges basins, exhibiting a slight increase in the number of wet days — a signal of change
dominated by WPR. This has relevance in terms of management of water resources and
regarding the production of electric energy from the hydropower stations. We note that the
annual pattern of P, RE and SI are dominated by changes in the monsoonal regime,
suggesting similar patterns, though the magnitude of change is somewhat higher.

Interesting conclusions can be drawn regarding changes in the extent of the monsoon. The
MMM suggests a westward extension over the northwestern India and Pakistan and
northward over China under the extreme warming scenario of RCP8.5 (Fig. 11). Most of the
individual models suggest only slight but similar changes in the extent of the monsoon.
Nevertheless, MMM exhibits relatively better performance on a spatial scale than most of the
models analyzed.

4 Summary, Discussions, and Conclusions
Highly variable water supply drives the socio-economic wellbeing in South and Southeast

Asia and guarantees growth of the agrarian economies. However, the region is exposed to
various climatic extremes and adverse impacts of climate change, which are drastically
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exacerbating altogether the existing pattern of socio-economic vulnerability in the region.
Much needed at present is the efficient management of resources and adequate policy
devising to mitigate or at least better cope with the expected changes. This needs an adequate
knowledge of prevailing and future state of possible changes in the climate system under the
global warming scenario and assessment of the associated pattern of change in the hydrology
at regional to local scale. Climate science and modelling communities have invested
immensely in such pathways leading to the latest development of global climate models in
the fifth phase (CMIPS). In this study we have reviewed common and consistent systematic
biases from the CMIP5 models over the study region and their improved skills relative to
their predecessors, as reported so far. Also, using state of the art technique, we have analyzed
how well the latest generation climate models included in the fifth assessment report of IPCC
(IPCC, 2013) are able to describe the seasonality of precipitation regimes associated with two
large scale circulation modes: monsoon system and westerly disturbances over the major
river basins of South and Southeast Asia. First, we have investigated the skill of the models
for each basin in reproducing observed time-dependent properties of the seasonal cycle from
extreme GHG emission scenario RCP8.5. In this regard, we have studied the timing of the
monsoon onset, the monsoon duration and rate of the monsoonal precipitation concentration
(our main monsoonal metrics). The diversified skill found from the individual models for
each study basin, and appropriateness of the relative instead of the absolute but distinct
thresholds for each individual basin further endorsed the effectiveness of our basin scale
analysis. Secondly, we have applied time- and threshold-independent indicators of
seasonality, such as RE and SI along with P, over the study basins and over the spatial extent
of study domain and separately for the MPR, WPR and annual time scales. We have reported
general and consistent biases of the CMIP5 models in terms of the chosen metrics, and
present their projected future changes by the end of the century under an extreme global
warming scenario (RCP8.5).

For the present climate, we note that the CMAP observations suggest similar timings of the
monsoon onset, retreat and RFA slope as of the GPCP dataset for all basins, except for the
Brahmaputra basin where it suggests little deviations such as the onset early by one pentad, a
duration prolonged by two pentads and an RFA slope underestimated by 5%. Such
consistency between the two dataset has been shown for various metrics and over different
land regions (Sperber et al., 2013; Sperber and Annamalai, 2014; Pascale et al., 2014a & b;
Prakash et al., 2014), despite of their differences in the magnitude of precipitation. Neither
any single model nor the MMM performs best for the select monsoonal metrics against the
considered observations. Models feature diverse skills in reproducing the seasonal cycle of
precipitation over the study basins.

Similar to the CMIP3 models (Hasson et al., 2014a), we note that some CMIP5 models
simulate unrealistic seasonal cycle of precipitation. These are the BNU-ESM model for the
Indus basin, the IPSL-CMB-LR model for the Ganges and Brahmaputra basins and the EC-
EARTH model for all the basins. Hence, such models perform worst in terms of timing of the
monsoon onset, monsoon duration and the RFA slope. Here, a surprising performance of the
EC-EARTH model that features a second highest resolution among the CMIP5 models
analyzed, indicate that without an adequate representation of the requisite physical climatic
processes, only high resolution cannot achieve the realistic simulation over the region. One-
third of the studied models (bcc-csml1-1, IPSL-CMA-LR, IPSL-CMB-LR, CSIRO-Mk3-6-0,
FGOALS-g2, INMCM4 and models from CMCC and MRI) featuring either a smoothed or a
gentle growth in their fractional accumulated P (low RFA slopes) fail to adequately simulate
the monsoonal precipitation regime over the Indus basins (Fig. 5). Three of these models
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(IPSL, INMCM and MRI models) consistently show such discrepancy from their earlier
versions participating in the CMIP3 archive (Hasson et al., 2014a).

Almost half of the models suggest right timings of the monsoon onset for the Ganges and
Brahmaputra basins and slightly delayed onset for the Indus basin, while there is a mixed
behavior for the Mekong basin. An early onset suggested by some models (e.g. over the
Mekong basin) may possibly be linked to their simulated marked land sea temperature
contrasts (Annamalai et al., 2007). We note that realistic onset timings over the Ganges basin
by most of the studied models is in contrast to the general behavior of a delayed onset over
India from the CMIP3 and CMIP5 models (Sperber et al., 2013; Sperber and Annamalai,
2014). This may be attributed to a marked spatial heterogeneity of the monsoonal
precipitation, for which typically a uniform threshold is applied over the whole domain, for
the onset timings. Therefore, we encourage probing models’ skill for the monsoon related
metrics over small units (such as river basins) and through applying distinct thresholds
appropriate for such units.

On the other hand, a delayed onset over the Indus basin together with an underestimation of
monsoon P is mainly linked to a well reported systematic error of suppression of the
monsoon far north over China and far west over Pakistan, which is common amid both
CMIP3 and CMIP5 modeling efforts (Boos and Hurley, 2013; Sperber et al., 2013; Hasson et
al., 2013 and 2014a). In these models, an overly smoothed orography west of the Tibetan
Plateau (60°E—80°E longitudinal band), constrained by models’ horizontal resolutions, allows
intrusion of the mid-latitude dry air well into the monsoonal thermal regime (Chakraborty et
al., 2002 and 2006). This bogus penetration of cold air weakens the upper-tropospheric
thermal maximum, shifts it towards the southeast and suppresses the moist convection (Boos
and Hurley, 2013). Hence, strength of the monsoon P and its low level jet subsides,
preventing the monsoonal regime extending too far to its western and northwestern extremity,
resulting over there a delayed onset and a negative P anomaly (Hoskins and Rodwell 1995;
Chakraborty et al., 2002 and 2006).

Similar to the underrepresentation of the realistic Himalaya-Karakoram orography, absence
of the irrigation schemes in models considerably contributes to the systematic monsoon bias
over the region (Syed et al., 2009 and 2013) that result in an underestimation of P and a
delayed onset. The irrigation is particularly relevant for the Indus and Ganges basins, where
annually a large amount of water is diverted to and evaporated from the agricultural fields
(Hasson et al., 2013). Syed et al. (2009) show that significant model biases of temperature
and mean sea level pressure over parts of the Indus basin are sensitive to the water used for
irrigation over there. They also show that representation of irrigation scheme in models can
result in a relatively small land-sea thermal contrast over parts of the Indus basin during
summer, reducing penetration of the westerlies from the Arabian Sea. This creates favorable
conditions for the monsoonal currents originating from the Bay of Bengal to penetrate well
and deeper into the west and northwest India and Pakistan. Similarly during the winter
season, the CMIP3 and CMIPS5 coupled models feature a cold sea surface temperature (SST)
bias over the northern Arabian Sea that persists into spring and summer seasons (Levine and
Turner 2012; Levine et al., 2013). As a consequence, the low-level monsoonal jet features
smaller amount of moisture due to less evaporation over cooler north Arabian Sea that
subsiding the monsoon convection and low-level convergence over land reduces the strength
of the monsoonal flow and subsequently the P (Levine et al., 2013). Marathayil et al. (2013)
describe that in the CMIP3 models, the cold SST bias over north Arabian Sea mainly results
from the advection of cold/dry air by anomalously stronger north-easterlies and colder
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surface temperatures simulated by the models over Pakistan and northwest India. Recently,
Sandeep and Ajayamohan (2014) have shown looking at CMIP5 models data that the
equatorward bias in the subtropical Jetstream is responsible for such anomalous cooling of
SST over the north Arabian Sea. These systematic biases in the models, either due to absence
or underrepresentation of important features, makes the realistic simulation of climate over
the Indus and Ganges basins extremely difficult.

Models generally feature a systematic bias of simulating extended monsoon duration relative
to the observations for the Indus, Ganges and Brahmaputra basins. This is mainly due to fact
that models fail to simulate the observed seasonality, so the RFA slope is generally
underestimated. The retreat threshold is, therefore, achieved later than its observed timings,
suggesting extended active monsoon duration for such basins. On the other hand, models tend
to simulate shortened monsoon duration for the Mekong basin, which is due to higher
precipitation concentration (overestimated RFA slope) against the observations. Interestingly,
we note that models suggesting the RFA slope similar to that of the observations simulate
mostly a realistic active duration of the monsoon. Relevant examples are five models (GFDL-
ESM2G and GFDL-ESM2M, MPI-ESM-LR, MPI-ESM-MR and MIROCS) for the Ganges
basin, two models (CSIRO-Mk3-6-0 and MPI-ESM-MR) for the Brahmaputra basin and five
models (CCSM4, GFDL-CM3, MIROC-ESM-CHEM, MIROC-ESM, MIROCS and
NorESM1-M) for the Mekong basin (Table 2). Otherwise, the RFA slope is highly correlated
negatively to the monsoon duration for any particular model. Hence, the higher the
underestimation of an RFA slope, the larger the overestimation of active monsoon duration.
In few cases, RFA slope is also associated with the suggested timing of the onset. For
instance, the RFA slope is underestimated in a case when onset threshold is achieved earlier
than the pentad when actually the rapid accumulation starts. This situation occurs when the
models excessively simulate P during the pre-monsoonal period, suggesting wrong timing of
the onset. Examples are the nine models (bcc-csml-1, FGOALS-g2, IPSL-CMB-LR and
models from MOHC and MRI) over the Ganges basin. Sperber and Annamalai (2014)
explain that solo heavy rainfall events can result into such a bogus onset.

