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ABSTRACT

Precise assessments of global climate model (GCM) outputs are important for making decisions regarding
agriculture, water resources, and ecosystem management. In the current study, temperature and
precipitation projections were developed using multi-model ensemble of GCMs for Western Ghats. The
performance of Coupled Model Inter-comparison Project 5 (CMIP5) GCMs was evaluated based on the
mean annual cycle, temporal trends and Taylor plotting with respect to observed temperature and
precipitation over Western Ghats. The best performing models selected were BNU-ESM, CESM1-
WACCM, MIROC-ESM-CHEM, MIROC-ESM, MPI-ESM-LR, MPI-ESM-MR, MPI-ESM-P,
NorESM1-M, and NorESM1-ME for temperature, while for rainfall CMCC-CMS, EC-EARTH, GFDL-
CM3, GFDL-ESM2G, GFDL-ESM2M, MIROCS5, MPI-ESM-MR and NorESM1-M were selected. Then
the ensemble of best performing models was developed for both temperature and rainfall. The results
revealed that the CMIP5 GCM ensemble mean temperature and precipitation are closer to observed

values than any individual GCM.
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Introduction

Climate change became one of the major global
concerns for its widespread impact on food
production, ecosystem services, drinking water
supply, human health, etc. Predictions of the global
mean surface temperature and precipitation prove to
be of little use as the climate is highly variable at the
hemispheric and continental scale. Therefore, the UN
Framework Convention on Climate Change in Rio
de Janeiro (1992) stressed on the regional scale
assessment of climate change pattern and impacts.
Since then, several studies have been conducted in
different regions worldwide, e.g. Scandinavia and
New Zealand (Kidson and Thompson, 1998),
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Norway (Benestad, 2002), India (Chaturvedi et al.,
2012; Das et al., 2012), Western Himalayan region
(Das et al., 2014), South Asia (Das et al., 2015),
Punjab, India (Kaur ef al., 2020) and Philippines
(Daron et al., 2018) using different General
Circulation Models (GCMs). Though GCMs have
the greatest potential for developing regional climate
change scenarios, their ability to reproduce local
climatic conditions is restricted (Grotch and
MacCracken, 1991). Because GCMs have a coarse
resolution and impact analysts are demanding finer
resolution in climate change scenarios, numerous
approaches to improve resolution have been
developed (Daron et al., 2018; Gharbia et al., 2016).
Among the various methodologies, statistical
downscaling methods, seeking relationships between
the GCM simulated variables offered acceptable
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scenarios (Das and Akhter, 2019; Huth and Kysely,
2000).

India is primarily dependent on agriculture for
its economy and a large part of the Indian population
is engaged in agricultural activities. In spite of
increased production of food crops through the ‘green
revolution’, Indian agriculture is still heavily
dependent on monsoon rainfall, and thus vulnerable
to climate change. As Indian climate is predominantly
monsoonal climate, so studies on regional monsoon
dynamics became one of the most important branches
of atmospheric research in India. Though several
studies on the intensity of the Indian monsoon
showed significant long-term trends on a smaller
scale in various parts of India (Singh et al., 2021),
instrumental records of monsoon rainfall over the
previous century lacked trends on a national scale
(Kripalani et al., 2003). Recent studies showed that
rainfall will increase by 4 to 5% in near future (2030s)
and 6 to 14% at the end of this century (2080s) with
an increase in the mean annual surface air
temperature by 1.7-2°C and 3.3-4.8°C for those
respective periods relative to the 1961-1990 baseline
for India (Chaturvedi et al., 2012). Greenhouse gas
warming simulations indicated an increased intensity
of Asian summer monsoon (Hirakuchi and Giorgi,
1995) with some exceptions (Lal ez al., 1994). Based
on various GCM experiments under the combined
influence of greenhouse gases and surface aerosols,
the fifth assessment report of the Intergovernmental
Panel on Climate Change (IPCC, 2014) projected
the global climate warming by 0.3 to 4.8°C during
next 100 yr. Due to a lack of understanding of
important climatic processes, the existence of many
climatic and non-climatic systems, regional-scale
variations and non-linearity, high degree of
uncertainty among predictions of climate change
impacts still predominated in several recent project
scenarios. In another study, Rupa Kumar et al. (2002)
used ECHAM4 and HadCM2 to project climatic
scenarios over India for the periods 1980-2039 and
1920-1979. ECHAM4 predicted a 13% increase in
monsoon rainfall, while HadCM2 predicted a 6%
decrease. However, both models predicted a 1.0°C
increase in mean annual temperature. At present,
limited information is available on all-India or more
local-scale seasonal composite scenarios, either
derived directly from the GCMs outputs or using

Development of CMIP5 Ensemble-Based Climate Change Scenarios 351

some kind of downscaling method with finer
resolution. On this backdrop, our effort was
concentrated on the development of a Multi-Model
Ensemble (MME) from the best performing models
for constructing the future climate change scenarios
over Western Ghats.

