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ABSTRACT: The Hindu Kush-Himalayan (HKH) region epitomizes a geographic region where cryospheric processes
coupled with hydrological regimes are under threat owing to a warming climate and shifts in climate extremes. In this study, we
analyse global climate models in the Coupled Model Intercomparison Project phase 3 (CMIP3) and phase 5 (CMIPS5) archives
to investigate the qualitative aspects of change and trends in temperature and precipitation indices. Specifically, we examine
and evaluate multi-model, multi-scenario climate change projections and seven extreme temperature and precipitation indices
over the eastern Himalaya (EH) and western Himalaya-Karakoram (WH) regions for the 21st century. Density distribution
plots of observed climate indices for meteorological stations and gridded indices are also analysed, which indicate significant
negative trends in the annual number of frost days and significant increasing trends in warm nights in the EH region over the
1960-2000 period. Multi-model average (MMA) projections additionally indicate continued trends towards more extreme
conditions consistent with a warmer, wetter climate. Precipitation projections indicate increased mean precipitation with more
frequent extreme rainfall during monsoon season in the EH region, and a wetter cold season in the WH region. Time series of
all MMA precipitation indices exhibit significant increasing trends over the 1901-2099 period. By comparison, time series
of temperature indices show decreases in the intra-annual extreme temperature range and total number of frost days, as well
as increases in warm nights. In general, these future projections point towards increases in summertime temperatures and
modifications in precipitation across both regions.
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1. Introduction etal., 2007; Coumou and Rahmstorf, 2012) and, there-

The Hindu Kush-Himalayan (HKH) region lies in the high fore, it is CI‘lth.al to examine the observc?d and projected
. . . . . future changes in these extremes (Tebaldi et al., 2006). In
elevations of central Asia, which has been identified as one

of the most sensitive areas susceptible to global climate ?ddmon’. any }mpact. analysis 'study W%H requure 'chmate
change (Xu ef al., 2009). Despite the importance of this information with regional detail for which dynamical and
region, there is currently no comprehensive assessment statistical downscaling techniques are commonly used;
L L . however, it is important to evaluate the results of global
of climate change projections and climate extremes over . . . .
the HKH. As climate scenarios are increasingly used climate models (GCMs) prior to downscaling since the
in impacts research, decision support, and vulnerability limitations and uncertainty inherent in climate simulations
assessments (Lobell ’e £ al.. 2008: Mote ’e tal.,2011), and as are inevitably transferred to the regional results (Tebaldi
future climate projections are expected to use a much more and Knutt.1 ’ 20,1 0). The.use of multl-.mo'd.e I ensembles not
diverse set of model types (Overpeck ef al., 2011), an anal- only provides information about variability among model
ysis of existing climate data, simulations, and extremes projections but also provides an opportunity to understand

for the HKH region is necessary. The impacts of climate the regional behaviour of climate extremes across models
change such as flooding, drought, and weather hazards anlt:il Scﬁn;rlosci b floods. landslides. hazard
are typically manifested through changes in extremes ash floods, ‘outburst floods, fandslides, hazardous

(Easterling et al., 2000; Klein Tank ef al., 2006; Kharin weather, and agricultural threats are usually visible as
' ' ' ’ extremes and are particularly important in mountain-

ous regions (Marengo et al., 2009; Huggel et al., 2010;
e Thibeault et al., 2010). Flooding in surrounding low-
*Correspondence to: P. K. Panday, Woods Hole Research land b bated ticularly duri
Center, 149 Woods Hole Road, Falmouth, MA 02540, USA. alds can be exacerbated, particularly during summer
E-mail: ppanday @whrc.org monsoon months when intense precipitation events are
concentrated in upstream highlands of the Himalayan
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region (Sen, 2009). In the highlands, snowmelt runoff
generation in regions where winter temperatures are near
freezing may be impacted by increasing winter temper-
atures, thereby leading to shifts from snow-dominated
to rainfall-dominated regimes (Nolin and Daly, 2006;
Adam et al., 2009). Therefore, there has been a call to
strengthen the modelling efforts for climate projections
required to close knowledge gaps in understanding high
altitude hydrological processes and future projections in
rainfall and temperature (Bolch et al., 2012; Rajbhandari
etal.,2014).

Availability of multi-model climate simulations per-
formed for the Fourth and Fifth Assessment Reports
(AR4 and ARS5) of the Intergovernmental Panel on Cli-
mate Change (IPCC) provides an opportunity to assess
the ability of these models to reproduce historical cli-
mate (20th century) and to evaluate the climate change
projections for the 21st century. The IPCC AR4 and
AR5 model simulations as well as simulated tempera-
ture and precipitation extremes are available from the
World Climate Research Programme’s Coupled Model
Intercomparison Project phase 3 (CMIP3) and phase 5
(CMIP5) multi-model data sets (Meehl et al., 2007; Taylor
etal., 2012). Tebaldi et al. (2006) have analysed histori-
cal and future simulations of ten climate extreme indices
from the CMIP3 data set and concluded that model sim-
ulations of historical trends for both temperature- and
precipitation-related extremes agree well with observa-
tions at the continental and global scales. Sillmann et al.
(2013a) have analysed climate extreme indices from the
CMIP5 models and reanalysis data, and shown that the
models are generally able to simulate climate extremes and
their trend patterns when compared with gridded obser-
vational indices. HadEX?2 data provide a suite of climate
extreme indices derived from globally observed tempera-
ture and precipitation data and represent various facets of
a changing global climate in its intensity, frequency, and
duration (Donat et al., 2013). These projections show a
trend towards a warmer, wetter global climate with greater
precipitation intensity.