In summary, one-third of the analyzed models performed well for multiple select metrics
(Table 2), despite of the differences in the magnitude of their simulated precipitation.
Considering a total of 12 metrics (3 metrics x 4 basins), the MPI models perform well for 7
metrics, two models (MIROCS5 and CSIRO-Mk3-6-0) perform well for 5 metrics, and six
models (CCSM4, CESM1-CAMS5, GFDL-ESM2G, IPSL-CMA-MR, MIROC-ESM and
MIROC-ESM-CHEM) perform well for 4 metrics. Most of these models show their skill
mainly for the Ganges basin, followed by the Brahmaputra, Mekong and Indus basins,
respectively. Our results of better representation of seasonal cycle of monsoonal P for
MIROC and CSIRO-Mk3-6-0 models (5 out of 12 metrics) are in agreement with Babar et al.
(2014).

For the basin-integrated seasonality indicators, we found that most of the models
overestimate (underestimate) the extent of concentration of P for MPR and number of dry
days for WPR (RE) for the Indus and Ganges Basins while they underestimate (overestimate)
them for the Brahmaputra and Mekong Basins. However, simulations provide a positive bias
in SI of WPR in all basins, while positive (negative) biases for MPR are found for the Ganges
and Brahmaputra (Indus and Mekong) basins, following the pattern of overestimation
(underestimation) of precipitation. It is pertinent to mention here that seasonality of the MPR
(SI) positively correlates with the RFA slope estimate, despite the fact that the RFA slope is
calculated within the active monsoon duration while SI accounts for the whole wet season,
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including precipitation from the pre-onset and post-retreat monsoon season. However, since
RFA slope estimates are sensitive to identification of right timings of the monsoon onset, as
discussed earlier, its relation with SI should be carefully considered.

Here, we emphasize that overestimation of the westerly P over the study basins needs a
careful interpretation, particularly for the Indus basin, where a large mountainous part of the
basin in the north that is mainly affected by the westerly P, features a very sparse
observational network and only few, valley-based, rainfall-only, stations are incorporated in
the global gridded datasets. On the other hand, merged estimates from the satellite datasets as
in case of GPCP/CMAP are largely affected by certain limitation of estimation of
precipitation in such a high relief area (Palazzi et al., 2013). In view of increasing number of
observatories in HKH region (Hasson et al., 2014b), we encourage validation of the simulated
precipitation additionally against newly available station observations, in order to be more
confident about the climate model performance in such high relief areas.

For the seasonality indicators over whole spatial domain (as Fig. 1), no single model was
found satisfactory against observations. The MMM though does not outperform all individual
models but somewhat provides a fair agreement with the observations with few exceptions
(Table 4). For WPR, most of the models generally overestimate SI due to overestimation of P
and relatively higher (lower) number of wet days over the high (low) land areas. MIROC
ESMs followed by models from NSF-DOE-NCAR suggest highest P for WPR over the
region. In contrast to the general underestimation of the monsoonal P over the Indian plains,
models from NCAR, NSF-DOE-NCAR and NOAA-GFDL along with EC-EARTH suggest
right magnitude, even though the latter model simulates an unrealistic seasonal cycle of
precipitation. Overall, models feature large biases for P and for its spatio-temporal
distribution. Models generally suggest large RMSE of P and RE for all considered time scales
but a high spatial correlation (PC >= 0.7) for P, RE and SI against the observations. Most of
the models suggest 6 of P within the observational uncertainty for the monsoon duration and
on annual time scale while they overestimate it for the WPR. For the monsoon season, such
results are consistent with findings of Collins et al. (2013), who have considered a larger
spectrum of the observational uncertainty.

For the future climate, we note that two of IPSL low resolution models suggest statistically
significant changes in the select metrics (Table 2). However, we have a little confidence on
such changes since these models have poor performances over the Ganges and Brahmaputra
basins during the historical period. Similar is the case with EC-EARTH for all basins and
BNU-ESM for the Indus basin. We note that models projecting an early (delayed) onset in
future also project extended (shortened) monsoon duration. Similarly, if the monsoon
duration is projected to be extended (shortened), the RFA slope is projected to decrease
(increase). Most of the models suggesting significant changes agree well on a delayed onset
by 2-4 pentads for the Ganges and by 1-2 pentads for the Mekong basin but there is a mixed
response of delayed or early onset by 1-4 pentads for the Indus and Brahmaputra basins. The
projected delayed onset might be influenced by a profound effect of underrepresentation of
topography and/or absence of irrigation water as suggested by studies (Syed et al., 2009;
Chakraborty, 2006; Levine and Turner 2012; Marathayil et al., 2013; Levine et al., 2013;
Boos and Hurley, 2013). The models also agree well on the shortening of the monsoon
duration by 2-7 pentads and on the rise of the RFA slope by 4-40% for all study basins —
projected rise in the RFA slope shows a positive gradient from the Mekong to the Indus
basin. The shortening of the monsoon duration is in contrast to Kiripalani et al. (2007) who
have suggested its possible extension, but is consistent with the recent observations (Ramesh
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and Goswami, 2007). It is pertinent to mention here that signal of a general shortening of the
active monsoon duration depends upon the choice of relative thresholds - particularly one for
the monsoon retreat - which are commonly applied to the present and future climates. Given
that the future climates are attributed to increase in precipitation - as apparent from the results
for most of the study region - the fractional threshold for the monsoon retreat tends to be
reached earlier as compared to the present climate. Therefore, suggesting shortening of the
active monsoon duration in future here is merely relative to the present climate and actually
suggests the more concentrated monsoonal precipitation regime. Also, in view of the poor
performance from the models in reproducing the observed length of the active monsoon
duration during the present climate, we emphasize on the change in concentration of
precipitation, instead of change in the duration.

We note that most of the suggested changes in the timings of onset are of few pentads, which
signifies the effectiveness and use of a fine-grained dataset for such analysis. This is why
Hasson et al. (2014a) have shown almost no change for the CMIP3 models on a monthly time
scale in the onset timings of the monsoon by the end of century. The suggested changes,
though small, may have stark impact on the local hydrology and agricultural regions,
particularly over the semiarid and arid plains, and as a whole, on the country scale economic
conditions.

We have found a less intermittent WPR and higher seasonality of MPR and annual
precipitation regimes over all study basins in future, which are generally associated with a
projected increase in both P and extent of its concentration for MPR and number of dry days
within WPR (increase in RE), except for the Indus and Ganges basins for which P will
decrease for WPR. Our findings of a less intermittent future WPR for the Indus basin,
associated with an increase in the number of dry days and decrease in P, is consistent with the
observed drying of the spring season over the HKH region within the Upper Indus Basin
(Hasson et al., 2015 — in preparation) and partly with a more frequent occurrence of westerly
disturbances over the Karakoram (Ridley et al., 2013). Such changes are mainly responsible
for the ongoing reduction in the ephemeral snowpack extent therein (Hasson et al., 2014), and
subsequent observed change in the seasonal water availability. Moreover, future decrease in P
under WPR may result in a negative budget for the UIB cryosphere, posing a serious threat
for much needed melt-water by the arid region downstream. A decrease in P under WPR is
linked to a poleward shift of the westerly storm track as reported by various studies
(Bengtsson et al., 2006; Fu, 2006; Fu and Lin 2011). Furthermore, projected increase in the
monsoonal P and extent of its concentration indicate intensification of MPR under future
warming, which may be associated with the extreme hydro-meteorological conditions,
already projected (Hirabayashi et al. 2013) and evident from the observations (e.g. a series of
2010, 2012 and 2014 monsoonal floods in Pakistan). It is to mention that monsoon breaks are
a crucial phenomenon, which severely affects the rain fed agricultural areas in the region. The
statistics of monsoon breaks can largely affect the RE estimates for the MPR. Thus,
performance of the models in better simulating the MPR and the reliable projected changes in
RE largely depend upon the simulated statistics of the monsoonal breaks, which we have not
explicitly interpreted here. We open a further discussion on how the projected changes in the
MPR presented here can be cross checked by separately taking into account statistics of the
monsoonal breaks and its effect on the measure of RE and its explicit interpretation, while
studying the changes in the monsoon seasonality or length of the wet season.

In contrast to the observed decrease in the spatial extent of the south Asian summer monsoon
(Ramesh and Goswami, 2007), we have found from MMM its extension, which is northward
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over China and westward over northwest India and Pakistan. Such results are consistent with
Lee and Wang, (2014), who also suggest westward shifts in the monsoonal domain and with
Kitoh et al. (2013), who also show small changes in the monsoonal domain over the region.
This implies that the border areas will experience critical changes in their precipitation
regime in future (Seth et al. 2013; Hasson et al. 2014a). It is pertinent to mention here that
due to the limited skill of the models in reproducing the monsoonal regime over the
northwest India and Pakistan such MMM based projection of changes in the monsoonal
domain westward owes a little confidence. It is therefore necessary to see such a change from
set of ‘reasonable’ individual models that feature minimum biases over the northwest India
and Pakistan such as CCSM4, CESM1-BGC, EC-EARTH and GFDL-CM3 (see supplement
Fig. 2).

Various discrepancies in representation of the seasonal cycle of precipitation in the CMIP5
models are mainly associated with the representation of the south Asian summer monsoon.
Such discrepancies generally attribute to issues with large scale atmospheric circulations,
underrepresentation of real orography, and simplest form of land-atmospheric-ocean
processes and their interaction. We emphasize here that inclusion of the irrigation water and
appropriate representation of the orography are vital for realistically reproducing the summer
monsoonal precipitation regime and for its reliable future changes over the region. The
dynamical downscaling using Regional Climate Models (RCMs) - though computationally
expensive and largely depends upon skill of the global model forcing - can be helpful in
improving simulation of the monsoonal regime by incorporating the local-scale geo-physical
characteristics and detailed land-use/-cover dynamics through achieving high resolutions
(Hasson et al., 2013; Palazzi et al., 2013). In view of the diverse skillset found for the CMIP5
models, we suggest that use of their output in further impact assessment models and for
policy making in the region should base on only a set of ‘reasonable’ models in that particular
aspect (Saha et al., 2014), and preferably be supported by the fine-scaled dynamical
downscaling efforts, such as Coordinated Regional Climate Downscaling Experiment
(CORDEX) South Asia. We also conclude that Indus and Ganges basins (Pakistan and north-
/west India region) are very critical in nature and difficult for the present-day climate models
in order to reproduce their climate. This has subsequent implications for driving the impact
assessment models for assessing climate change impacts on various socio-economic
development sectors for these basins. In such regards, the state-of-the-art coupled models
need to be improved enormously and meaningfully, particularly for the representation of
region-specific geo-physical characteristics and their interaction with the physical processes
that are presently absent completely or represented inadequately, so far.