Material and Methods

Data requirement

IMD gridded temperature (1°x1°) (Srivastava et
al.,2009) and rainfall (0.25°%0.25°) (Pai et al., 2014)
data were used as observed data. The model
simulations for both the present-day climate
(historical experiments from 1969 to 2005 and 1901
to 2005 for temperature and rainfall, respectively
under changing conditions consistent with
observations) and future climate projections (RCP
2.6,RCP 4.5, RCP 6.0 and RCP 8.5 experiments from
2006 to 2100) are obtained from the CMIP5 data
website (http://pemdi9.lInl.gov). In this study, we
selected models from the first ensemble member
(rlilpl) of each model. The details of the CMIP5
models used in the current study can be found
elsewhere (Akhter et al.,2017). Total 45 models were
available for rlilpl ensemble of historical
simulations. The number of models available for RCP
2.6,4.5, 6.0 and 8.5 with ensemble rlilpl is 27, 43,
21 and 41, respectively. IMD gridded and GCM
outputs are interpolated to the same resolution
(0.25°%0.25°) using bilinear interpolation technique.
The monthly data over December-February, March-
May, June-September and October-November
representing winter, pre-monsoon, monsoon, post-
monsoon seasons were averaged for temperature
while sum was taken for rainfall.

Trend test

We adapted the rank-based nonparametric Mann-
Kendall (Kendall, 1948; Mann, 1945) method for
assessing the long-term monotonic trend in time
series (Sah et al., 2020). Sen’s nonparametric method
(Sen, 1968) was used to estimate the magnitude of
trends in the time series data (Singh ez al., 2020).

Model evaluation

For generation of future climate projections, first
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step is the selection of the best performing models.
We have used three approaches for evaluation of the
CMIP5 models viz. trend analysis, conventional
statistics and Taylor plot. Conventional statistics
include following indices:
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M;: model output; M and o,,: mean and standard
deviation of model output, respectively; O;:
observations; O and 6,,: mean and standard deviation
of observations, respectively. The best performing
models were selected and averaged to have

multimodel ensemble (MME).

Taylor plot

Taylor plot presents a concise statistical overview
of how well patterns matched with each other in
terms of correlation, root-mean-square (RMS)
difference, and variance ratio. The correlation
coefficient and RMS difference provide
complementary statistical information quantifying
the correspondence between two patterns, but the
variances (or standard deviations) of the fields must
also be provided for a more complete characterization
of the fields. All of these statistics are useful for
pattern comparison, and the Taylor plot allows you
to display them all on a single, easily interpreted
diagram.

Results and Discussion

The Mann-Kendall analysis of both temperature
and rainfall revealed that the temperature was
projected to increase significantly but rainfall would
remain almost constant over the years. The Sen’s

[Vol. 21

~
S
C'| Sen’sslope =0.011
- p-value =0.002
.
L &7
i
g i
g o
£ o
wy
(o]
=
-
(]
*®
E T T T T T T T T
1970 1975 1980 1985 1990 1995 2000 2005
Year
Sen’s slope = 0.031
§ 4 p-value = 0.95
E o
£ &1
s
5 FA
Y —
[=}
f=3
2

1900 1920 1940 1960 1980 2000
Year

Fig. 1. Mann-Kendall trend test for temperature (upper
panel) and rainfall (lower panel) over Western Ghats

slope for temperature was 0.011 (p = 0.002) whereas
it was 0.031 (p = 0.95) for rainfall (Fig. 1).

The preliminary analysis for this study included
computing the mean, standard deviation, and
coefficient of seasonal and annual variation of
temperature and precipitation time series for both
for IMD datasets and CMIP-5 models. Table 1 and 2
presents these statistical parameters for the 37 (1969—
2005) and 105 year (1901-2005) time period studied
for temperature and rainfall variability, respectively.
The mean annual temperature and rainfall varied
between 23.11 and 29.22 °C and 484.24 and 2747.27
mm, respectively. The coefficient of variation
indicating dispersion around the mean for
temperature and rainfall was used to analyze the
seasonal and annual spatial variability, both for IMD
datasets and CMIP-5 models. This coefficient varied
between 1.07 to 2.10% and 4.44 to 37.56% for
temperature and rainfall, respectively.

For model evaluation, we have calculated linear
trend of the CMIP-5 models for seasonal and annual
time series. The models with similar trend as that of
IMD gridded data were selected. Temperature trend



Development of CMIP5 Ensemble-Based Climate Change Scenarios 353

2021]

