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Abstract

In 2015, with the signing of the “Paris Agreement”, 195 countries committed to limiting the increase in global temperature
to less than 2 °C with respect to pre-industrial levels and to aim at limiting the increase to 1.5 °C by 2100. The regional
ramifications of those thresholds remain however largely unknown and variability in the magnitude of change and the
associated impacts are yet to be quantified. We provide a regional quantitative assessment of the impacts of a 1.5 versus a
2 °C global warming for a major global climate change hotspot: the Indus, Ganges, and Brahmaputra river basins (IGB) in
South Asia, by analyzing changes in climate change indicators based on 1.5 and 2 °C global warming scenarios. In the
analyzed ensemble of general circulation models, a global temperature increase of 1.5 °C implies a temperature increase of
1.4-2.6 (u=2.1) °C for the IGB. For the 2.0 °C scenario, the increase would be 2.0-3.4 (1 =2.7) °C. We show that climate
change impacts are more adverse under 2 °C versus 1.5 °C warming and that changes in the indicators’ values are in
general linearly correlated to average temperature increase. We also show that for climate projections following
Representative Concentration Pathways 4.5 and 8.5, which may be more realistic, the regional temperature increases
and changes in climate change indicators are much stronger than for the 1.5 and 2 °C scenarios.
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Introduction

Climate change is identified as one of the major global issues,
threatening the planet at various levels IPCC 2014). Multiple
attempts to streamline global policy on climate change miti-
gation have been made over the past decades, and the “Paris
Agreement” which was signed at the 21st Conference of the
Parties in 2015 is considered a major breakthrough in formu-
lating adequate measures to tackle climate change
(Clemencon 2016; Savaresi 2016). During that conference,
195 countries agreed on “a long-term goal of keeping the
increase in global average temperature to well below 2 °C
above pre-industrial levels,” and “to aim to limit the increase
to 1.5 °C, since this would significantly reduce risks and the
impacts of climate change.” In response to this development,
the Intergovernmental Panel on Climate Change (IPCC) has
published a Special Report on global warming of 1.5 °C above
pre-industrial levels (IPCC 2018). However, scientific evi-
dence of the impacts of a 1.5 °C global warming, and the
differences in impacts between 1.5 °C and a 2 °C global
warming, is still sparse. Therefore, the scientific community
has been mobilized to provide this scientific evidence (NCC
2016). A global study of differences in impacts at 1.5 and
2.0 °C forms a starting point for such assessments and high-
lights the importance of regional differentiation (Schleussner
et al. 2016b). The aim of our study is to provide a regional
quantitative assessment of the impacts of a 1.5 °C versus a
2 °C global warming for a major global climate change
hotspot: the Indus, Ganges, and Brahmaputra river basins in
South Asia (De Souza et al. 2015).

Developing countries and their inhabitants are considered
to be more vulnerable to climate change than western coun-
tries (Mertz et al. 2009). The glacier-fed Indus, Ganges, and
Brahmaputra (IGB) river basins in South Asia are home to a
population around 660 million people (Shrestha et al. 2015),
which is projected to increase to almost 1 billion by 2050 (UN
2015). With the increasing population, demands for water,
food, and energy will increase strongly too. The region is
facing enormous challenges in adapting to climate change,
which is impacting many different sectors, in addition to con-
ventional development challenges that lead to adaptation def-
icits (Kilroy 2015; Vinke et al. 2017).

The regional climate is dominated by the Asian summer
monsoon, protruding from the south-east to the north-west of
the region, and bringing large amounts of precipitation during
June to September. The largest amounts of precipitation fall
close to the Bay of Bengal, and at the southern slopes of the
Hindu-Kush-Himalayas where the steep rise in topography
causes orographic precipitation (Galewsky 2009) (Fig. 1).
Under climate change, changes in monsoon duration and in-
tensity are expected (Turner and Annamalai 2012; Sperber
et al. 2013), and over a historical period increases in dry and
wet spells are observed during the monsoon season (Singh
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et al. 2014). Increases in frequency and magnitude of heavy
precipitation events will increase the occurrence of floods
(Mirza 2011; Hirabayashi et al. 2013), river bank erosion,
and other natural hazards like landslides, debris flows, and
glacier-lake outburst floods (GLOFs) (Tariq et al. 2014).
Besides, increases in precipitation intensity lead to increasing
sedimentation, affecting hydropower production and the life-
time of hydropower infrastructure.

Droughts are expected to increase globally under cli-
mate change in combination with an increase in human
water use (Trenberth et al. 2013; Wanders and Wada
2014). This affects agricultural production and therefore
regional food security (Wheeler and von Braun 2013;
Biemans et al. 2013), and may lead to insufficient flows
to sustain ecosystem services, or the drying up of springs
(Tambe et al. 2012). In the Indus and Ganges basins,
large portions of irrigation water come from non-
renewable groundwater already in the present situation
(Gleeson et al. 2012; Gleeson and Wada 2013). Heat
waves also affect agricultural production, can trigger
GLOFs, and affect human health (Pal and Eltahir
2015), and are projected to be severe in South Asia
(Im et al. 2017). Changes in temperature and humidity
affect the transmissivity of vector-borne diseases like ma-
laria (Dhiman et al. 2011).