Acknowledgements: The authors acknowledge the World Climate Research Programme's Working Group on
Coupled Modelling, which is responsible for CMIP, and we thank the climate modeling groups (listed in Table
01 of this paper) for producing and making available their model output. For CMIP the U.S. Department of
Energy's Program for Climate Model Diagnosis and Intercomparison provides coordinating support and led
development of software infrastructure in partnership with the Global Organization for Earth System Science
Portals. SH and JB acknowledge the support of BMBF, Germany’s Bundle Project CLASH/Climate variability
and landscape dynamics in southeast Tibet and the eastern Himalaya during the Late Holocene reconstructed
from tree rings, soils and climate modelling. VL and SP acknowledge the support of the FP7/ERC Starting
Investigator grant NAMASTE/Thermodynamics of the Climate System (Grant No. 257106). The authors also
acknowledge the support from CliSAP/Cluster of excellence in the Integrated Climate System Analysis and
Prediction.

References

23



Ali, G., Hasson, S., and Khan, A. M. , 2009, Climate Change: Implications and Adaptation of
Water Resources in Pakistan, GCISC-RR-13, Global Change Impact Studies Centre
(GCISC), Islamabad, Pakistan.

Annamalai, H., Hamilton, K. & Sperber, K. R. (2007)South Asian summer monsoon and its
relationship with ENSO in the IPCC AR4 simulations. J. Clim. 20, 1071-1092.

Ashrit, R. G., H. Douville, and K. Rupa Kumar, 2003: Response of the Indian monsoon and
ENSO-monsoon teleconnection to enhanced greenhouse effect in the CNRM coupled model.
J. Meteor. Soc. Japan, 81, 779-803.

Ashrit, R. G., A. Kitoh, and S. Yukimoto, 2005: Transient response of ENSO-monsoon
teleconnection in MRI-CGCM2.2 climate change simulations. J. Meteor. Soc. Japan, 83,
273-291.

Babar, A. A., Zhi, X-f, and Fei, G. 2014: Precipitation assessment of Indian summer
monsoon based on CMIP5 climate simulations, Arab J Geosci., DOI 10.1007/s12517-014-
1518-4,.

Babel, M.S., Wahid, S.M., 2008. Freshwater Under Threat South Asia: Vulnerability
Assessment of Freshwater Resources to Environmental Change. United Nations Environment
Programme (UNEP), Nairobi.

Bengtsson, L., Hodges, 1. K., and Roeckner, E. , 2006: Storm tracks and climate change, J.
Climate, 19, 3518-3542.

Bohner, J. , 2006: General climatic controls and topoclimatic variations in Central and High
Asia, Boreas, 35, 279-295.

Bollasina, M. A., Ming, Y. & Ramaswamy, V. (2011) Anthropogenic aerosols and the
weakening of the South Asian summer monsoon. Science 334, 502-505.

Bollasina M, Ming Y (2012) The general circulation model precipitation bias over the
southwestern equatorial Indian Ocean and its implications for simulating the South Asian
monsoon. Clim Dyn. doi:10.1007/s00382-012-1347-7

Boos, W. R. and Hurley, J. V., 2013: Thermodynamic Bias in the Multimodel Mean Boreal
Summer Monsoon, J. Climate, 26, 2279-2287, doi:10.1175/JCLI-D-12-00493.1.

Bolvin DT, Huffman RFAGIJ, Nelkin EJ, Poutiainen JP (2009) Comparison of GPCP
monthly and daily precipitation estimates with high-latitude gauge observations. J Appl
Meteorol Climatol 48(9):1843—1857

Chou, C. (2003) Land-sea heating contrast in an idealized Asian summer monsoon. Clim.
Dynam. 21, 11-25.

Clift, P. D. and Plumb, R. A., 2008: The Asian monsoon: causes, history, and effects, CUP,
Cambridge University Press, New York, USA.

24



Chakraborty, A., Nanjundiah, R. S., and Srinivasan, J. , 2006: Theoretical aspects of the onset
of Indian summer monsoon from perturbed orography simulations in a GCM, Ann. Geophys.,
24, 2075-2089, doi:10.5194/angeo-24-2075-2006.

Chakraborty, A., Nanjundiah, R. S. and Srinivasan, J., 2002Role of Asian and African
orography in Indian summer monsoon, Geophys. Res. Lett., 29(20), 1989,
doi:10.1029/2002GL015522.

Chou C, Chiang JCH, Lan CW, Chung CH, Liao YC, Lee CJ (2013) Increase in the range
between wet and dry season precipitation. Nat Geosci 6:263-267. doi:10.1038/NGEO1744

Christensen, J. H., and Coauthors, 2007: Regional climate projections. Climate Change 2007:
The Physical Science Basis, S. Solomon, et al. Eds., Cambridge University Press, 847-940.

Cook BI, Seager R (2013) The response of the north American monsoon to increased
greenhouse gas forcing. J] Geophys Res 118:1690-1699

Collins, M., Rao, K. A., Ashok, K., Bhandari, S., Mitra, A. K., Prakash, S., Srivastava, R. and
Turner, A. , 2013: Observational challenges in evaluating climate models, Nature Climate
Change 3, 940-941.

Colman, R. A., A. F. Moise, and L. 1. Hanson (2011), Tropical Australian climate and the
Australian monsoon as simulated by 23 CMIP3 models, J. Geophys. Res., 116, D10116,
doi:10.1029/2010JD015149.

Eriksson, M., Xu, J., Shrestha, A., Hydr, R., Nepal, S., Sandstrom, K., 2009. The Changing
Himalayas: Impact of Climate Change on Water Resources and Livelihoods in the Greater
Himalayas. ICIMOD, Kathmandu.

Fasullo, J. and Webster, P. J. , 2003: A Hydrological Definition of Indian Monsoon Onset
andWithdrawal, J. Climate, 16, 3200-3211.

Fan F, Mann ME, Lee S, Evans JL (2012) Future changes in the south Asian summer
monsoon: an analysis of the CMIP3 multimodel projections. J Clim 25:3909-3928

Feng X, Porporato A, Rodriguz-Iturbe I (2013) Changes in rainfall seasonality in the tropics.
Nature Climate Change DOI 10.1038/nclimate1907

Fekete, B. M., V'or"osmarty, C. J., Roads, J. O., and Willmott, C. J. , 2004: Uncertainties in
Precipitation and Their Impacts on Runoff Estimates, J. Climate, 17, 294-304.

Fu, Q., (2006) Enhanced mid-latitude tropospheric warming in satellite measurements.
Science 312. doi:10.1126/science.1125566

Fu Q, Lin P (2011) Poleward shift of subtropical jets inferred from satellite-observed lower-
stratospheric temperatures. J Clim 24(21):5597-5603.

Frierson DMW, Hwang YT, Fuckar NS, Seager R, Kang SM, Donohoe A, Maroon EA, Liu

X, Battisti DS (2013) Contribution of ocean overturning circulation to tropical rainfall peak
in the northern hemisphere. Nat Geosci 6:940-944

25



Geil, K. L., Serra, Y. L., and Zeng, X. , 2013: Assessment of CMIP5 Model Simulations of
the North American Monsoon System, J. Clim., 26, 8787-8801.

Goswami, B. N., 1998. Interannual variations of Indian summer monsoon in a GCM:
External conditions versus internal feedbacks. J. Clim. 11 (4), 501 522.

Greve, P., Orlowsky, B. Mueller, B., Sheffield, J., Reichstein, M., and Seneviratne, S. 1. ,
2014: Global assessment of trends in wetting and drying over land, Nature Geoscience, 7, 716—
721.

Gadgil, S. & Gadgil, S. (2006): Indian monsoon, GDP and agriculture. Econ. Polit. Weekly
41, 4887-4895.

Guilyardi E, Balaji V, Lawrence B, Callaghan S, Deluca C, Denvil S, Lautenschlager M,
Morgan M, Murphy S, Taylor KE (2013) Documenting climate models and their simulations.
Bull Am Meteorol Soc 94:623-627

Hirabayashi Y, Mahendran R, Koirala S, Konoshima L, Yamazaki D, Watanabe S, Kim H,
Kanae S (2013) Global flood risk under climate change. Nat Clim Change 3(9):816—821.
doi:10.1038/nclimate1911

Ho C. H., and Kang, I. S. , 1988: The variability of precipitationin Korea. J. Korean
Meteorol. Soc. 24: 38-48.

Hagemann, S., Arpe, K., and Roeckner, E. , 2006: Evaluation of the Hydrological Cycle in
the ECHAMS Model, J. Climate, 19, 3810-3827.

Hodges, 1. K., Hoskins, B. J., Boyle, J., and Thorncroft, C. , 2003: A Comparison of Recent
Reanalysis Datasets Using Objective Feature Tracking: Storm Tracks and Tropical Easterly
Waves, Mon. Weather Rev., 131, 2012-2037.

Hasson, S., Lucarini, V., and Pascale, S., 2013: Hydrological cycle over South and Southeast
Asian river basins as simulated by PCMDI/CMIP3 experiments, Earth Syst. Dynam., 4, 199—
217, doi:10.5194/esd-4-199-2013.

Hasson, S., Lucarini, V., Pascale, S., and Bohner, J. , 2014a: Seasonality of the hydrological
cycle in major South and Southeast Asian river basins as simulated by PCMDI/CMIP3
experiments, Earth Syst. Dynam., 5, 67-87, doi:10.5194/esd-5-67-2014.