There have been numerous other studies utilizing
both CMIP3 and CMIP5 data sets and regional climate
simulations across various regions (Vera and Silvestri,
2009; Coppola and Giorgi, 2010; Fan et al., 2010; Yang
etal., 2012); however, a comprehensive assessment of
climate projections for the Himalayan region is lack-
ing. A previous report summarizes the regional climate
model scenarios provided by the Hadley Centre Regional
Model 2 (HadRM2) and Providing Regional Climates
for Impacts Studies (PRECIS) models for the eastern
Himalaya (EH) (Shrestha and Devkota, 2010). HadRM2
simulations over the EH region projected a 2.9 °C increase
in the annual mean temperature by the 2050s. PRECIS
simulations for B2 and A2 scenarios projected a 2.9 and
4.3°C increase, respectively, in annual mean tempera-
ture by the 2080s. HadRM2 simulations of this region
projected an increase of 18% of the current precipitation
simulations by the 2050s, whereas PRECIS simulations
for B2 and A2 scenarios projected increases of annual
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precipitation by 13 and 34%, respectively, by the 2080s
(Shrestha and Devkota, 2010). Other studies have utilized
the CMIP3 data set to understand the behaviour of the
South Asian summer monsoon and its connection with the
El Nifio-Southern Oscillation (ENSO) and Eurasian snow
cover (Fan et al., 2010; Peings and Douville, 2010). Seth
et al. (2011) analysed coupled climate model projections
of global land monsoons, which show a modification
of the annual cycle of tropical precipitation with reduc-
tions in spring and increases in summer precipitation.
The study identified remote mechanisms (increased
tropospheric stability) leading to a spring decrease in
precipitation, and local mechanisms (enhanced evapo-
transpiration and decreased tropospheric stability) leading
to increased precipitation during the rainy season. This
study focuses on the model intercomparison simulations
so as to establish a multi-model baseline for the HKH
region.

The HKH region spans a large geographic area and,
therefore, consists of varied topography and climate
(Figure 1). A recent study analysing long-term satellite
measurements (1979-2007) found greater warming rates
over the WH region (0.26 +0.09 °C decade™) that signif-
icantly exceed the entire HKH as well as overall global
warming rates (Gautam et al., 2010). Other factors that
exhibit significant variability across the region include:
(1) precipitation variability, with monsoonal precipitation
dominating EH hydro-climatological patterns and west-
erly dominated precipitation influencing the WH regions
(Young and Hewitt, 1990; Chalise, 1994); (2) glacier
characteristics, with the Karakoram consisting of long,
interconnected glacial systems as opposed to smaller
individual glaciers in the Himalayan range (Williams
and Ferrigno, 2010); (3) snowmelt dynamics, with the
EH region having an earlier melt onset, later freeze-up,
and a longer melt season relative to other regions across
the HKH (Panday ef al., 2011); and (4) glacier response
times, with more melting and faster glacial retreat in the
EH but a lack of any rapid disintegration of glaciers in the
northwestern Himalaya and Karakoram regions (Kargel
et al., 2009; Bolch et al., 2012; Gardelle et al., 2012).
Although the global model simulations are of coarse
spatial scale (approximately 1-3°), the Himalayan and
Karakoram regions are geographically large (with a com-
bined area of approximately 692000 km?), which allows
for an examination and comparison of climate projections
and scenarios between the EH and WH regions.

This study uses CMIP3 and CMIP5 models to examine
their ability to represent 20th century climate and anal-
yse the evolution of extreme temperature and precipitation
indices into the future for the EH and WH regions using
the Special Reports on Emission Scenarios (SRES) B1
(low-range emissions), A1B (mid-range emissions), A2
(high-range emissions), and Representative Concentration
Pathway (RCP) 8.5 (high end emissions) scenarios. This
study examines seven climate extreme indices computed
for both CMIP generation models. Additionally, time evo-
lution of EH and WH area-averaged multi-model ensemble
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Figure 1. The EH and WH regions showing high altitude stations with long-term meteorological data and extreme climate indices.

extreme indices is examined, along with changes in den-
sity distributions for the middle (2020—-2049) and the late
(2070-2099) 21st century. The EH is defined as spanning
an area from 27° to 29°N and 85° to 95°E, whereas the
WH is defined by the bounding area spanning 33°-37°N
and 72.5°—80°E (Figure 1).