The Indus, Ganges, and Brahmaputra rivers depend sig-
nificantly on glacier and snow melt water (Immerzeel et al.
2010; Lutz et al. 2014), and climate change affects
cryospheric water reserves stored in the Hindu-Kush,
Karakoram, and Himalayan mountain ranges. Glaciers
have been retreating in recent decades (Bolch et al.
2012; Brun et al. 2017), and ice masses will reduce further
under climate change (Kraaijenbrink et al. 2017), with
temperature increases being stronger at high altitude com-
pared to lower land areas (Pepin et al. 2015; Palazzi et al.
2016). The changes in the cryosphere will lead to changes
in downstream water availability, and timing and magni-
tude of flow (Lutz et al. 2016a).

The Ganges-Brahmaputra delta is additionally threatened
by increases in flooding events related to the subsidence of
land (Higgins et al. 2014), rising sea levels (Nicholls and
Cazenave 2010; Kay et al. 2015), and increases in tropical
cyclone activity over the Bay of Bengal during the
postmonsoon season (Balaguru et al. 2014).

Many of these impacts can be directly linked to changes
in air temperature and precipitation, or climate change in-
dicators derived from those variables. The aim of this study
is to provide a quantitative overview of the impacts of
climate change for the 1.5 °C global warming scenario,
the 2.0 °C global warming scenario, and an ensemble of
downscaled region-representative climate projections for
the end of the twenty-first century, under the
Representative Concentration Pathways (van Vuuren
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River basins Major cities
[0 Indus 1 Kathmandu

2 Dhaka
W Ganges 3 Delhi
[ Brahmaputra 4 Karachi

5 Lahore

Il Command areas
irrigation

-16

T (°C)

Fig. 1 a Study area. b Average annual precipitation for reference period (19812010, REF). ¢ Average air temperature for reference period (1981-2010, REF)

etal. 2011) RCP4.5 and RCPS8.5. To this end, we analyze a
set of ten climate change indicators, which can be derived
from changes in air temperature and precipitation, and
compare these for the four scenarios (i.e., 1.5 °C, 2.0 °C,
end of century RCP4.5 and end of century RCP8.5). The
ten indicators are chosen in such a way that they can be
directly or indirectly related to the most important sectors
in the region.

Data and methods
Downscaled climate change scenarios

We use an ensemble of 2 X 4 downscaled general circulation
models (GCMs), which is representative for the complete set
of climate change projections under RCP4.5 and RCP8.5 in
the Coupled Model Intercomparison Project Phase 5 (CMIPS5)
multi-model ensemble (Taylor et al. 2012), over the IGB re-
gion (Table 1). The GCMs have been selected in such a way
that they reflect the full ranges of projected climate change in
terms of changes in climatic means and climatic extremes.
Besides, only climate models with sufficient skill in simulat-
ing historical climate in the region have been included in the
ensemble (Lutz et al. 2016b). The eight selected GCMs’ out-
puts for precipitation, mean air temperature, maximum air
temperature, and minimum air temperature have been

downscaled and bias corrected by applying the empirical-
statistical quantile mapping method (e.g., Piani et al. 2010;
ThemeBl et al. 2011a), to the future GCM projections using
a historical reference climate dataset for the IGB basins. This
reference dataset covers 1981-2010 at a daily time step with a
10 x 10-km spatial resolution (Lutz and Immerzeel 2015). The
downscaled GCMs cover 2011-2100 at the same time step
and spatial resolution. The quantile mapping methodology is
robust and well established, and has been proven to perform
well over mountainous regions (ThemeBl et al. 2011b;
Immerzeel et al. 2013). It has been successfully applied
for the Indus, Ganges, and Brahmaputra river basins before
(Wijngaard et al. 2018). We follow the methodology de-
scribed by Themef]1 et al. (2011a). However, instead of cal-
culating empirical cumulative distribution functions (ecdfs)
for each day of the year, we construct ecdfs for each month
of the year (moy, 12 months). We do this for each 10 x 10-
km grid cell (i), from the daily values spanning 1981-2010
of the reference climate dataset (obs), which is based on
observations.

For the historical GCM runs for 1981-2010, the same pro-
cedure is followed to generate ecdfs for each month of the
year, after the GCM grids have been smoothed from their
original spatial resolution to 10 x 10 km using a bilinear inter-
polation. Both sets of ecdfs (i.e., for the reference climate
dataset (obs) and the historical GCM runs (GCM)) are used
to construct a correction function (CF):
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CF,; = ecdfobs‘ref’] (Pt_’i)—ecdfGCM’rerl (Pt,i)

moy,i moy,i

where Py; is the probability of a future GCM value, which is
derived as:

Py = eedfport ™ (x2)

The correction function CF is used to downscale and
bias-correct the future GCM runs spanning 2011-2100 at
a daily time step. For each day and each grid cell, this is
done as follows:

i = X{ﬁw + CF,;.

Similar as described by ThemeBl et al. (2011a), we include
frequency adaptation, to account for cases where the dry-day
frequency in the GCM is greater than in the observations, and
the generation of new extremes by linear extrapolation of the
correction value (CF) at the highest and lowest quantiles of the
calibration range (i.e., the 1981-2010 reference period). See
ThemeBl et al. (2011a) for further details. In this way, transient
gridded meteorological time series from 2011 to 2100 at 10 x
10-km spatial resolution and daily time step are constructed
for each of the selected GCM runs.