SL'T 0 66'vC 861 6€0 SSYe 4! 8¢0 vI'sc  €€7T ¥9°0 LS'LT €9°C 650 6¥'CC HN-TINSHION
651 0¥°0 11°s¢C L8'1 9%°0 L9VT L1 &0 §TsT  €6'1 ¥S°0 6L°LT 90°C 9%°0 ggce IN-TINSHION
Se'l 0 §C9T Iee ¥8°0 1T°ST 86T L9°0 809C 091 L0 6T°6¢ ¥9°C ¥9°0 y1've ITINSH-TIN
8¢'1 0 01°9C 91°¢ 6L°0 L6'VC yec 19°0 v6'sC TSl 0 60°6¢ 0¢'C 090 60'v¢ EINDDDTIN
&'l LEO 19°6¢C 6€C 650 6SvC 991 w0 LEST 651 910 16'8C 9L'C ¥9°0 0€°€C d-INSH-IdIN
0S'1 8¢€0 9¥°'¢C 1ce 1220 LTYC o'l 6v'0 ev'sT 691 61°0 ¥8°8¢C 661 90 16°CC UN-INSA-TdIN
96°1 050 £6°6C 60°¢ 9L0 8¢ 90°C 4\ yesc  ¥0'C 650 £8°8¢C yI'e €L0 y1'€C AT-INST-IdIN
124! 8¢0 12°9¢C 9T'C 860 Sy'se 961 10 w9t Tl 09°0 LE8T 181 0 SS¥e SOOYUIN
0T'1 0€0 61°6¢ €e'l €0 erye €e'l €€0 6LvC  OL'1 8¥°0 €8¢ 891 6€0 61°¢c INSH-D0YUIN
40! 8CT0 LTST 0Tl 60 61'vC 10°1 S0 WvYe 661 9¢°0 8€'8¢ 09°1 LEO €C¢T INHHD-INSA-DOYUIN
el Seo ¥€9¢C L6'1 050 8¥°6C 96°1 S0 S¢'LT  8E'l 8¢€0 8C'LT LS 8¢€0 90°vC AT-dSIND-ISdI
S9'1 €70 SLST 0S°1 LEO L6'VC 00°C €50 oc  8¢C 99°0 GSLT 691 0t°0 6S°€C AN-VSIND-TSdI
611 8T0 I1°€T 0s'¢ LSO 18°¢CC 9¢°1 8¢€0 LEYS  T6'1 LY0 e e ¥9°0 €€0¢C purowur
9¢'1 w0 169C 2! 6€0 10°LT yTe LSO 99°¢C  ¥6'1 IS0 §e9T el 8¢€0 00°6C SH-CTINdDPEH
611 €0 S¥9T Se'l 9¢'0 8¥°9¢ y6°'1 6¥°0 LTSt 991 0t°0 96°ST 87’1 wo 06'8¢C DD-CINdDPEH
91 0¥'0 €CLT €T €9°0 ¢6'9¢ 98’1 IS0 Iree ov'l 10 1€6¢C 09°1 10 €6°6C OV-CINdDPeH
€01 ve0 €C°LT (454 €90 Y1I'LT 6L'1 LYo 6v'9C 1€ 8¢€0 0T'6¢ €Sl (840 69°9¢ DD-H-Cd-SSID
911 €0 L1'LT 61°C 860 89°9¢ 16'1 050 8€9C  SC1 0t°0 9¢€'6¢ €Ll 90 9¢€'9¢ A-Cd-SSID
0r'1 8¢0 69T [E54 L9°0 8°9¢ 6’1 050 I1ro9c  s¢'l 6€°0 06'8¢ €Ll SY0 ¥1°9C H-Td-SSID
o1 6€0 8L°9C Syl LEO L8'ST 88°1 050 9¢9C 90T 19°0 €L°6C S6'L 8¥°0 YL'YCT WSH-OI4
SI'I €€°0 CTL'8T €C'C ¥9°0 €5°8¢C 09°1 LY0 61'6Cc €€ 0t°0 L1°0¢ 081 8¥°0 6L°9C 0-9-IN-OUISD
43! €€°0 S8'¥C ¥0'C LY'0 60°€C 6¢'1 Se0 61'SC 691 9%°0 61°LT SeT ¥S°0 16°CC SIND-ININD
01'c ¢s0 11°9¢ 124 €9°0 08'v¢C €6'C 9L0 ¢6'sc €T €9°0 ¥9°6¢ 96'C 0L°0 IL°€C SIND-DDOND
124! LEO 98'¢¢ ¢8I 970 L9vC 881 8¥°0 9 ¢t €C71 6€°0 LO°6C 1294 09°0 €L°¢ET WD-DDND
L8] 8¥°0 69°6¢ 9¢°1 6€0 €¢°6C VL1 Svo 6L°SC  YTE 16°0 10°8¢C LTT €670 9 €C INDDVM-TINSAD
8L'1 w0 ¥8°€C el €0 I €C 651 8¢€0 erye  L9C 69°0 10°9C €L'T 650 LS1C SINVO-TINSdD
124! Se0 9¢v¢ 051 9¢0 Y0'vC €Tl €0 vo've 661 €50 $8°9¢C 0€'C 1570 11°ce 2D4d-TINSID
€9°1 0t°0 €SYC el 4%\ eI'ye 6¢'1 Se0 €ove  LY'C 99°0 1L9C S9°C 860 60°CC YINSDD
681 050 LS9T 81'C gso y1°6C 0t'¢ €90 ar9c 0L'T 6L°0 60°6¢ 861 050 61°6C CINSAUED
€l ceo c0'9¢ 6¢'1 Se0 81°6¢ 0L'1 €70 rsc  66°1 LSO 69°8¢ 061 LYo cLye INSH-NNY
LO'T 620 Y¥'LT IL1 90 16'9¢ (4! 0t°0 6€9C CI'l €0 Iv°0€ VL1 90 €09C [-TWs3-92q
'l €€0 (44 9'C $9°0 0€'9¢C 61'C 960 L9°ST  06'1 LSO €roe ve'l 9¢0 86°9¢ W-[-]Ws3-95q
0r'1 0 cT6c €r'e 90 L1°6T 10°C 650 8T6C  L9'I 0 yeIe 81 050 LO'LT € 1SSHDOV
0TI €€°0 Iv°LT 09°C 0L0 €69C IL1 LY0 SY'LT  SY'I €ro 05°6C 991 wo 86°6C 0-1SSdD0V
0’1 9T0 06°6¢C €51 8¢€0 w9ve el €0 gece 8Tl 9¢'0 €0°8¢C L8] 1244 YL €T aNI
AD  AHALS  UedN AD  AHALS U AD  AHALS UBN AD  AHALS U AD  AHALS UeN
[enuuy NO SVIr INVIN Ard