Hasson, S., Lucarini, V., Khan, M. R., Petitta, M., Bolch, T., and Gioli, G. , 2014b: Early 21st
century snow cover state over the western river basins of the Indus River system, Hydrol.
Earth Syst. Sci., 18, 4077-4100, doi:10.5194/hess-18-4077-2014.

Hasson, S., Bohner, J., Lucarini, V. 2015: Observed summer cooling and warming trends and
subsequent runoff response from Hindukush-Karakoram-Himalaya within Upper Indus
Basin, (In preparation for Earth System Dynamics)

Hoskins BJ, Rodwell MJ (1995) A model of the Asian summer monsoon. Part I: the global
scale. J Atmos Sci 52:1329-1340

26



Huffman GJ, Adler RF, Arkin P, Chang A, Ferraro R, Gruber A, Janowiak J, McNab A,
Rudolf B, Schneider UJ (1997) The global precipitation climatology project (GPCP)
combined precipitation dataset. Bull Am Meteorol Soc 78:5-20

Huffman, G. J., R. F. Adler, D. T. Bolvin, and G. Gu (2009), Improving the global
precipitation record: GPCP Version 2.1, Geophys. Res. Lett., 36, L17808.

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution ofWorking
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change,
edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V., and Midgley, P. M., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 1535 pp., 2013.

Janowiak, J. E. and Xie, P. , 2003: A Global-Scale Examination of Monsoon-Related
Precipitation, J. Climate, 16, 4121-4133.

Kleidon, A. and Renner, M. , 2013: A simple explanation for the sensitivity of the hydrologic
cycle to surface temperature and solar radiation and its implications for global climate
change, Earth Syst. Dynam., 4, 455-465, doi:10.5194/esd-4-455-2013.

Kitoh A, EndoH,Krishna KumarK, Cavalcanti IFA,Goswami P, Zhou T (2013) Monsoons in
a changing world: a regional perspective in a global context. J Geophys Res Atmos.
doi:10.1002/jgrd.50258

Kim HJ, Wang B, Ding Q (2008) The global monsoon variability simulated by CMIP3
coupled climate models. J Clim 21:5271-5294.

Knutti R (2013) Robustness and uncertainties in the new CMIPS5 climate model projections.
Nature Climatic Change 3:369 — 373

Knutti, R. and Sedlacek, J. , 2013: Robustness and uncertainties in the new CMIP5 climate
model projections, Nature Climate Change, 3, 369-373, doi:10.1038/nclimatel716.

Krishnamurti, T. N., Simon, A., Thomas, A., Mishra, A., Sikka, D., Niyogi, D., Chakraborty,
A., and Li-Li, 2012: Modeling of Forecast Sensitivity on the March of Monsoon Isochrones
from Kerala to New Delhi: The First 25 Days, J. Atmos. Sci., 69, 2465-2487.

Kripalani, R. H., Oh, J. H., Kulkarni, A., Sabade, S. S., and Chaudhari, H. S. , 2007: South
Asian summer monsoon precipitation variability: Coupled climate model simulations and
projections under [IPCC AR4, Theor. Appl. Climatol. 90, 133—159.

Kumar KK, Kamala K, Rajagopalan B, Hoerling M, Eischeid J, Patwardhan SK, Srinivasan
G, Goswami BN, Nemani R (2011) The once and future pulse of Indian monsoonal climate.

Clim Dyn 36(11-12):2159-2170. doi:10.1007/s00382-010-0974-0

Lee, J-Y, Wang, B. , 2014: Future change of global monsoon in the CMIP5, Clim. Dyn.
42:101-119, DOI 10.1007/s00382-012-1564-0.

27



Li, C. and Yanai, M. , 1996: The onset and interannual variability of the Asian summer
monsoon in relation to land-sea thermal contrast. J. Clim., 9, 358-375.

Liepert, B. G. and Previdi, M. , 2012: Inter-model variability and biases of the global water
cycle in CMIP3 coupled climate models, Environ. Res. Lett., 7, 014006, doi:10.1088/1748-
9326/7/1/014006.

Liepert, B. G. and Lo, F., 2013: CMIPS5 update of “Inter-model variability and biases of the
global water cycle in CMIP3 coupled climate models”, Environ. Res. Lett., 8, 029401,
doi:10.1088/1748-9326/8/2/029401.

Lin, J.-L.,Weickman, K. M., Kiladis, G. N., Mapes, B. E., Schubert, S. D., Suarez, M. J.,
Bacmeister, J. T., and Lee, M.-1. , 2008: Subseasonal Variability Associated with Asian
Summer Monsoon Simulated by 14 IPCC AR4 Coupled GCMs, J. Climate, 21, 4541-4567,
doi:10.1175/2008JCLI1816.1.

Liu L, Xie S-P, Zheng X-T, Li T, Du Y, Huang G, YuW-D (2014) Indian Ocean variability in
the CMIP5 multi-model ensemble: the zonal dipole mode. Clim Dyn. doi:10.1007/s00382-
013-2000-9

Levine RC, Turner AG. , 2012: Dependence of Indian monsoon rainfall on moisture fluxes
across the Arabian Sea and the impact of coupled model sea surface temperature biases. Clim
Dyn 38:2167-2190. doi:10.1007/5s00382-011-1096-z.

Levine, R. C., Turner, A. G., Marathayil, D., Martin, G. M. , 2013: The role of northern
Arabian Sea surface temperature biases in CMIPS5 model simulations and future projections
of Indian summer monsoon rainfall , Clim Dyn., 41:155-172.

Lucarini, V., Danihlik, R., Kriegerova, I., and Speranza, A. , 2008: Hydrological cycle in the
Danube basin in present-day and XXII century simulations by IPCCAR4 global climate
models, J. Geophys. Res., 113, D09107, doi:10.1029/2007JD009167.

Lucarini, V. and Ragone, F. , 2011: Energetics of climate models: Net energy balance and
meridional enthalpy transport, Rev. Geophys., 49, RG1001, doi:10.1029/2009RG000323.

Lal, M., Nozawa, T., Emori, S., Harasawa, H., Takahashi, K., Kimoto, M., Abe-Ouchi, A.,
Nakajima, T., Takemura, T., and Numaguti, A. , 2001: Future climate change: implications
for Indian summer monsoon and its variability, Current Sci., 81, 1196-1207.

Martin, G. M. and Levine, R. C., 2012: The influence of dynamic vegetation on the present-
day simulation and future projections of the South Asian summer monsoon in the HadGEM2
family, Earth Syst. Dynam., 3, 245-261, doi:10.5194/esd-3-245-2012.

May, W. , 2002: Simulated changes of the Indian summer monsoon under enhanced
greenhouse gas conditions in a global time-slice experiment, Geophys. Res. Lett., 29, 1118,
doi:10.1029/2001GL013808.

Menon, A., Levermann, A., Schewe, J., Lehmann, J., and Frieler, K. , 2013: Consistent
increase in Indian monsoon rainfall and its variability across CMIP-5 models, Earth Syst.
Dynam., 4, 287-300, doi:10.5194/esd-4-287-2013.

28



Matsumoto J (1997) Seasonal transition of summer rainy season over Indochina and adjacent
monsoon regions. Adv Atmos Sci 14:231-245

Marathayil, D., Turner, A. G., Shaffrey, L. C., and Levine, R. C. ), 2013: Systematic winter
sea-surface temperature biases in the northern Arabian Sea in HIGEM and the CMIP3
Models, Environ. Res. Lett. 8, 014028 (6pp.

Meehl, G. A. and J. M. Arblaster, 2003: Mechanisms for projected future changes in South
Asian monsoon precipitation. Climate Dyn., 21, 659-675.

Meehl GA, Stocker TF, Collins WD et al Global climate projection. In: Solomon S, Qin D,
Manning M et al (eds) Climate change 2007: the physical science basis. Contribution of
working group I to the fourth assessment report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge

Miehe, G. , 1990: Langtang Himal, A prodromus of the vegetation ecology of the Himalayas,
Dissertationes Botanicae 158, Borntréger, Stuttgart.

Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning,M. R., Rose, S. K., van Vuuren, D. P.,
Carter, T. R., Emori, S., Kainuma, M., Kram, T., Meehl, G. A., Mitchell, J. F. B., akicenovic,
N., Riahi, K., Smith, S. J., Stouffer, R. J., Thomson, A. M., Weyant, J. P., and Wilbanks, T. J.
, 2010: The next generation of scenarios for climate change research and assessment, Nature,
463, 747-756.

Pascale, S., Lucarini, V., Feng, X., Porporato, A., Hasson, S. , 2014a: Analysis of rainfall
seasonality from observations and climate models. Clim. Dyn., DOI 10.1007/s00382-014-
2278-2.

Pascale, S., Lucarini, V., Feng, X., Porporato, A., Hasson, S. 2014b: Projected changes of
rainfall seasonality and dry spells in a high concentration pathway 21st century scenario,
Clim. Dyn., (under review)

Palazzi E, von Hardenberg J, Provenzale A (2013) Precipitation in the Hindu-Kush
Karakoram Himalaya: Observations and future scenarios. J] Geophys Res Atmos 118:85 {100,
DOI 10.1029/2012JD018697.

Prakash, S., Mitra, A. K., Momin, . M., Rajagopal, E. N., Basu, S., Collins, M., Turner, A.
G., Achuta Rao, K. and Ashok, K. (2014), Seasonal intercomparison of observational rainfall
datasets over India during the southwest monsoon season. Int. J. Climatol..
doi: 10.1002/joc.4129

Roderick, M. L., Sun, F., Lim, W. H., and Farquhar, G. D. , 2014: A general framework for
understanding the response of the water cycle to global warming over land and ocean,

Hydrol. Earth Syst. Sci., 18, 1575-1589, doi:10.5194/hess-18-1575-2014.

Ramanathan, V. et al. (2005).Atmospheric brown clouds: Impacts on South Asian climate
and hydrological cycle. Proc. Natl Acad. Sci. USA 102, 5326-5333

29



Ramaswamy, C., 1962. Breaks in the Indian summer monsoon as a phenomenon of
interaction between the easterly and subtropical westerly jet streams. Tellus 14 (3), 337 349.