The quantile mapping is validated by a decadal “leave one
out” cross-validation approach (e.g., ThemeBl et al. 2011b, a).
This is done by constructing the ecdfs for the reference climate
dataset and historical GCM runs for 20 out of 30 years of the
reference period (e.g., 1981-2000) and subsequently using
those ecdfs and the derived correction function to downscale
the historical GCM runs for the remaining 10 years of the

Table 1 Analyzed GCM runs listing time slices for which global
temperature changes (AT) of 1.5 and 2.0 °C compared to pre-industrial
(PI) levels are reached, the corresponding regional changes in air
temperature (AT IGB) and precipitation (AP IGB), and the projected

reference period (e.g., 2001-2010). This procedure is repeated
to downscale the two remaining 10-year periods of the refer-
ence period: ecdfs for 1991-2010 are used to downscale
1981-1990 and ecdfs for 1981-1990 and 2001-2010 com-
bined are used to downscale 1991-2000. The downscaled
GCM data of precipitation for 1981-2010 is validated to the
reference dataset, by comparing the mean precipitation, num-
ber of dry days, and 99th percentile value of precipitation. For
air temperature, we validate the mean and st and 99th per-
centile values of mean, maximum, and minimum air temper-
ature. This comparison is done for the entire distributions of
daily values spanning 30 years covering 1981-2010. Because
the reference dataset covers 27,164 grid cells, it is computa-
tionally not feasible to do this comparison for each individual
grid cell. To overcome this, we do the comparison for 100
randomly sampled grid cells in each of the three river basins.

Extraction and analysis of GCM time slices of 1.5
and 2.0 °C global temperature increase with respect
to the preindustrial era

Because of the large computational effort required for the
bias-correction and downscaling described in the
“Downscaled climate change scenarios” section, the down-
scaling has been limited to the IGB region, and the period
2011-2100 which is adjacent to the reference period (1981—
2010). Since the 1.5 and 2 °C scenarios concern global aver-
ages, analyses comparing global and regional future climate to
the preindustrial area were done using the raw (i.e., non-down-
scaled, at their original spatial resolutions) global daily grids
of the eight selected GCM runs as available from the CMIP5
archive. We analyze the global temperature change by taking

regional changes in air temperature (AT IGB EOC) and precipitation
(AP IGB EOC), at the end of the 21* century (EOC 2071-2100),
compared to pre-industrial levels

GCM run Time slice 1.5°C AT IGB AP IGB Time slice 2.0 °C AT IGB AP IGB AT AP
global increase vs. global 1.5 °C global 1.5 °C global increase vs. global 2.0 °C global2.0°C IGB  IGB
PI reached vs. PI1 [°C] vs. P [%] PI reached vs. P1[°C] vs. PI [%] EOC EOC
vs. PI  vs. PI
[°Cl1  [%]
BNU-ESM rcp45 rlilpl 1994-2023 1.4 9.3 2010-2039 2.0 9.8 34 13.8
CMCC-CMS rep45 rlilpl 2020-2049 2.3 2.5 2038-2067 3.1 -2.7 4.0 -3.5
CSIRO-Mk3-6-0 rcp45 rdilpl 2021-2050 2.0 2.7 2038-2067 2.8 4.6 3.7 11.2
inmem4 rcp45 rlilpl 2047-2076 2.1 6.0 2071-2100" 2.5 23 2.5 22
bec-csml-1_rep85 rlilpl 2006-2035 1.9 124 2023-2052 2.5 79 53 274
CanESM2 rcp85 r3ilpl 1999-2028 2.1 32 2012-2041 2.6 39 6.7 26.6
CMCC-CMS rep85 rlilpl 2016-2045 2.6 -0.7 2027-2056 34 4.1 6.8 -33
inmem4 rcp85 rlilpl 2029-2058 22 20.8 2044-2073 29 4.5 44 59

! The global 2.0 °C level is not reached within the 21st century. Therefore 2071-2100 is chosen as time slice

@ Springer



South Asian river basins in a 1.5 °C warmer world

837

the average of 30-year time slices and comparing them to the
average temperature during the pre-industrial period (1861—
1890, PI). We start by comparing 1891-1920 to PI and itera-
tively move the 30-year time slice 1 year forward in time to
identify for each GCM the earliest time slices where the global
temperature increase thresholds of 1.5 and 2.0 °C compared to
PI levels are reached (Table 1). For those time slices, we an-
alyze for each GCM run how the regional temperature and
precipitation have changed for the IGB basins with respect
to the PI period, to identify how the regional temperature
changes correspond to global temperature change (Table 1).
Furthermore, we analyze for each GCM run how regional
temperature levels for the IGB basins will change between
the end of the twenty-first century (EOC, 2071-2100) and
the PI era. Besides changes in mean air temperature, we ana-
lyze regional precipitation changes for the mentioned time
slices, for each GCM run (Table 1).