uor3ar Apnys a3 10§ 2I1njerodwid) [enuue Pue [RUOSEIS 0 sonsnels dAnduosaq T diqeL



I ILcr  €9°1ST v6'6L61 +I8L 6156 Y6 ICS 8811 €€°6CI 9TSS0l 80vy L6198  0€'L6] LLOY  9L°E8 ev's0¢ prowmt
= 811 ¥8C9  0TLYS L9LT TL6I 8TIL €8¢l SO'LS  vLI9Iv 9S'LT STL 6C°9¢C 00Cce €501 68°C¢ SH-CINdDPEH
2 yese  L9LEl 9TeyS  Ov'SS  vSIY 66'vL  0€ 1€ LEBTI CI0OIvy +vC9¢ 00l 06'¥C Lyes  SYLI STEe DD-CINdDPEH
98'1C  TE0El  LO96S  ISTS  66CE Y879  80°ST  6LBII CLELY L90S  0SSI 09°0¢ o' 19  LLLI °6'8¢ OV-CINHDPEH
90Vl S¥'881 S6'6E€l S8 IY 1869 [8°991  96°CI  10°€91 L¥ITOl €9CE  0€8C 99'98 TSy 1¥°6¢ 10°69 D0-d-¢d-SSID
99 €6'L8  8Y'19¢€1  ¥ECST  01'CC 90°tvP1 YTL 89°LL  98°CLOL 0911 6L°6 ry8 LToc  el'Cl €109 d-¢d-SSID
908  L¥'SOT  ¥I'80CI  v6'LI  C8'LT 148%3! GC'8 0868 SS€00l To6'¢El L1l L8 croc  8¥Cl €029 d-cd-SSID
L 98°L6 9L’ SSET L9Vl  SO€C LOLST 00°8 ¢6'€8  vToev0l 8EVI 8CTCl 0°68 1661 SLTI SO'v9 d-cd-SSID
€9°¢l  STE0T 8LOOEl 09°¢€y STLS [E€TEL  L961  99C0T ¢€v0€0l L¥'8C 10°¥C YEY8 8Svy  6€VC 0LvS DD-H-Td-SSID
YL'S S0'88 9I'Sesl TTSI 8681 69Tl 899 8¢¥8  €0°L9TI 6€°TI Tl 65706 €6°0C S80I ¥8°CS H-¢d-SSID
) [€8CT LOSOVI LL8T  PL'ST 8I'LET  90°01  86'CIT 99°¢cIl SI'€El ELTI 6168 00'1C  9¢°I1 y0°SS H-¢d-SSID
168  LTVCI LTS6El vO'61  68°ST 009¢l  60°0I SSTIT 98CIIT LOVI L9Cl €006 99Ccc  0I'Cl 6¢°¢S H-Td-SSID
m €8°Cl  88¢hT VO IPST  60°LE 8880l 9¢¢6C 88Vl LTOYI 10°€86 L8OV 16°SL  9L°S8I 0C0L €TSS 89°8L INTINSH-T1ddD
M L8TT  8TI91 CO'6SEl  9T8C  SO6L 89°6LC 9I'Cl  SS°SOI TC898 8Y'6C  96'Ly  LI9TII L9 99°Ce SY'8y DINSH-1dAD
W SETL  ¥9°6El  SO°0ECT  6TST  S6'69 09°9LT  L9'T1 1998 SY'TvL L6881 €C6T  60'YSI cres  v9ee 16°9¢ END-T1dAD
m 0€6  CovSl vyS99l  CI8l TS 18°¢€8C 1€0l 89'ICI SI'08IT €6'0¢  T8OE 9766 rere  881¢  €8°101 SH-0O14