Rajendran K, Sajani S, Jayasankar CB, Kitoh A (2013) How dependent is climate change
projection of Indian summer monsoon rainfall and extreme events on model resolution? Curr
Sci 104(10):1409-1418

Ramesh, K. V., and P. Goswami (2007), Reduction in temporal and spatial extent of the
Indian summer monsoon, Geophys. Res. Lett., 34, L23704, doi:10.1029/2007GL031613.

Ramesh, K. V., and P. Goswami (2014), Assessing reliability of regional climate projections:
the case of Indian monsoon, Scientific reports, 4, 4071, doi:10.1038/srep04071.

Rodell, M., Velicogna, 1., and Famiglietti, J. S. , 2009: Satellite-based estimates of
groundwater depletion in India, Nature, 460, 999—1002.

Rasul, G., 2014: Food, water, and energy security in South Asia: A nexus perspective from
the Hindu Kush Himalayan region, Environmental Science and Policy, 39, 35 — 48

Rees, H. G. and Collins, D. N. , 2006: Regional differences in response of flow in glacier-fed
Himalayan rivers to climatic warming, Hydrol. Process., 20, 2157-2169.

Riahi K, Rao S, Krey V, Cho C, Chirkov V, Fischer G, Kindermann G, Nakicenovic N, Rafaj
P, , 2011: RCP 8.5 - A scenario of comparatively high greenhouse gas emissions, Climatic
Change, 109(1-2):33-57.

Ridley, J., Wiltshire, A., and Mathison, C. , 2013: More frequent occurrence of westerly
disturbances in Karakoram up to 2100, Science of The Total Environment, 468—469, S31—
S35.

Sabeerali, C. T., Rao, s. A., Dhakate, A. R., Salunke, K., Goswami, B. N. , 2014: Why
ensemble mean projection of south Asian monsoon rainfall by CMIP5 models is not reliable,
Clim. Dyn., DOI 10.1007/s00382-014-2269-3.

Sandeep, S., and Ajayamohan, R. S.(2014): Origin of cold bias over the Arabian Sea in
Climate Models, Scientific Reports, 4 : 6403, doi: 10.1038/srep06403

Syed, F. S., Giorgi, F., Pal, J. S., and King, M. P. , 2006: Effect of remote forcing on the
winter precipitation of central southwest Asia Part 1: Observations, Theor. Appl. Climatol.,

86, 147-160, doi:10.1007/s00704-005-0217-1.

Saeed, F., Hagemann, S., and Jacob, D. , 2009: Impact of irrigation on the South Asian
summer monsoon, Geophys. Res. Lett., 36, L20711, doi:10.1029/2009GL040625.

Saeed, F., Hagemann, S., Saeed, S., Jacob, D. , 2013: Influence of mid-latitude circulation on
upper Indus basin precipitation: the explicit role of irrigation,Clim Dyn., 40:21-38.

30



Saha, A., S. Ghosh, A. S. Sahana, and E. P. Rao (2014), Failure of CMIP5 climate models in
simulating post-1950 decreasing trend of Indian monsoon, Geophys. Res. Lett., 41,
doi:10.1002/2014GL061573.

Sandeep, S., and Ajayamohan, R. S. 2014: Poleward shift in Indian summer monsoon low
level Jetstream under global warming, Cli. Dyn. DOI 10.1007/s00382-014-2261-y..

Seidel DJ, Randel W, J. (2007) Recent widening of the tropical belt: Evidence from
tropopause observations. J Geophys Res 112.

Seth A, Rauscher SA, Biasutti M, Giannini A, Camargo SJ, Rojas M (2013) CMIP5 projected
changes in the annual cycle of precipitation in monsoon regions. J Clim 26:7328-7351

Sperber, K. R., Annamalai, H., Kang, .-S., Kitoh, A., Moise, A., Turner, A.,Wang, B., and
Zhou, T. , 2013: The Asian summer monsoon: an intercomparison of CMIP5 vs. CMIP3
simulations of the late 20th century, Clim. Dynam., 41, 2711-2744.

Sperber, K. R. Annamalai, H. , 2014: The use of fractional accumulated precipitation for the
evaluation of the annual cycle of monsoons, Clim Dyn, 43:3219-3244.

Subbiah, A. Initial Report on the Indian Monsoon Drought of 2002 (Asian Disaster
Preparedness Center, 2002).

Taylor, K. E., Stouffer, R. J., and Meehl, G. A. , 2012: An Overview of CMIP5 and the
Experiment Design, B. Am. Meteorol. Soc., 93, 485-498.

Tebaldi, C. and Knutti, R. , 2007: The use of the multi-model ensemble in probabilistic
climate projections, Phil. Trans. R. Soc. A. 365, 2063-2075, doi:10.1098/rsta.2007.2076.

Turner, A. G. and Annamalai, H. , 2012: Climate change and the south-Asian summer
monsoon, Nat. Clim. Change, 2, 587-595.

Turner, A. G. & Slingo, J. M. (2009).Uncertainties in future projections of extreme
precipitation in the Indian monsoon region. Atmos. Sci. Lett. 10, 152—-158

van Vuuren DP, Edmonds J, Kainuma M, Riahi K, Thomson A, Hibbard K, Hurtt GC, Kram
T, Krey V, Lamarque JF, Masui, Meinshausen M, Nakicenovic N, Smith SJ, Rose SK (2011)
The representative concentration pathways: an overview. Clim Change 109:5-31

Wake, C. P., 1987: Snow accumulation studies in the central Karakoram, Proc. Eastern Snow
Conf. 44th Annual Meeting Fredericton, Canada, 19-33.

Wani, S. P., Rockstrém, J., Oweis, T. Y., , 2009 [Eds.], Rainfed Agriculture: Unlocking the
Potential, Comprehensive Assessment of Water Management in Agriculture Series 7, MPG

Books Group, UK, ISBN: 978-1-84593-389-0.

Wang, B., and LinHo, 2002: Rainy season of the Asian—Pacific summer monsoon. J. Climate,
15, 386-398

Wang, B., Kang, I-S., and Lee, J-Y. , 2004: Ensemble Simulations of Asian—Australian

31



Monsoon Variability by 11 AGCMs*. J. Climate, 17, 803—818.

Wang B, Liu J, Kim H-J, Webster PJ, Yim S-Y, Xiang B (2013) Northern hemisphere
summer monsoon intensified by mega-El Nifio/southern oscillation and Atlantic multidecadal
oscillation. Proc Natl Acad Sci 110(14):5347-5352

Webster, P. J., Maga™na, V. O., Palmer, T. N., Shukla, J., Tomas, R. A., Yanai, M., and
Yasunari, T. , 1998: Monsoons: Processes, predictability, and the prospects for prediction, J.
Geophys. Res., 103, 14451-14510.

Welch, B. L. , 1938: The significance of the difference between two means when the
population variances are unequal. Biometrika, 29:350-62.

Xie, Pingping, John E. Janowiak, Phillip A. Arkin, Robert Adler, Arnold Gruber, Ralph
Ferraro, George J. Huffman, Scott Curtis, 2003: GPCP Pentad Precipitation Analyses: An
Experimental Dataset Based on Gauge Observations and Satellite Estimates. J. Climate, 16,
2197-2214.

Xie, P.P., Arkin, P.A., 1997a: Global pentad precipitation analysis based on gauge
observations, satellite estimates and model outputs. Extended abstracts, American
Geophysical Union 1997 Fall meeting, San Francisco, CA, American Geophysical Union.

Xie, P.-P., and P. A. Arkin, 1997b: Global precipitation: A 17-year monthly analysis based
on gauge observations, satellite estimates and numerical model outputs, Bull. Amer.
Meteorol. Soc., 78, 2539-2558.

Yatagai, A., Kamiguchi, K., Arakawa, O., Hamada, A., Yasutomi, N., and Kitoh, A. , 2012:
APHRODITE: Constructing a Long-term Daily Gridded Precipitation Dataset for Asia based
on a Dense Network of Rain Gauges, B. Am. Meteorol. Soc., 93, 1401-1415,
doi:10.1175/BAMS-D-11-00122.1.

32



Table 1. List of CMIPS models, their modelling groups and resolutions.

S. | Modeling Group Model Name Atm. Model
No. Resolution Level
(lonxlat)
1 | Beijing Climate Center, China Meteorological Administration(BCC) BCC-CSM1-1 28x28 26
2 | College of Global Change and Earth System Science, Beijing BNU-ESM 28x28 32
Normal University (GCESS)
3 | Canadian Centre for Climate Modelling and Analysis (CCCMA) CanESM2 28x2.8 35
4 | NCAR Community Climate System Model, (CCSM) CCSm4 1.25x0.94 27
5 | Community Earth System Model Contributors CESM1-BGC 1.25x0.94 27
6 | (NSF-DOE-NCAR) CESM1-CAM5 1.25 x 0.94 27
7 | Centro Euro-Mediterraneo per | Cambiamenti Climatici (CMCC) CMCC-CESM 3.75x 3.75 39
8 CMCC-CMS 1.875x 1.875 95
9 CMCC-CM 0.75x0.75 31
10 | Centre National de Recherches Météorologiques Centre Européen CNRM-CM5 14x14 31
de Recherche et Formation Avancée en Calcul Scientifique
11 | Commonwealth Scientific and Industrial Research Organization in CSIRO-Mk3-6-0 1.875 x 1.875 18
collaboration with QCCCE (CSIRO-QCCCCE)
12 | EC-EARTH consortium (EC-EARTH) EC-EARTH 1.125 x1.125 62
13 | LASG, Institute of Atmospheric Physics, Chinese Academy of FGOALS-g2 2.8125x2.8125 26
Sciences and CESS, Tsinghua University (LASG-CESS)
14 | NOAA Geophysical Fluid Dynamics Laboratory (NOAA-GFDL) GFDL-CM3 25x20 48
15 GFDL-ESM2G 25x20 24
16 GFDL-ESM2M 25x20 24
17 | Met Office Hadley Centre (MOHC) HadGEM2-CC 1.875x 1.24 60
18 HadGEM2-ES 1.875x1.24 38
19 | Institute for Numerical Mathematics (INM) INMCM4 2x1.5 21
20 | Institut Pierre-Simon Laplace (IPSL) IPSL-CM5A-LR 3.75 x1.89 39
21 IPSL-CM5A-MR 2.5x1.25 39
22 IPSL-CM5B-LR 3.75x1.9 39
23 | Japan Agency for Marine-Earth Science and Technology, MIROC-ESM-CHEM 2.8x2.8 80
24 | Atmosphere and Ocean Research Institute (The University of MIROC-ESM 2.81x2.81 80
25 | Tokyo), and National Institute for Environmental Studies (MIROC) MIROC5 14x14 40
26 | Max-Planck-Institut fir Meteorologie (MPI-M) MPI-ESM-LR 1.875 x1.875 47
27 MPI-ESM-MR 1.875 x1.875 95
28 | Meteorological Research Institute (MRI) MRI-CGCM3 1.125x1.125 48
29 MRI-ESM1 1.125x1.125 48
30 | Norwegian Climate Centre (NCC) NorESM1-M 25x19 26