Analysis of future changes in climate change
indicators for 1.5 and 2.0 °C global temperature
increase scenarios

We analyze changes in a set of ten climate change indicators
(Table 2) for the 1.5 °C time slice, 2.0 °C time slice, and end of
century projections for RCP4.5 and RCP8.5, compared to the
reference period (REF, 1981-2010). These analyses are done by
comparing the downscaled bias-corrected future GCM data to
the reference climate dataset. In contrast to the analyses de-
scribed in the “Extraction and analysis of GCM time slices of
1.5 and 2.0 °C global temperature increase with respect to the
preindustrial era” section, here, we compare the future to the
reference period, and not to the pre-industrial period, to focus on
changes that are yet to come, and not on changes that have
already happened between the pre-industrial period and the ref-
erence period. The eight GCMs’ time slices for the 1.5 °C

Table 2

scenario are averaged to get an ensemble mean and the same
is done for the time slices for the 2.0 °C. For the end of century
projections for RCP4.5 and RCP8.5, respectively, the four mem-
bers of each RCP are averaged for 2071-2100 to get their en-
semble means.

The indicators have been selected in such a way that they
can be directly or indirectly linked to the most important cli-
mate change impacts in the region, as identified in this study
and by others (Kilroy 2015; Vinke et al. 2017) (Table 2), and
can be derived from daily precipitation and daily mean, and
maximum and minimum air temperature.

In this study, monsoon precipitation is defined as the pre-
cipitation falling during the months of June to September. The
variability of precipitation is calculated as the coefficient of
variation (CV), being the ratio of the standard deviation to the
mean. To calculate the inter-annual variability, the mean and
standard deviation are calculated from annual precipitation
sums within a 30-year time slice. To calculate the intra-
annual variability, the CV is calculated for each year within
a 30-year time slice using the mean and standard deviation of
daily precipitation sums within that year. Subsequently, the 30
CV values are averaged. To calculate the maximum 5-day
precipitation sum, the maximum sum of precipitation falling
during five consecutive days within a climatological period of
30 years (i.e., a full 30-year time slice) is calculated. The
reference evapotranspiration is calculated using the Modified
Hargreaves equation, which requires daily maximum, mini-
mum, and mean air temperature as input (Droogers and Allen
2002). The obtained values are averaged over the years within
a 30-year period. Consecutive dry days periods are calculated
for a climatological period of 30 years as the number of con-
secutive days with precipitation < 1 mm day . Hot nights are
defined as days with minimum air temperature >21 °C. The
number of hot nights within each individual year is calculated,
and the annual values are averaged for a 30-year period.

Climate change indicators and the sectors affected by changes therein

Indicator

Symbol (unit)

Impact

Mean air temperature
Annual precipitation
Monsoon (June-September) precipitation

Precipitation inter-annual variability
(Coefficient of Variation)

Precipitation intra-annual variability
(Coefficient of Variation)

99" percentile of daily precipitation sums
Maximum 5-day precipitation

Reference evapotranspiration
Consecutive dry days

Hot nights per year

Tave (°O)
Pannuar (mm yr')
Pyonsoon (mm yr')

IJCV—[NTER ANNUAL (')
PCV—INTRA—ANNUAL (')

Pgo (mm d ™)
Pspay (mm)
ETggr (mm yr')
CDD (n)

HN (nyr)

Cryosphere degradation, disease transmissivity
Agricultural production, hydropower production
Agricultural production, floods, hydropower production

Drought, Agricultural production, floods, hydropower production,
environmental flows

Drought, Agricultural production, floods, hydropower production,
environmental flows

Floods, landslides, debris flows, GLOFs, hydropower production
Floods, landslides, debris flows, GLOFs, hydropower production
Agricultural production

Drought, Agricultural production, hydropower production, environmental
flows

Heat, human health
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Results
Validation of GCM downscaling and bias-correction

Figure 2 shows that for both precipitation and air temperature
the biases of the uncorrected GCM data are drastically re-
duced by the quantile mapping approach and the downscaled
data matches well with the observed dataset. For daily mean
air temperature values, the remaining biases are very close to
zero for means and extremes. The same holds for daily max-
imum and minimum air temperatures (Supplementary Fig.
S1). At the high ends of the distributions of precipitation
values, in particular for the 99th percentile values of precipi-
tation, some bias remains. This is most likely due to the gen-
eration of new extremes by extrapolating the quantile map-
ping error function linearly outside the range of the empirical
cumulative distribution functions. However, the remaining
biases are in the order of several percents and the largest bias
is still below 10% (RCP 4.5 CSIRO—Mk3—6-0 r4ilp1 model
in the Ganges basin). We therefore conclude that the

downscaled GCM data is suitable for our purpose to estimate
future changes in climate change indicators.

Future climate change in the Indus, Ganges,
and Brahmaputra river basins

The first striking result is the difference in warming of the
IGB regional average compared to the global average. A
global average warming of 1.5 °C with respect to PI
levels would mean a warming of 1.4-2.6 (u=2.1) °C
for the IGB (Table 1). At 2.0 °C global average warming,
the IGB would have warmed up by 2.0-3.4 (u=2.7) °C.
This difference can be largely attributed to elevation-
dependent warming in the upstream IGB basins, i.c., the
stronger warming of areas at high altitude compared to
low-lying areas (Pepin et al. 2015; Palazzi et al. 2016).
The South Asian river basins are therefore especially sus-
ceptible to climate change. Limiting global warming to
1.5 °C, or even 2.0 °C, proves to be very ambitious
(Raftery et al. 2017), although not impossible (Rogelj