.nltuU L601  SEI0E LTLYLT 9¢6E €006 9L'8CC  8TEl  vLE0E P$9°98CC 6LTCE  €6'Sy VOOVl 9619  689¢ €816 78 STV0DH4A
ma 144% L9°89 6V ISl SESI 8TSE g8'6CC 9IS 9’96 €9 ¥E0l 9091 Y6 1€ L8861 y8¥CT  99°0C P1€8 HLavd-Od
M Y001 198y  ¥C¥8y  vI'IC  09°0¢ LYYl ¥9°01 0L'SC  TS'IYT 6¥8I 61°L 88'8¢ €8°6C  9T¢I 80°6S 0-9-IN-OYISD
.M [0°CT  60°9CT 9C0S0I ¢C6'6T STE9 rlIc  v6'Cl ¢0'08  8I'8I9 PT'ST [0°6€  CTSPSI LSS 889¢ S99 SIND-ININD
m o€yl TI'891 €CSLIT 6SLE €908 6v'vIC 1661 68CLI €£€88 0068  LLSC 68°8¢C €CIL  LLVE 881 SIND-DDIND
2 8LYL  09°9€l  66°€C6 LEEE  9S°6S SP8LT 8181 08SCI 06169 SS8L  S¥8I 61°¢C 66°L8 £6°9¢C 91°0¢ IND-DDND
Cl'L 2T0°SeEl S9°6681 €L°C€l  8L'LY 108V ¥L'S 6669 11°0TCl 99°CC [€6€  0S€ELI 86°0€  OI'Ly €01 SINVO-TINSAD
OV’ 1T €€v0T 8¥'C6LI  TO6C  9L°S8 ¢S'S6T 056 S89IT 9€0€Cl L9Ey  L9°LS  SOTEI 8€8Y  60°S9  PYSPEI 2D4d-TINSID
S8Y 6988  BC'LC8I €901 €T°¢EE ¢eCIE  S6'¢ LT8Y 681CCI 68°LI 0L9C  STovl 6681 8TLT 69tV YINSDD
L S6'L8  8V98IT 0CTCI €C0¢ 6L°LYC 908 LY'LS LTEIL $0°0T  8EIT 69901 861 §Tec  eL8II CINSHUBD
89Vl €SP8C SSBE6I  SYIE 6001  L6°0CE  OLE€T  LOOLI €I'S8CI LT9¢  LL98  vT6¢C  STI9S  €v'CS 1T°¢6 INSH-NNA
€€91  Tovee vSL861 0L¥E  00°68 LY 9ST IL81  TSTLT 1¥9SPI €SIS  ¥8¥01  Sv'€0C  Sv'LEe  L99C ITIL W= -[Ws3-39q
1991  SL'SIE 880061 LS Iv 60°0CI C6'88C  66'61 0CTI6C 069SPI CTEIL  STOL 6186 ¢8°¢9  VTLE 9¢°9¢ [ -[WS9-99q
L8EC  TYLYL  V¥9L1I9 809  LOTY 89°0IT  +¥9°6C 0P80 89°¢9¢€ 16vS  LSET €6’y cres  voes €86 € ISSHODV
LS61  Iv0€l  6C999 0CT9¢ 8Ty Sy'eL  v0'€C L6911 ¥9°LOS 9S6v  COCT ey 6v'19  LO'SCT LL OV 0-1SSIDDV
SETL €891 TLvErD 9T8CT  €CTIL €0°CsT  8EVL OV OVl €v9L6 €8IE  EVCS ILY91 LTSY  vL9T L6°0Y NI
AD  AHALS UedN AD  AHALS U AD  AHALS UBSN AD  AHALS UedN AD  AHALS UedN
[enuuy NO SVIf IWVIN 4rda