Table 2. Offset in the timings of monsoon onset (O) and its duration (D) in pentads and % slope of the rapid fractional accumulation (S) for historical period (1961-2000)
relative to the GPCP data and change for the future period (2061-2100) relative to the historical period. Note: Negative values imply decrease or early timings while positive
values suggest the opposite. The bold values for the historical period (1961-2000) suggest statistically insignificant offset from observations while for the RCP8.5 bold figures
suggest statistically significant changes.

HISTORICAL (1961-2000) RCP8.5 (2061-2100)
Data INDUS GANGES BRAHMA MEKONG INDUS GANGES BRAHMA MEKONG
S [o) D S o] D S o D S o] D S o D s O D S

o
o
7
o
o

GPCP 37 16 005 32 25 004 29 28 0.03 26 36 0.025

CMAP 0 2 -8 1 -1 5 -1 2 -5 0 -1 3

MMM 1 10 -45 -4 10 -24 -2 7 -16 -1 0 5 0 -1 8 2 -4 10 O -2 5 1 -1 1
bee-csm1-1 8 9 -46 -8 21 -47 -1 -21 1 5 3 -1 1 -4 2 -3 4 0 -1 1 0 © -2
BNU-ESM 3 10 -46 2 4 -13 2 3 -6 0 -1 7 2 -3 21 3 -4 2 -2 4 2 -1 3
CanESM2 2 8 -34 1 6 -20 1 3 -8 -2 4 7 -2 4 21 -2 1 1 0 -3 15 1 -2 4
ccsm4 1 6 -28 1 6 -21 -1 6 -21 -1 0o 0 -1 -1 2 -3 8 0 -2 8 2 0 0
CESM1-BGC 1 6 -30 1 5 -16 -1 6 -21 -2 2 -1 0 -1 1 2 -3 1 1 -2 7 2 -2 4
CESM1-CAMS5 0 5 -22 1 1 -8 -3 7 -22 -2 2 -1 0 1 -6 0 0 2 -1 [¢] 4 2 -1 2
CMCC-CESM 2 10 -50 -4 5 -12 -2 4 -9 0 -1 6 3 -1 7 -2 3 -10 1 -3 5 2 -1 2
CMCC-CMS 3 12 -53 -3 10 -25 -1 5 -12 0o -2 0o o0 -2 17 3 -6 18 -1 -2 5 2 -3 6
cmcc-cm 2 13 -53 0 8 -23 0 3 -5 1 4 14 1 -4 21 5 26 -3 9 1 -3 4
CNRM-CM5 1 10 -42 0 5 -16 -3 7 -17 -3 5 -8 0 0 2 0 -1 3 0 -1 1 1 -1 4
CSIRO-Mk3-6-0 0 12 -55 -1 5 -13 1 1 2 2 7 15 1 0 2 4 -2 6 -2 3 9 1 -2 7
EC-EARTH* 2 15 54 -19 29 -60 -11 19 -44 20 27 52 0 0 -1 -1 1 5 -2 3 9 0 O -3
FGOALS-g2 2 10 -47 9 18 -39 -3 8 -19 0 1 2 2 -1 1 7 -10 23 2 -3 7 -4 8 -18
GFDL-CM3 3 7 -34 2 6 -19 2 11 -25 2 1 5 -1 -2 12 0 -4 16 -1 -2 1 0 © 3
GFDL-ESM2G 3 6 -30 4 -2 0 0 5 -14 1 -3 9 0 0 -2 0 1 -3 0 -1 2 1 1 -2
GFDL-ESM2M 3 5 -27 3 0 -4 -1 6 -17 2 4 15 -1 4 -16 1 [¢] -4 1 -2 7 1 -1 2
HadGEM2-CC 2 1 -47 9 15 -30 -6 8 -18 2 4 6 0 -5 38 4 9 23 0 -4 8 1 0 -1
HadGEM2-ES -1 12 -49 9 14 -29 -6 8 -17 3 5 9 -1 -5 34 5 -10 27 -4 9 0 1 -5
inmcm4 2 11 -49 1011 -29 0 6 -16 -4 8 -14 0 -1 5 2 5 15 -1 -1 4 -1 0 0
IPSL-CM5A-LR* 4 12 55 -11 21 -42 5 12 -24 -2 1 o -2 1 8 13 -16 60 9 -12 43 3 3 9
IPSL-CM5A-MR 1 14 -60 -3 11 -26 -3 8 -18 -2 0 1 0 -3 38 4 7 29 4 <7 20 3 -3 6
IPSL-CM5B-LR* 2 19 67 -23 36 -68 -11 21 -41 4 -6 31 0 -1 5 3 -4 31 3 6 13 2 -1 2
MIROC-ESM-CHEM -1 9 -41 -1 9 -30 0 7 -23 2 1 0 1 -2 16 2 -4 13 0 -1 4 0 1 -3
MIROC-ESM -2 10 -43 -2 8 -28 0 6 -22 2 1 o 1 -4 27 2 -4 14 -1 0 3 0 O -2
MIROC5 0 12 -49 0 -1 2 -2 3 -12 -3 1 5 0 -6 33 1 2 9 -2 3 9 -1 2 -1
MPI-ESM-LR 1 10 -45 0 2 -7 0 2 -6 1 -2 7 0 -2 9 4 -3 6 2 -2 6 1 -3 7
MPI-ESM-MR 2 9 -42 0 2 -5 1 2 -4 1 4 13 2 0 2 3 -1 3 0 0 1 1 -1 1
MRI-CGCM3* 0 14 55 -10 19 -42 -2 5 -9 3 5 24 -1 1 -1 0 4 -2 0o -2 1 -1
MRI-ESM1* -1 14 55 -11 21 -44 -2 4 -8 2 5 26 0 1 1 3 -2 8 -2 1 4 2 0 0
NorESM1-M 2 7 -33 1 6 -18 2 2 -8 0 0 5 1 3 12 4 -5 10 1 -2 4 0 1 -5




Table 3. Estimates for the basin integrated seasonality indicators, Precipitation (P), Relative Entropy (RE) and Seasonality Index (SI) for the
historical period (1961-2000).

Basins—> Indus Ganges Brahmaputra Mekong
Westerly Monsoon Westerly Monsoon Westerly Monsoon Westerly Monsoon