a) Reference Indus 16 290 252 153 —204 36.9
climate data Ganges 34 240 334 212 [ 181 36.7
Brahmaputra 52 | 176] 47.8] 56 [ -165 295
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O Observed 0 1 2 3 4 5 6 0 50 100 200 30 0 10 20 30 40 5 0 5 10 15 20 25 -20 -15 -10 -5 0 0 5 10 15 20 25 30 35
P (mmd™) No. of dry days (n yr™") Pgy (mmd™) T(°C) T, (°C) Tee (°C)
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Fig. 2 Validation results for downscaled GCM runs. a Daily mean
precipitation sum (P), number of dry days per year, 99th percentile value
of daily precipitation (Pgg), mean of daily mean air temperature (T), Ist
percentile value of daily mean air temperature (T;), 99th percentile values of

daily mean air temperature (Tg9) according to the reference climate dataset
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for 100 randomly sampled grid cells in each river basin. b Biases of variables
listed under (a) at the same 100 randomly sampled grid cells in each river
basin in raw GCM data versus the reference climate dataset (GCM minus
observed) and downscaled GCM data versus the reference climate dataset
(downscaled GCM minus observed)
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et al. 2016; Schleussner et al. 2016a; Millar et al. 2017).
Our ensemble of representative scenarios for the IGB for
RCP4.5 and RCP8.5, which may include more likely sce-
narios, indicates a regional temperature increase of 2.5—
4.0 (u=3.4) °C and 4.4-6.8 (1=5.8) °C respectively by
the end of the century, compared to PI levels.

For the 1.5 °C scenario, temperature in the IGB is
increasing ~ 1.15 °C with respect to the reference period
(REF) (Fig. 3), meaning that temperature has already risen
by =0.95 °C between REF and PI. For the 2.0 °C scenar-
io, temperature increase in the IGB is = 1.5 °C with re-
spect to REF. Temperature increases differ spatially, and
are strongest in the lower Indus basin and on the Tibetan
Plateau. Precipitation most likely increases for the entire
IGB, with strongest relative increases in the most south-
ern part of the Indus basin and southwestern part of the
Ganges basin (Fig. 3). The southern part of the Indus
basin is very arid (Fig. 1b), and thus even large relative
increases do not result in large amounts of precipitation
in the future. Furthermore, the range in the precipitation
projections is large, especially for the areas where the
mean of the projections indicates large precipitation
increases.

a AT 1.5 global vs. REF ( °C)

b

For monsoon precipitation, the spatial patterns are similar
to the changes in average annual totals of precipitation
(Fig. 4a—c). Striking is the small decrease in monsoon precip-
itation in the eastern part of the Brahmaputra basin for the
1.5 °C scenario. The intra-annual variability in precipitation
decreases in the mountains, which may indicate increasing
winter precipitation from westerly flows (Fig. 4d—f). For most
of the lower basins, an increase in intra-annual variability is
projected, which can be linked to the projected increases in
monsoon precipitation. The inter-annual variability of precip-
itation likely decreases in areas with low inter-annual variabil-
ity and increases in areas with already high inter-annual vari-
ability (Fig. 4g-i).

Extreme precipitation (Fig. 4j—0) shows a very clear
trend with increases for most of the IGB domain. Only
the west of the Indus basin shows decreases in Pgo,
which are stronger for the 1.5 °C scenario than the
2.0 °C scenario. The largest increases are projected for
the Ganges basin (Table 3) and the very upstream parts
of the Indus basin. Largest increases in 5-day sums of
precipitation are projected for the Himalayan mountain
range in the upper Indus basin. For the remaining areas,
5-day sums increase in general by 50-100%, with a few

AT 2.0 global vs. REF ( °C)
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Fig.3 Projected changes in mean annual air temperature (a, b) and mean annual precipitation (¢, d) for the 1.5 °C and 2.0 °C scenarios with respect to the
reference period (REF, 1981-2010). Grid values indicate the ensemble mean value and contour lines the ensemble ranges
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exceptions of decreases in 5-day sums. Reference evapo-
transpiration increases for most of the IGB domain as a
result of increasing temperatures (Fig. 4p-r). The in-
creases are mostly around +0.1 mm dayfl, which does
not make a large difference for the plains where refer-
ence evapotranspiration is in the order of 34 mm day ',
but is substantial for the mountainous upstream basins
where reference evapotranspiration is in the order of
1 mm day '. Stronger absolute increases are projected
for the Ganges-Brahmaputra delta and western Indus ba-
sin, whereas a decrease in reference evapotranspiration is
projected for the Indus delta.

Interesting is that the length of dry periods decreases for
the southern Indus basin, which is currently very prone to
droughts (Fig. 4s—u). The length of dry periods also de-
creases in the Karakoram mountain range, which may be
related to increases in winter precipitation. In the
Brahmaputra basin, a decrease in dry periods’ length is
projected, but for the Ganges basin, the length of dry periods
increases (Table 3). These contrasting trends may be related
to the contrasting trends in intra-annual variability of pre-
cipitation in those two basins (Fig. 4d—f).