354

uo1321 Apnjs oY) 10J [[eJuley [eNUUE PUE [RUOSEOS 10J SO1Sne)s 9ANdLIosa( 7 d[qe L



2021]

10.93
19.41
37.56

88.98
197.11

12.41  814.09

25.33

28.84
61.43
81.52

1489  232.51
44.14

24.59

64.05

19.94 430.18
42.17 611.68

3230 102.23  20.38
44.73

15.88
29.40

21.18

49.18

IPSL-CM5A-LR

1015.71
564.42

242.50

150.42

50.26
5.94
45.38

119.18

69.42
93.57

42.35
29.37

IPSL-CM5A-MR
IPSL-CM5B-LR

MIROCS

211.99
96.67

70.19

49.65 116.14

412.35 204.72

13.28
336.25

22.64
100.78

6.37

1516.57

20.73

70.23 8.10  212.94

866.60

13.50

29.60

Development of CMIP5 Ensemble-Based Climate Change Scenarios 355
N o SR % of IMD gridded data for both seasonal and annual
e N A A cycle was positive that confirmed a warming trend
- - - over the study period (1969-2005). Most of the
I =& o2z models showed positive trend for annual cycle except
- -8 %eqdq MIROC-ESM-CHEM (Table 3). Rainfall Trend of
G e < o e — IMD gridded data was negative for both annual and
eI S
Az eqs seasonal cycle except for monsoon season. The
a2 v X2 CMIP-5 models revealed variable trends for rainfall
R pattern (Table 4). For annual cycle, ACCESS1-0, bee-
d - g =g csml-1, bee-csml1-1-m, CESM1-BGC, EC-EARTH,
FGOALS-g2, GFDL-ESM2M, GISS-E2-R,
E2ET I8 HadGEM2-ES, IPSL-CM5A-LR, IPSL-CM5A-MR,
FIITEIEILR MIROCS5, MIROC-ESM, MPI-ESM-LR, MRI-
CGCM3 and NorESM1-M models showed positive
<t & v — 0 O
S =A@ trend.
DO 0> = O O
nh O % © © O XN . L.
@™o A=A A Conventional statistics were used to select the
Towae g best performing models. For temperature, the models
Y RS A s which were having d-index >0.95, nRMSE <50,
pbias between -10 to 10 and correlation >0.95 were
SRaR % E § selected. The selected models based on the criteria
ER2HLE e were BNU-ESM, CESM1-WACCM, MIROC-ESM-
A @ w ot oY CHEM, MIROC-ESM, MPI-ESM-LR, MPI-ESM-
v [ag]
S X284 MR, MPI-ESM-P, NorESM1-M, and NorESM1-ME
TIRSTSS (Table 5). For rainfall dynamics, the selection criteria
Soganng were slightly loosened likely d-index >0.90, nRMSE
o S B <50, pbias between -20 to 20 and correlation >0.85
as the average model performances were little bit
F482I 88 poor. On the basis of these criteria, the selected
REeR2IR rainfall models were CMCC-CMS, EC-EARTH,
. GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M,
MR R MIROCS, MPI-ESM-MR and NorESM1-M (Table
S e 4ET 6).
I S Performance of the best GCMs was assessed
NIl i3 using Taylor Diagram with reference to IMD gridded
data (Fig. 2). The results indicated that all the selected
aRr&E88ITS models were efficient to simulate IMD gridded
EIRRI observed temperature and rainfall with adequate
- accuracy. Seasonal plotting of past observed and
§ § 5 i E % < multi-model ensemble data showed a good
S R R agreement for temperature (Fig. 3), but multi-model
ensemble for rainfall failed to simulate observed
E rainfall for July and September. We developed a
5 o Multi Model Ensemble (MME9, MMES for
- 5 = S p= E temperature and rainfall, respectively) from the best
Zﬂ g = =5 == performing models for both past and future time
cC iz Q @8 period (1969-2100 and 1901-2100 for temperature
SRR § s 2 and rainfall, respectively) (Fig. 4). MMED9 indicated
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Table 3. Linear trend of IMD gridded and CMIP-5 model data for temperature over Western Ghats

Trend (°C/37 yr) Annual DJF MAM JJAS ON
IMD 0.48 0.73 0.27 0.51 0.42
ACCESS1-0 0.47 0.54 0.64 0.32 0.40
ACCESS1.3 0.35 0.34 0.63 0.28 0.08
bce-csml-1-m 0.36 0.14 0.46 0.70 -0.11
bee-csml-1 0.71 0.81 0.70 0.78 0.41
BNU-ESM 0.64 0.12 1.00 0.75 0.67
CanESM2 0.86 0.98 0.78 0.90 0.76
CCSM4 0.61 0.52 0.68 0.69 0.51
CESM1-BGC 0.43 0.30 0.46 0.41 0.59
CESM1-CAMS 0.36 0.53 0.25 0.33 0.35
CESMI1-WACCM 0.35 0.06 0.21 0.62 0.44
CMCC-CM 0.15 -0.13 0.77 0.03 -0.10
CMCC-CMS 0.66 0.60 1.11 0.43 0.56
CNRM-CMS5 0.71 0.80 0.69 0.69 0.65
CSIRO-Mk3-6-0 0.59 0.56 0.44 0.69 0.69
FIO-ESM 0.62 0.78 0.81 0.38 0.56
GISS-E2-H 0.79 0.73 0.74 0.88 0.76
GISS-E2-R 0.29 0.46 0.42 0.14 0.15
GISS-E2-H-CC 0.43 0.72 0.42 0.41 0.05
HadGEM2-AO 0.83 0.78 0.74 1.01 0.68
HadGEM2-CC 0.48 0.83 0.45 0.32 0.38
HadGEM2-ES 0.44 0.36 0.45 0.23 0.29
inmem4 0.45 0.32 0.79 0.42 0.22
IPSL-CM5A-MR 1.00 0.94 1.01 1.11 0.83
IPSL-CM5B-LR 0.70 0.60 0.44 1.10 0.41
MIROC-ESM-CHEM -0.14 -0.25 -0.56 0.17 0.06
MIROC-ESM 0.14 0.05 -0.13 0.48 0.01
MIROCS 0.70 0.49 0.90 0.98 0.15
MPI-ESM-LR 0.71 0.30 0.86 0.86 0.82
MPI-ESM-MR 0.80 0.80 0.86 0.73 0.86
MPI-ESM-P 0.60 0.54 0.57 0.63 0.70
MRI-CGCM3 0.33 0.26 0.32 0.33 0.46
MRI-ESM1 0.18 -0.19 0.18 0.35 0.37
NorESM1-M 0.75 0.73 0.78 0.72 0.80
NorESM1-ME 0.75 0.84 0.59 0.75 0.83
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Table 4. Linear trend of IMD gridded and CMIP-5 model data for rainfall over Western Ghats