Model and Obs.d, P RE SI P RE SI P RE SI P RE SI P RE SI P RE Sl P RE SI P RE SI
GPCP 117 16 0.05 2% 13 0.12 93 21 006 874 09 0.24 140 14 0.07 876 06 0.15 256 1.4 0.12 1292 05 0.21
CMAP 117 1.8 0.06 244 14 010 81 22 005 735 09 0.21 144 14 0.06 683 05 011 216 1.5 0.10 1118 0.5 0.18
bcc-csm1-1 262 16 0.14 151 2.0 0.03 253 19 0.23 592 1.8 0.10 403 0.9 0.21 1542 0.7 0.13 237 13 0.19 1994 0.8 0.20
BNU-ESM 199 1.8 0.14 265 14 0.11 177 20 019 961 09 0.27 298 1.0 0.17 1289 0.5 0.22 28 1.0 0.17 1291 03 0.13
CanESM2 112 2.0 0.09 177 13 0.07 125 2.2 0.16 706 0.8 0.17 221 12 0.14 1217 05 0.21 343 09 0.17 1124 03 0.11
CCsSM4 203 19 0.15 514 12 0.19 244 21 0.29 1265 09 0.34 497 11 0.30 1919 05 0.29 358 09 0.19 1292 04 0.18
CESM1-BGC 201 19 0.15 488 1.2 0.18 228 21 0.27 1261 09 035 514 1.1 030 183 0.5 0.28 345 10 0.20 1266 04 0.17
CESM1-CAMS5 152 19 0.12 447 11 0.14 143 24 0.19 1340 0.7 030 764 11 041 2338 04 0.28 351 1.1 0.21 1139 04 0.14
CMCC-CESM 136 2.2 011 104 22 0.05 130 2.1 0.14 652 0.8 0.13 206 14 0.17 916 05 0.13 248 14 0.20 1297 0.3 0.12
CMCC-CM 249 24 0.18 192 24 0.09 180 2.8 020 714 14 027 479 13 0.29 1820 0.7 036 150 2.1 0.18 1035 0.6 0.21
CMCC-CMS 288 2.1 019 194 23 0.09 216 2.6 024 87 11 026 489 11 0.28 1712 0.5 0.28 197 1.8 0.20 1117 0.6 0.20
CNRM-CM5 246 15 0.16 334 11 0.11 176 2.1 0.18 922 0.8 0.21 472 1.0 0.28 1587 05 0.23 380 09 0.21 1163 04 0.15
CSIRO-Mk3-6-0 102 19 008 79 21 003 97 23 011 487 19 0.18 241 1.3 0.15 1253 05 0.19 148 16 0.13 1464 0.6 0.27
EC-EARTH 170 16 0.13 598 0.7 0.13 147 21 0.17 1048 0.4 0.15 315 1.1 0.18 1174 03 0.10 376 1.0 0.20 928 0.3 0.10
FGOALS-g2 268 10 0.12 210 09 0.06 214 13 0.15 480 0.8 0.10 228 0.8 0.11 681 0.3 0.07 363 11 0.24 1233 04 0.14
GFDL-CM3 248 1.7 0.15 355 12 0.13 192 23 0.22 1029 0.7 0.21 463 09 0.20 1373 03 0.14 217 1.2 0.15 1204 04 0.14
GFDL-ESM2G 168 24 012 311 19 015 9 29 0.12 1141 09 030 273 1.2 0.17 1340 04 0.16 214 18 0.19 1508 0.4 0.19
GFDL-ESM2M 156 2.4 0.12 307 18 0.14 118 2.7 0.15 1116 09 0.30 309 11 0.19 1441 04 0.17 200 1.8 0.17 1434 0.5 0.20
HadGEM2-CC 341 11 0.19 493 11 0.12 281 1.2 0.16 1058 1.1 0.28 469 0.8 0.22 1370 03 0.16 178 14 0.14 1158 0.6 0.22
HadGEM2-ES 332 1.1 019 469 1.1 012 259 1.1 0.15 1054 1.1 0.29 442 0.8 0.20 1283 0.4 0.6 180 1.4 0.14 1194 0.6 0.22
inmcm4 266 15 0.18 251 1.1 0.08 275 15 0.25 1002 0.6 0.17 314 09 0.16 1246 0.3 0.10 552 0.7 0.19 1347 0.3 0.12
IPSL-CM5A-LR 218 2.3 0.17 111 23 0.06 176 2.5 0.21 438 1.5 0.16 233 13 0.18 746 0.7 0.15 294 13 0.22 1133 04 0.13
IPSL-CM5A-MR 165 2.4 015 103 22 005 144 27 019 542 13 0.17 316 14 021 1114 06 0.17 281 14 0.21 1119 04 0.14
IPSL-CM5B-LR 301 19 0.18 156 2.3 0.06 284 24 028 225 20 009 361 11 022 754 0.6 0.14 203 1.7 0.20 1257 0.6 0.25
MIROCS 268 1.2 0.16 253 14 0.10 191 1.7 0.18 1572 09 0.42 426 1.2 0.30 1826 0.4 0.23 312 13 0.24 1298 04 0.17
MIROC-ESM-CHEM 318 1.4 0.17 665 09 0.16 243 18 0.21 1045 0.6 0.19 307 13 0.22 1215 0.4 0.15 305 1.3 0.20 1038 0.4 0.11
MIROC-ESM 332 14 019 682 0.8 0.16 233 19 021 1063 0.6 0.19 28 13 0.21 1204 04 0.14 307 13 0.20 1031 0.4 0.12
MPI-ESM-LR 220 2.3 0.16 254 18 0.09 146 29 0.18 1087 1.0 0.29 379 14 0.26 1902 0.5 0.27 208 19 0.22 1112 0.5 o0.18
MPI-ESM-MR 251 2.2 0.17 256 19 0.11 153 29 0.18 1048 1.1 0.31 407 13 0.26 1922 05 0.32 174 20 0.18 1150 0.6 0.20
MRI-CGCM3 180 19 0.12 182 1.8 0.06 141 23 0.16 333 1.8 0.14 317 13 0.21 1292 0.6 0.23 216 1.6 0.19 1100 0.7 0.24
MRI-ESM1 189 1.8 0.12 175 19 0.06 155 2.2 0.17 344 19 0.15 334 12 0.21 1344 06 0.24 199 16 0.17 1103 0.7 0.25
NorESM1-M 249 1.7 0.16 409 13 0.15 251 1.7 0.23 1197 0.9 0.33 424 09 0.22 1984 04 0.26 292 09 0.16 1321 0.4 0.15




Table 4. Root mean Square Error (¢), Pattern Correlation (PC) and Standard Deviation (o) for all seasonality indicators over the spatial domain for all considered
time periods. Top three estimates closest (farthest) to observations are highlighted in yellow (red) while estimates within the observation uncertainty are
marked green.

Annual Monsoon Westerly
P RE Sl P RE SI P RE SI
Datasets € PC o € PC o € PC c € PC c € PC [ € PC o € PC c € PC o € PC o
GPCP 0 1.00 599 0.00 100 048 000 100 0.16 0 100 48 0.00 1.00 050 0.00 1.00 0.09 0 100 207 000 100 0.67 000 1.00 0.07
CMAP 428 087 809 013 098 053 010 0.83 019 315 085 587 008 099 051 006 0.84 010 127 095 297 0.22 096 0.72 0.04 093 0.09
MMM 489 0.78 647 040 066 045 012 075 0.17 411 078 552 035 073 043 008 065 006 170 0.84 253 061 0.67 068 012 0.79 0.12
bee-csm1-1 573 069 704 o061 037 058 027 061 030 692 070 797 059 047 055 011 043 0.09 19 061 183 0.73 055 0.78 0.17 0.72 0.16
BNU-ESM 585 0.66 584 044 066 047 013 066 015 446 066 477 037 0.77 045 009 057 0.09 18 0.77 236 070 062 0.76 0.11 0.75 0.10
CanESM2 538 0.79 811 040 075 048 013 067 013 342 079 535 038 0.77 043 010 047 006 261 089 389 061 067 068 011 073 0.12
CCsm4 670 067 728 036 0.70 042 018 068 020 488 066 552 031 079 041 011 066 012 235 082 321 057 064 062 022 069 0.18
CESM1-BGC 650 0.67 720 035 071 042 018 0.70 0.20 479 067 554 030 080 041 011 067 012 218 0.82 306 0.57 065 0.63 0.21 071 0.18
CESM1-CAMS5 859 0.60 930 034 0.77 042 016 060 0.18 587 057 637 035 081 038 009 056 010 344 081 436 054 071 0.70 0.20 0.72 0.18
CMCC-CESM 650 0.79 882 052 062 063 014 069 018 538 075 721 055 073 0.78 008 059 0.08 187 0.74 243 071 058 0.81 0.14 073 0.13
CMCC-CM 618 0.73 822 054 069 068 020 0.72 024 506 073 68 052 0.77 074 011 068 013 193 0.67 233 0.77 067 093 022 072 0.18
CMCC-CMS 618 0.73 822 054 069 068 020 0.72 024 506 073 68 052 077 074 011 068 013 193 067 233 0.77 067 093 022 072 0.18
CNRM-CM5 575 075 799 035 079 047 011 071 014 381 075 545 037 077 037 008 057 0.07 232 084 330 056 072 075 015 0.76 0.13
CSIRO-Mk3-6-0 526 073 774 060 056 061 018 062 022 467 070 651 060 056 065 011 050 0.12 145 0.80 244 060 062 067 0.15 074 0.17
EC-EARTH 553 081 729 036 082 042 014 067 017 405 075 520 044 075 041 009 057 0.09 234 089 350 049 079 075 0.17 084 0.16
FGOALS-g2 645 066 788 055 045 035 023 056 027 570 062 705 049 059 024 014 044 015 18 080 252 0.77 056 044 0.11 080 0.12
GFDL-CM3 456 0.75 563 039 0.73 044 01 0.77 012 321 080 446 038 081 040 008 056 006 175 074 235 059 070 0.81 0.15 0.73 0.13
GFDL-ESM2G 503 0.77 699 049 064 064 011 0.79 016 341 082 521 042 076 064 007 064 0.08 212 0.79 321 084 066 1.07 015 0.72 0.15
GFDL-ESM2M 495 0.74 646 051 063 065 012 0.76 0.16 351 077 48 040 0.76 062 007 066 0.08 187 0.79 287 081 065 1.04 0.14 067 0.13
HadGEM2-CC 673 066 853 059 045 061 020 067 025 52 065 679 061 039 059 013 064 016 226 078 319 066 055 071 020 0.70 0.20
HadGEM2-ES 684 068 875 058 046 060 021 067 026 537 067 700 059 041 057 013 064 016 225 0.78 321 066 056 0.72 020 0.70 0.20
inmem4 592 073 706 053 071 040 014 064 010 382 072 48 046 076 035 010 055 0.05 28 0.82 341 0.76 067 053 012 051 0.07
IPSL-CM5A-LR 467 076 712 0.62 058 076 0.13 0.70 0.13 344 077 494 059 061 074 009 054 0.07 209 081 316 072 065 094 0.14 068 0.13
IPSL-CM5A-MR 468 0.77 727 060 055 072 011 076 014 338 078 524 055 062 070 009 059 0.07 195 0.82 305 0.72 0.62 0.90 0.14 074 0.13
IPSL-CM5B-LR 536 064 641 076 045 081 0.17 054 019 450 064 530 079 045 082 011 038 011 206 0.50 205 0.74 056 0.87 0.17 052 0.16
MIROCS 672 080 803 038 065 039 023 074 026 551 076 692 034 076 042 013 070 015 239 0.78 316 060 057 053 025 074 0.23
MIROC-ESM-CHEM 797 0.54 739 050 055 040 014 061 015 599 048 519 051 065 031 008 056 0.07 28 0.76 369 063 063 072 015 068 0.13
MIROC-ESM 797 054 739 050 055 040 014 061 015 599 048 519 051 065 031 008 056 0.07 28 0.76 369 063 063 0.72 015 068 0.13
MPI-ESM-LR 621 0.71 802 048 074 067 018 0.70 0.21 478 071 628 043 080 069 010 065 012 177 0.79 270 082 071 1.01 0.21 0.76 0.19
MPI-ESM-MR 654 0.72 821 048 072 061 022 071 024 541 072 68 043 0.78 065 012 067 013 171 0.72 235 082 0.70 0.98 0.20 0.73 0.18
MRI-CGCM3 539 066 637 0.72 070 0.76 0.16 0.59 0.19 463 062 509 066 062 067 011 047 011 150 0.74 202 081 0.68 094 014 074 0.15
MRI-ESM1 527 066 619 075 071 080 0.16 062 0.19 453 063 504 069 064 071 011 051 012 159 069 187 082 066 093 0.13 075 0.14