The number of hot nights increases for all areas, except
for the areas at high altitude, where the threshold for hot
nights is not reached. The most drastic increases are in
areas in the foothills of the mountains, where the thresh-
old was not reached in the reference period, but will be
reached in the future (Fig. 4v—x). We analyzed the chang-
es in the number of hot nights specifically for five major
cities in the region, with large, growing, populations, lo-
cated in different parts of the region (Fig. 5). Remarkable
is the observation that the difference between the 1.5 and
2.0 °C scenarios is rather small. Increases are particularly
drastic for the RCP8.5 EOC scenario. For relatively cool
cities like Kathmandu, the occurrence of hot nights in the
future will be a new phenomenon. For cities already fac-
ing severe heat stress, like Karachi, the number of hot
nights per year can increase to up to 300 nights per year
(Fig. 5d). Urban heat island effects have not been taken
into account in our analysis, meaning that the found num-
bers may be underestimates.

Figure 6 shows the difference between the precipita-
tion and ETrgr for both the kharif (monsoon) and rabi
(winter) seasons. This is shown for two irrigated com-
mand areas located in the Indus and Ganges basins
(Fig. 1a). The relation between P and ETrgr is an indi-
cator of water availability for the crops in the irrigated
command area. The change in precipitation for
the command area in the Indus basin is small and the
climate effect on ETrgr is small, P-ETrgr is not expected
to change much. The deficit likely increases slightly for
the rabi season and decreases slightly for the kharif sea-
son, with roughly the same magnitude for each of the
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four scenarios. For the command area in the Ganges ba-
sin, water availability is likely to increase in the kharif
season and this is mostly a result of a strong climate
signal in the precipitation. The projected precipitation in-
creases for the RCP4.5 and RCP8.5 EOC projections are
significantly stronger than for the 1.5 and 2.0 °C scenar-
ios (Table 3), resulting in stronger increases in P-ETRgp.
For the rabi season, the changes in the Ganges basin are
similar to changes in the Indus basin. For both command
areas, the uncertainty is much higher during the kharif
season compared to the rabi season. This is because pre-
cipitation amounts are much higher during the kharif sea-
son compared to the rabi season, and therefore also the
uncertainty in the precipitation amounts.

Discussion
Impacts of changes

From the results, it is clear that significant changes in the
region are imminent for each of the scenarios. The likely in-
creases in monsoon precipitation and precipitation extremes
could possibly lead to more frequent and more severe flooding
in the region in the future. The changes in precipitation sums
and extremes both show a reasonable linear correlation with
temperature increase (Fig. 7b—g). Strongest increases are
projected for the Ganges basin, indicating that future flooding
could be a major issue in this basin, even for the 1.5 °C sce-
nario, while flooding is a major issue already in the present
situation (e.g., the large floods during the 2017 monsoon sea-
son). A study comparing the impacts of 1.5 and 2.0 °C global
temperature increase for water availability and hydrological
extremes in the Brahmaputra river concludes indeed that
flooding events will be more frequent and more severe at
2.0 °C global warming compared to 1.5 °C (Mohammed
et al. 2017). The increases in frequency and magnitude of
precipitation extremes, and possible associated increases in
floods, sedimentation, landslides, and GLOFs negatively af-
fect human lives and livelihoods and ecosystems. Also, ad-
verse effects on infrastructure can possibly be expected, in-
cluding hydropower infrastructure, which is rapidly develop-
ing in the region (Siddiqi et al. 2012; Molden et al. 2014).
The overall likely increase in annual precipitation totals
could imply overall increases in water availability. However,
because interannual and intra-annual variability in precipita-
tion in general increase for the Indus and Ganges basins, the
increase in water availability could possibly be not directly
beneficial. In the Ganges basin, there could possibly be more
periods of water excess and more periods of water shortage, as
indicated by the increase in extreme precipitation and increase
in dry periods (Fig. 7f-h). Although the dry periods show an
overall decrease in the Indus and Brahmaputra basin (Fig. 7h),
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Fig. 4 (continued)

this is partly misleading because in the Indus the decrease in
dry periods is mainly observed in the upstream mountainous
parts of the basin (Fig. 4t, u), where drought is less of an issue
compared to the downstream areas, where most of the agricul-
tural areas and people are located. Nevertheless, the length of
dry periods in the downstream areas shows only minor in-
creases for the 1.5 and 2.0 °C scenarios, in line with results
from a global study on changes in drought risk at 1.5 and
2.0 °C scenarios (Lehner et al. 2017). Despite minor changes
in the number of dry periods, the likely increases in reference
evapotranspiration indicate increasing crop water demands,
which could put further stress on water resources.

As the Indus, Ganges, and Brahmaputra rely to varying
extent on water supplied by upstream melt water, future
changes in snow and ice have to be considered here as well.
With likely increases in dry periods and more erratic
precipitation, water supplied by snow and glacier melt may
become more important in the future. Kraaijenbrink et al.
(2017) show that the ice volume in Asia will decrease by ~
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36% under the 1.5 °C scenario and ~51-64% under RCP4.5
and RCP8.5 respectively. In particular, in the Indus basin, with
high dependency on melt water (Lutz et al. 2014), this will affect
future water availability. Further increases in the number of hot
nights could affect human health further in a region where heat
stress is already a major problem. Densely populated areas
which have not encountered severe heat until now will likely
also face this issue in the future, under each of the scenarios.
Concerning differences in impacts at 1.5 and 2.0 °C global
temperature increase, we can draw the general conclusion that
changes in climate change indicators other than air temperature
correlate linearly with temperature increase (Fig. 7). For some
indicators, we even observe a somewhat flattening trend with
temperature increase (Fig. 7d—j). This is especially pronounced
for the change in interannual variability of precipitation, which
shows little difference between the 1.5 and 2.0 °C scenarios
(Fig. 7d). In this case, for the Brahmaputra basin, the change
becomes even negative for the 2.0 °C scenario. As the change
in interannual variability in this study depends on change in the
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Table 3