Trend (mm/105 yr) DIJF MAM JJAS ON Annual
IMD -17.74 -16.64 30.32 -12.53 -15.92
ACCESS1-0 -9.30 -2.27 53.66 5.45 47.55
ACCESS1.3 -7.87 -4.50 -46.57 -25.44 -84.38
bee-csml-1 10.80 1.34 6.93 50.89 69.96
bee-csml-1-m 15.33 71.05 145.30 47.56 279.24
BNU-ESM -14.92 -66.55 54.70 25.58 -1.19
CanESM2 -36.52 7.40 4.54 -13.75 -38.33
CCSM4 -1.08 -21.12 27.41 15.95 21.16
CESM1-BGC -8.88 -24.14 -34.50 24.60 -42.91
CESM1-CAMS -7.68 15.83 -77.71 -6.96 -76.51
CMCC-CM -4.44 9.85 80.09 -45.62 39.89
CMCC-CMS 4.86 3.00 -0.29 -35.68 -28.11
CNRM-CM5 -23.20 -13.02 5.24 -6.08 -37.06
CSIRO-Mk3-6-0 -3.45 -0.06 -18.28 0.44 -21.35
EC-EARTH -8.98 10.90 74.84 12.15 88.91
FGOALS g2 -0.68 9.71 132.26 25.54 166.83
FIO-ESM -5.38 -6.71 22.43 -39.79 -29.45
GFDL-CM3 -1.08 -10.27 11.28 -22.30 -22.36
GFDL-ESM2G 6.00 -15.73 -5.61 12.18 -3.15
GFDL-ESM2M -7.53 -16.37 25.47 19.64 21.22
GISS-E2-H -12.31 -1.32 -143.88 -4.42 -161.92
GISS-E2-H -11.84 5.76 -176.08 -25.28 -207.44
GISS-E2-H 1.21 7.58 -65.96 18.48 -38.70
GISS-E2-H-CC -11.66 2.10 -88.38 15.53 -82.42
GISS-E2-R -14.49 -5.58 -112.48 -18.82 -151.37
GISS-E2-R -10.44 -4.18 -109.71 -20.73 -145.06
GISS-E2-R -7.68 7.38 54.99 4.64 59.33
GISS-E2-R-CC -26.99 -22.22 -28.29 -26.55 -104.05
HadGEM2-AO -7.32 1.03 -75.28 -2.04 -83.61
HadGEM2-CC -4.53 -3.10 -5.66 26.65 13.37
HadGEM2-ES -3.61 1.58 -20.92 2.28 -20.68
inmcem4 -21.70 -20.59 -8.27 30.42 -20.14
IPSL-CMS5SA-LR 3.62 -5.35 22.87 29.95 51.10
IPSL-CM5A-MR 5.44 8.21 3.46 -1.17 15.94
IPSL-CM5B-LR -8.52 -0.28 -137.81 -5.77 -152.37
MIROCS -34.51 -20.07 19.57 55.44 20.43
MIROC-ESM 6.19 -6.39 61.59 -28.99 32.41
MIROC-ESM-CHEM -0.22 -34.70 -42.79 -2.59 -80.30
MPI-ESM-LR 4.21 15.74 -20.60 38.40 37.76
MPI-ESM-MR -6.31 -1.53 -18.86 -2.39 -29.09
MRI-CGCM3 -16.09 -1.93 89.37 -41.29 30.06
NorESM1-M -8.51 0.93 -3.17 13.50 2.75

NorESM1-ME 9.99 -4.90 -6.24 -8.20 -9.36
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Table 5. Performance of the CMIP-5 models for prediction of temperature over Western Ghats

d-index nRMSE pbias Correlation
ACCESS1-0 0.76 110.6 7.5 0.96
ACCESS1.3 0.54 212.6 14.6 0.92
bee-csml-1-m 0.76 110.6 6.4 0.82
bee-csml-1 0.76 117.3 7.6 0.92
BNU-ESM 0.96 37 2.1 0.97
CanESM2 0.88 70 4.2 0.93
CCSM4 0.88 68.1 -3.8 0.91
CESM1-BGC 0.9 63.6 -3.7 0.94
CESM1-CAMS 0.79 97.5 -6.5 0.95
CESMI1-WACCM 0.98 28.7 0.7 0.96
CMCC-CM 0.95 49.8 1.4 0.96
CMCC-CMS 0.93 60.6 2.4 0.98
CNRM-CMS5 0.94 51.7 -2.5 0.95
CSIRO-Mk3-6-0 0.54 186.3 12.7 0.9
FIO-ESM 0.88 77.5 5 0.98
GISS-E2-H 0.77 93.7 5.6 0.87
GISS-E2-R 0.76 103.1 6.6 0.9
GISS-E2-H-CC 0.7 114.7 7.2 0.85
HadGEM2-AO 0.78 100.3 6.8 0.97
inmem4 0.62 154.9 -9.3 0.72
IPSL-CM5A-MR 0.95 43 1 0.91
IPSL-CM5B-LR 0.82 81.6 3.3 0.76
MIROC-ESM-CHEM 0.98 30.2 -0.9 0.98
MIROC-ESM 0.98 30.2 -1.2 0.98
MIROCS 0.94 44.6 2.8 0.99
MPI-ESM-LR 0.98 31.6 0.2 0.99
MPI-ESM-MR 0.97 40.6 -0.1 0.99
MPI-ESM-P 0.98 31.8 0.4 0.99
MRI-CGCM3 0.95 50.3 2.4 0.97
MRI-ESM1 0.93 57.7 3 0.97
NorESM1-M 0.96 40.7 -1.5 0.96