NorESM1-M 582 064 609 039 066 043 015 064 016 448 0.65 490 033 079 047 0.09 060 010 187 076 258 062 0.60 0.57 0.18 0.63 0.16




Table 5. Percentage change in seasonality indicators for future period (2061-2100) for WPR and MPR for all basins under RCP8.5 scenario relative to the historical period (1961-
2000). Note: Negative values suggest decrease in P, Sl and RE while positive values suggest the opposite.
Basins—> Indus Ganges Brahmabutra Mekong
Westerly Monsoon Westerly Monsoon Westerly Monsoon Westerly Monsoon
Models P RE SI P RE S| P RE SI P RE SI P RE SI P RE S| P RE S| P RE S|
% % % % % % % % % % % % % % % % % % % % % % % %

bcc-csmi-1 7 6 20 3 0O 183 14 -1 19 14 -10 197 14 -1 15 -3 10 191 1 3 6 -15 13 153
BNU-ESM -1 5 3 4 -6 29 -4 8 1 19 1 20 0 7 6 11 9 16 3 17 15 9 19 17
CanESM2 22 -8 18 5 -11 -1 26 -17 5 20 25 51 41 -5 37 47 38 99 4 20 28 12 27 47
CCsm4 1 6 14 9 9 20 -7 1 -4 16 8 32 3 10 9 16 16 34 10 25 36 13 19 23
CESM1-BGC 1 6 14 13 12 27 -6 -1 -7 15 10 27 2 15 14 19 15 39 4 12 19 14 28 38
CESM1-CAM5 17 2 22 9 1 17 18 -9 6 13 18 25 36 4 35 26 23 48 10 14 25 12 10 29
CMCC-CESM -8 15 7 -33 7 21 1 6 8 -4 8 -1 -16 13 -2 2 1 14 4 16 7 10 17 25
CcMCC-CM -4 11 0 12 4 31 -24 12 -10 29 7 41 -6 27 22 19 14 48 -4 17 6 20 25 37
CMCC-CMS -18 18 -4 5 4 9 -30 14 -19 3 13 13 -2 33 28 10 27 37 -8 16 2 22 5 32
CNRM-CM5 10 0 6 15 -12 2 8 0 5 18 -7 14 27 1 25 23 -13 20 -1 8 2 9 7 21
CSIRO-Mk3-6-0 28 1 21 31 1 60 15 -1 13 31 -12 34 29 0 35 4 14 17 -17 15 -3 7 7 12
EC-EARTH 3 15 10 0 20 22 -12 8 -8 11 38 41 11 9 27 16 18 62 2 12 7 10 37 36
FGOALS-g2 -6 24 -1 27 -12 4 -16 16 2 47 27 23 1 25 23 16 -2 8 43 -8 16 -16 -7 -19
GFDL-CM3 -8 12 15 31 -22 1 -22 2 -18 28 -13 19 8 -3 7 29 15 41 8 8 1 12 4 29
GFDL-ESM2G 1 6 26 1 2 -4 22 -1 38 8 20 22 21 -7 17 25 19 62 24 -1 25 8 7 17
GFDL-ESM2M 14 4 30 -6 11 -10 11 2 19 7 34 27 4 0 0 20 19 64 1 6 11 4 13 35
HadGEM2-CC 0 19 21 25 0 33 -7 4 18 35 -7 42 -8 29 23 7 45 34 14 13 34 -6 28 19
HadGEM2-ES -10 21 6 18 5 26 -13 20 15 27 -3 31 -10 36 34 10 9 29 23 8 42 -7 26 19
inmem4 -13 7 -6 19 0 15 -20 6 -20 14 3 10 3 1 5 10 -15 4 15 15 18 15 -6 11
IPSL-CM5A-LR -15 6 4 6 -2 14 -32 14 -19 34 5 39 -32 29 -19 18 -5 16 -13 24 -3 4 17 32
IPSL-CM5A-MR -8 8 16 48 -7 56 -21 9 -7 33 -7 32 44 45 -13 8 6 29 -11 24 3 10 23 32
IPSL-CM5B-LR 8 11 21 19 -9 30 -13 6 -10 69 -18 67 -11 10 1 25 -5 17 1 4 0 -2 6 -1
MIROCS5 -122 11 67 -9 43 3 10 18 15 -8 5 40 7 49 14 7 26 34 -13 13 11 -8 3
MIROC-ESM-CHEM ~ -16 13 -5 9 -6 6 -19 19 -1 17 3 24 12 -10 1 16 4 28 3 -3 0 1 -12 3
MIROC-ESM -20 3 -19 12 0 5 -18 0 -14 15 3 25 25 -10 12 15 1 31 5 -6 1 4 -15 -10
MPI-ESM-LR -13 14 0 -4 12 1 -25 14 -10 -1 7 5 -16 25 1 3 9 26 -12 20 -5 19 20 41
MPI-ESM-MR -4 12 3 -2 11 2 -9 6 6 -4 9 4 -2 15 11 0 20 13 -1 10 13 15 9 34
MRI-CGCM3 26 -6 20 16 1 13 19 -8 12 28 0 35 34 -6 30 17 7 32 0 6 9 16 13 35
MRI-ESM1 26 0 30 22 -3 18 13 -2 17 31 -5 39 26 7 35 9 9 23 15 8 36 18 14 33
NorESM1-M -9 6 -2 23 -5 24 -3 12 7 17 1 17 1 13 13 12 17 24 39 7 47 16 -6 23




Table 6. Estimates for the basin integrated seasonality indicators, Precipitation (P),
Relative Entropy (RE) and Seasonality Index (SI) for the historical period (1961-2000).
Note: negative values imply a increase (decrease) in number of dry (wet) days, whereas
positive values imply decrease (increase) in number of dry (wet) days.

Basins—> Indus Ganges Brahma Mekong
Models WPRRE MPRRE WPRRE MPRRE WPRRE MPRRE WPRRE MPRRE
(days)  (days)  (days) (days) (days) (days) (days) (days)

bcc-csm1-1 -4 0 1 7 1 -5 -2 -7
BNU-ESM -3 4 -5 -1 -4 -4 -10 -6
CanESM2 6 8 12 -14 3 -16 -12 -8
CCSM4 -4 -6 0 -5 -6 -7 -14 -7
CESM1-BGC -4 -7 1 -6 -9 -7 -7 -11
CESM1-CAM5 -1 -1 6 -9 -3 -9 -9 -4
CMCC-CESM -8 -4 -4 -5 -8 -1 -10 -5
CMCC-CM -6 -2 -5 -5 -16 -8 -9 -12
CMCC-CMS -10 -2 -7 -8 -19 -12 -9 -3
CNRM-CM5 0 8 0 4 -1 6 -5 -3
CSIRO-Mk3-6-0 -1 0 1 9 0 -6 -9 -3
EC-EARTH -9 -11 -5 -14 -6 -5 -7 -11
FGOALS-g2 -14 7 -10 17 -14 1 5 3
GFDL-CM3 -8 16 -1 8 2 -5 -5 -1
GFDL-ESM2G -3 -1 1 -12 5 -7 1 -3
GFDL-ESM2M -2 -7 -1 -19 0 -7 -4 -6
HadGEM2-CC -11 0 -2 5 -16 -13 -8 -13
HadGEM2-ES -13 -3 -12 2 -19 -3 -5 -13
inmcm4 -4 0 -4 -1 -1 5 -8 2
IPSL-CM5A-LR -4 1 -7 3 -17 3 -15 -7
IPSL-CM5A-MR -5 5 -4 5 -25 -3 -14 -9
IPSL-CM5B-LR -7 6 -3 13 -6 3 -3 -3
MIROCS5 -13 6 -6 5 -5 -3 9 3
MIROC-ESM-CHEM -8 4 -11 -2 7 -1 2 5
MIROC-ESM -2 0 0 -2 7 0 4 6
MPI-ESM-LR -7 -7 -6 -4 -15 -4 -11 -9
MPI-ESM-MR -7 -7 -3 -6 -9 -9 -6 -5
MRI-CGCM3 4 0 5 0 4 -4 -4 -7
MRI-ESM1 0 2 1 3 -5 -4 -5 -7
NorESM1-M -4 3 -8 -1 -8 -6 -4 2
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Figure 1. Study Area (left to right), Indus, Ganges, Brahmaputra and Mekong basins
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Figure 2: Climatological mean basin-integrated pentad precipitation (mm) for the
Indus, Ganges, Brahmaputra and Mekong basins for the CMIPS climate models and for
the GPCP/CMAP observations
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Figure 3: Same as figure 2 but for the accumulated basin-integrated mean pentad
precipitation (mm)
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Figure 4: Same as figure 2 but for the fractional accumulated basin-integrated mean
pentad precipitation. Dotted lines show timings of the monsoon onset and retreat for

each basin.
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Figure 5. The RFA slope for the active monsoonal duration (onset to retreat) plotted

against the monsoon onset pentad.
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Figure 6. Mean total precipitation in mm from GPCP, CMAP and MMM dataset shown
in top, middle and bottom row, respectively for the WPR, MPR and annual
precipitation regimes in the left, middle and right columns, respectively. Note: spatial
biases in P from individual model with respect to GPCP are given in the supplement.
Political boundaries are shown in black and study basins are shown in red.
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Figure 7. Same as Figure 6
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Figure 8. Same as Figure 6, but for SI
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Figure 9. Future changes in the timings of monsoon onset (in pentads) and RFA slope
(%) for the period (2061-2100) under the RCP8.5 scenario relative to the historical
period (1961-2000). For statistically significant changes in RFA slope and onset see

Table 2.
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Figure 10. The MMM change for the future period (2061-2100) in the seasonality
indicators, P, RE, SI for the WPR, MPR and annual precipitation regime under the
RCPS8.5 scenario with respect to historical period (1961-2000). Note: change in RE is
interpreted in terms of increase (positive values) or decrease (negative values) in
number of dry days. Spatial scale changes in P, RE and SI from the individual models

are given in the supplement.
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Figure 11. Spatial extent of the monsoon as estimated by SI=0.11 from the GPCP
(black), the CMAP (cyan), MMM historical (blue) and MMM RCPS8S5 (red) lines.
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