Basin-averaged values climate change indicators for the

reference period (1981-2010, REF) and projected values of climate
change indicators for the 1.5 °C, 2.0 °C and RCP4.5 and RCP&.5 end

of century (2071-2100, EOC) scenarios. Values indicate the ensemble
mean value. Values in parentheses indicate the ensemble ranges

Indicator River Basin ~ REF  1.5°C 2.0°C EOC RCP4.5 EOC RCPS.5
Tave [°C] Indus 148  15.9(15.2 - 16.6) 16.5 (15.7 - 17.4) 17.3 (16 — 18.4) 19.1 (17.5 - 20.4)
Ganges 214 224(21.8-22.9) 22,9 (22.3 -23.7) 23.6 (22.6 — 24.6) 25.1 (24.0 — 26.3)
Brahmaputra 6.0 7(65-173) 75(6.9-8.1) 8.1(7.2-8.9) 9.7 (8.6 - 10.7)
Pannuar [mm yr'] Indus 616 662 (603 — 762) 695 (571 — 810) 705 (612 — 812) 693 (567 — 787)
Ganges 1245 1346 (1248 — 1549) 1443 (1248 — 1736) 1501 (1287 —1611) 1549 (1212 — 1753)
Brahmaputra 1861 1931 (1883 -2009) 2009 (1891 —2131) 2041 (1931 -2143) 2418 (2096 — 2861)
Puvonsoon [mm yr']  Indus 301 335 (283 — 395) 348 (286 — 409) 370 (339 — 403) 363 (274 — 441)
Ganges 1016 1098 (1038 —1266) 1175 (1048 — 1445) 1239 (1090 — 1341) 1274 (1002 — 1507)
Brahmaputra 1307 1342 (1305 - 1406) 1401 (1315—1511) 1419 (1336 —1520) 1717 (1465 — 2071)
Pevinterannuar [-] - Indus 037 041 (0.38-0.48) 0.42 (0.34 — 0.49) 0.45 (0.37 - 0.63) 0.46 (0.4 — 0.49)
Ganges 020  027(0.21-0.37) 0.27 (0.20 — 0.35) 0.27 (0.19 — 0.35) 0.3 (0.28 — 0.34)
Brahmaputra ~ 0.17  0.17 (0.13 - 0.23) 0.16 (0.14 - 0.17) 0.16 (0.14 — 0.17) 0.17 (0.17 - 0.18)
Pevintraansuar [[] - Indus 086  0.87(0.81-0.98) 0.89 (0.74 — 0.99) 0.93 (0.79 — 0.98) 0.82 (0.62 — 0.95)
Ganges 119 1.19(1.14—1.26) 1.2 (1.09 — 1.28) 124 (1.18 — 1.28) 1.2 (1.11 - 1.31)
Brahmaputra 095  0.94(0.92 - 0.98) 0.95 (0.91 — 0.98) 0.96 (0.91 - 1.01) 0.98 (0.95 — 1.02)
Poo [mm d”'] Indus 228 24.5(22.7-26.8) 25.6 (22.1 —28.9) 27.6 (25.3 - 31.5) 27.3(23.8-31.4)
Ganges 320 36(32.9-428) 39.5 (33.5 - 50.1) 43.7 (35.7 - 48.3) 46.7 (36.2 — 54.9)
Brahmaputra 404 43.4 (42.3 - 44.8) 46.1 (43.8 - 48.1) 48.1 (45.7 - 50.1) 64.2 (54.1 - 83.8)
Pspay [mm] Indus 18 153 (168 — 139) 163 217 - 139) 179 (241 — 146) 189 (237 — 159)
Ganges 142 179 (227 — 144) 189 (215 — 159) 207 (275 - 177) 234 (282 — 174)
Brahmaputra 130 145 (178 — 130) 154 (176 — 131) 161 (179 — 144) 193 (233 — 164)
CDD [n] Indus 172 167 (188 — 142) 162 (190 — 143) 161 (189 — 144) 127 211 -2)
Ganges 152 154 (176 — 130) 157 (175 — 130) 161 (185 — 147) 118 (186 —3)
Brahmaputra 121 115 (125 — 106) 112 (123 - 93) 113 (118 - 106) 86 (122 - 3)
ETggr [mm d] Indus 226  227(2.37-2.16) 232 (244 -2.17) 241 (2.54-2.34) 246 (2.55 - 2.38)
Ganges 279 2.86(2.97-2.72) 2.87 (3.07 - 2.65) 2.85 (3.07 - 2.51) 2.99 (3.16 - 2.8)
Brahmaputra ~ 1.54  1.6(1.66 — 1.54) 1.63 (1.69 — 1.59) 1.89 (2.42 - 1.67) 1.74 (1.83 - 1.69)
HN [n yr'] Indus 95 104 (110 — 98) 108 (116 — 102) 113 (121 - 102) 131 (143 - 113)
Ganges 147 158 (164 — 152) 165 (172 — 159) 173 (182 — 159) 192 (208 — 171)
Brahmaputra 39 44 (47 - 41) 47 (51 — 44) 51 (56— 44) 59 (66 — 49)

mean (and therefore total) and standard deviation of precipita-
tion, this may be related to the strong increases in monsoon
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of dry periods between the Indus and Brahmaputra on one hand
and the Ganges on the other (Fig. 7h). On the whole, we can
conclude that the regional impacts of climate change will be
more severe for the 2.0 °C than the 1.5 °C scenario.