NorESM1-ME 0.95 44.6 -2 0.95
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Table 6. Performance of the CMIP-5 models for prediction of rainfall over Western Ghats

d-index nRMSE pbias Correlation
ACCESS1-0 0.78 80.1 -53.6 0.86
ACCESS1-3 0.61 99.5 -57 0.6
bee-csml-1 0.89 84.6 32.5 0.93
bee-csml-1-m 0.91 70.2 38.5 0.96
BNU-ESM 0.95 51.2 35.1 0.98
CanESM2 0.84 61.9 -17.3 0.8
CCSM4 0.95 48.3 27.4 0.95
CESM1-BGC 0.95 46.2 24.9 0.95
CESM1-CAMS5 0.94 51.4 32.1 0.94
CMCC-CM 0.88 59.1 -35.6 0.89
CMCC-CMS 0.93 47.6 -18.1 0.9
CNRM-CM5 0.84 60 -26.8 0.92
CSIRO-Mk3-6-0 0.56 107.1 -66.2 0.75
EC-EARTH 0.97 31.8 7.8 0.95
FGOALS g2 0.7 190.3 91.5 0.9
FIO-ESM 0.94 50.9 16.1 0.91
NOAA 0.91 48.2 -14.3 0.9
NOAA.1 0.95 37.2 -5.3 0.93
NOAA.2 0.97 31.6 7.4 0.95
GISS-E2-H 0.9 65.2 -2.7 0.85
GISS-E2-H.1 0.89 72.1 -2.1 0.82
GISS-E2-H.2 0.88 77.9 7 0.85
GISS-E2-H-CC 0.89 68.3 -9.3 0.81
GISS-E2-R 0.88 69.4 -5.5 0.8
GISS-E2-R.1 0.88 69.9 -8.8 0.78
GISS-E2-R.2 0.88 72.4 -5.1 0.79
GISS-E2-R-CC 0.89 66.6 -6.6 0.81
HadGEM2-AO 0.75 84.7 -58.5 0.87
HadGEM2-CC 0.71 90.5 -62.1 0.87
HadGEM2-ES 0.71 90.2 -61.9 0.86
inmcm4 0.85 74.6 38 0.79
IPSL-CMS5SA-LR 0.68 87 -43.3 0.66
IPSL-CM5A-MR 0.82 68.9 -29.2 0.78
IPSL-CM5B-LR 0.65 107.5 -60.7 0.5
MIROCS 0.92 45.5 5.7 0.89
MIROC-ESM 0.9 76 49.5 0.96
MIROC-ESM-CHEM 0.9 74 48.4 0.96
MPI-ESM-LR 0.93 45 -28.8 0.97
MPI-ESM-MR 0.96 34 -18.5 0.96
MRI-CGCM3 0.72 88.7 -56.4 0.78
NorESM1-M 0.95 441 1.2 0.91

NorESM1-ME 0.93 50.9 4.7 0.88
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Fig. 3. Mean seasonal cycle of temperature (upper panel) and rainfall (lower panel) over Western Ghats

Table 7. Percentage change in temperature and rainfall for 2006-2100 over the study area

1970-2000 RCP2.6 RCP4.5 RCP6.0 RCP8.5
Temperature
Base period 4.19 6.36 4.72 9.31
(1.08 °C) (1.62 °C) (1.20 °C) (2.37 °C)
Rainfall
Base period -0.78 -2.35 4.99 0.01
(-11.12 mm) (-33.16 mm) (71.49 mm) (0.17 mm)

that temperature was projected to increase around ~ RCPS8.5 = 9.31%). The multi-model ensemble for
4.19-9.31% for different RCPs during 2006-2100  rainfall (MMES) indicated a very marginal increase
with reference to the base period of 1970-2000  in rainfall in RCP2.6 and RCP6.0, but it might
(RCP2.6=4.19,RCP4.5=6.36, RCP6.0=4.72 and  decrease according to RCP4.5 and RCP8.5 (-0.78, -
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Fig. 4. Past and future temperature time series for temperature (upper panel) and rainfall (lower panel) over

Western Ghats

2.35,4.99 and 0.01% for RCP2.6, RCP4.5, RCP6.0
and RCP8.5, respectively) (Table 7).

Conclusions

The GCM models were able to simulate the
temperature but the performance of the models to
simulate rainfall was found to be poor. In general,
future temperature may increase which may increase
the plant water requirement through increasing
evapotranspiration. But rainfall may not increase

significantly. So, rainfed agriculture in the study
region may face acute water crises in future.
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