Much more important however are the large differences
in changes between the 1.5 °C and 2.0 °C scenarios on the
one hand, and the more likely RCP4.5 and RCP8.5 sce-
narios on the other hand. As regional temperature in-
creases under the RCP4.5 and RCP8.5 end of century sce-
narios are significantly higher than for the 1.5 °C and
2.0 °C scenarios (Table 1), the changes in other climate
change indicators, and their impacts in different sectors
are also much stronger (Table 3). Current global warming
is already close to 1 °C with respect to pre-industrial tem-
perature levels. Even considering the effects of emission
mitigation policies, the chances that global temperature
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increase will be kept below 2.0 °C are small. We therefore
stress that the 1.5 °C (or even the 2.0 °C) scenario is not
suitable for climate change adaptation planning, and it is
therefore undesirable that the 1.5 °C scenario will become
a new paradigm. We emphasize that the formulation of
robust climate change adaptation policies should be based
on the full range of climate change projections.

Uncertainties and limitations

By using an ensemble of GCMs, we include the uncertainty in
future climate in our assessment. This uncertainty is rather
large, as illustrated in Figs. 3 and 5, and Tables 1 and 3. The
changes in climate change indicators associated with a 1.5 or
2.0 °C global temperature increase have wide ranges. This im-
plies that care must be taken in interpreting the results. In our
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Fig. 7 Basin-averaged changes in climate change for the 1.5 °C and 2 °C scenarios with respect to the reference period (1981-2010, REF, AT global vs.
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analysis, we mostly discuss changes based on the ensemble
mean, and it has to be taken into account that there are large
uncertainty ranges associated with the ensemble mean values.
The uncertainty in future climate can be largely attributed to the
general poor skill of GCMs in simulating the important regional
climatological features of this region (Sperber et al. 2013;
Palazzi et al. 2014; Ramesh and Goswami 2014; Sperber and
Annamalai 2014; Mishra 2015). We reduced the uncertainty by
only selecting GCMs with sufficient skill in simulating histor-
ical climate for the IGB region, but still large discrepancies in
GCMs’ ability to simulate the important features of the regional
climate are evident (Lutz et al. 2016b).

Our ensemble of GCMs has been selected based on the range
in the projections over the entire IGB. This scale issue may
mean that the full range of projections is not captured for each
separate area within the IGB. Because of the regional scale of
the study, we analyze climate data at 10 x 10-km spatial resolu-
tion. Climatic processes at smaller scales, which in many cases
dictate the actual impact, may be insufficiently represented.

Our study forms a first-order quantitative assessment of the
difference in regional impacts of climate change at 1.5 and
2.0 °C global temperature increase scenarios. We link quanti-
tative changes in a set of ten climate change indicators to
expected impacts for different sectors. Although we show that
the changes in the analyzed climate change indicators increase
in general linear with air temperature, on the impact side many
processes may respond in a non-linear fashion to changes in
climate change indicators. To quantify and verify the sug-
gested impacts and differences in impacts of these scenarios
for the different sectors requires additional sector-specific
modeling studies in the fields of, i.e., hydrology, food and
energy production, disease transmission, and natural hazards.
It also requires inclusion of the projected future socio-
economic changes in the region. With an expected strong con-
tinued population growth, pressure on natural resources in the
region will increase, as well as the number of people who are
prone to climate change induced natural disasters. Our analy-
sis of ten climate change indicators based on air temperature
and precipitation does not include future changes in sea level
rise, although this is an important climate hazard in the
Ganges-Brahmaputra delta. A recent study investigating the
differences in impacts from sea level rise resulting from 1.5,
2.0, and 3.0 °C global temperature rise concludes for this delta
that in unprotected areas the flooding depth is projected to
double at 3.0 °C compared to 1.5 °C. In protected areas, this
increase is approximately 50%. The average area inundated
would increase 2.5 times (Brown et al. 2018).

Conclusions

South Asian river basins are vulnerable to climate change. A
global temperature increase of 1.5 °C with respect to pre-

industrial levels would imply a =2.1 °C temperature in-
crease for the Indus, Ganges, and Brahmaputra river basins.
Under a 2.0 °C global temperature increase scenario, these
river basins would warm up by =2.7 °C. Our analysis of
changes in climate change indicators under these scenarios
shows that the region could face strong negative impacts of
climate change for the occurrence of floods, agricultural
production, hydropower production, and human health.
The changes in climate change indicators are in general
linearly increasing with temperature increase.

However, more likely scenarios for RCP4.5 and RCP8.5
imply regional temperature increases of ~3.4 and = 5.8 °C
at the end of the twenty-first century, and therefore possi-
bly much stronger regional impacts. We stress that the
1.5 °C (or even the 2.0 °C) scenario is not suitable for
robust climate change adaptation planning, and emphasize
that the formulation of robust climate change adaptation
policies should be based on the full range of climate
change projections.
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