2. Data and methods

2.1. CMIP climate extreme indices

The CMIP3 and CMIP5 models are an effort by the
World Climate Research Programme’s Working Group on
Climate Models where several modelling groups around
the world contributed to a coordinated set of 20th and 21st
century climate simulations (Meehl et al., 2007; Taylor
et al., 2012). CMIP5 includes a more comprehensive set
of GCMs with more complexity run at higher spatial
resolution with more complete representations of exter-
nal forcings, scenario types, and diagnostic outputs in
comparison to the CMIP3 models (Knutti and Sedlicek,
2013) (Supporting Information Tables S1 and S2 for
models used). The Expert Team on Climate Change
Detection and Indices (ETCCDI) has defined a set of
climate indices that focus on moderate extremes based
on daily minimum temperatures, maximum temperatures,
and precipitation. These CMIP5 extreme indices were
downloaded from the ETCCDI archive (available at
http://www.cccma.ec.gc.ca/data/climdex/), whereas the
CMIP3 indices used in this study were computed by indi-
vidual modelling centres based on the definitions of Frich
etal. (2002) (available at http://www.pcmdi.llnl.gov).
In this study, simulations and extreme indices of 23
models from CMIPS archive and 9 medium and higher
resolution models from CMIP3 archive are analysed for
the 20th century historical experiment, and for multiple
scenarios (B1, A1B, and A2 for CMIP3 and RCP 8.5
for CMIP5; Tables S1 and S2 for models used in this
study). The respective greenhouse gas concentrations in
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2100 are equivalent to 600, 850, 870 parts per millions
carbon dioxide with emissions from human activities
in Bl, AIB, A2 scenarios and 1370 carbon dioxide
equivalent in the RCP8.5 scenario (Moss et al., 2010).
Three indices that describe temperature-related extremes
include the extreme temperature range, frost days, and
warm nights. The remaining four indices describe pre-
cipitation extremes, which include consecutive dry days,
5-day precipitation, precipitation >95th percentile, and
precipitation intensity (Table S3). Multi-model averages
(MMA) and all other calculations were averaged for the
bounding geographic coordinates defining the EH and WH
regions.

2.2. Observed extreme indices from HadEX?2 data set
and ground stations

Observed extreme indices from the HadEX2 data set
were used to provide density distributions for two peri-
ods (1960-1979 and 1980-2000), which also allowed
evaluation of the modelled extreme indices. HadEX2 is
a gridded land-based data set of indices of temperature
and precipitation extremes based on global station data
interpolated onto a 3.75° x2.5° longitude—latitude grid
over the 1901-2010 period (Donat et al., 2013). This
data set is also calculated following the ETCCDI proto-
col and is available on the website http://www.climdex.org.
Gridded temperature and precipitation data from the Uni-
versity of East Anglia Climate Research Unit (CRU-TS,
v.3.0) were also used to compare simulated mean late 20th
temperature and precipitation (Mitchell and Jones, 2005).
Observed extreme indices for several stations across the
HKH were also used to identify trends in all seven
temperature- and precipitation-related indices. A total of
five stations with long-term (1960—-2000) precipitation
and temperature indices were selected for the analysis of
observational data (Figure 1). Four stations fall within
the EH region: Pagri (27.73°N/89.08°E, 4300 m), Xigaze
(29.25°N/88.88°E, 3837 m), Nedong (29.23°N/91.77°E,
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3657 m), and Okhaldhunga (27.3°N/86.5°E, 1720 m). One
station, Gilgit (35.92°N/74.33°E, 1459 m) lies in the WH
region. Temperature and precipitation extreme indices
were calculated only for Okhaldhunga to extend over
the years 1960—-2000, which were derived using a soft-
ware package (RClimDex) written in R software (ETC-
CDI; http://cccma.seos.uvic.ca/ETCCDI/software.shtml).
The trends in all observed climate indices were identified
and tested for statistical significance at the 95% confi-
dence level using the Mann—Kendall (MK) test for trend
(Mann, 1945; Hipel and McLeod, 1994). Density plots
of observed climate indices were also computed for the
years 1960—1979 and 1980—-2000 at all stations, for quali-
tative comparison with simulated indices and for analysing
any shifts in distributions. Kolmogorov—Smirnov (KS)
tests (Massey, 1951) were used to determine whether
these distributions were significantly different from one
another.

2.3. Density plots of extreme indices for CMIP3 and
CMIP5

Density plots of MMAs of simulated annual extreme
indices were computed for late 20th century (1970—1999)
and 21st century (2020-2049 and 2070-2099) periods for
both CMIP3 and CMIP5 datasets. For consistency, den-
sity plots for the 20th century use the same models as
the 21st century density plots. Additionally, KS tests were
used to determine whether the middle (2020—-2049) and
late (2070-2099) 21st century distributions of simulated
extreme indices were significantly different from the late
20th century (1970-1999) distribution.

2.4. Time evolution of changes in CMIP3 indices

We carried out an extended set of analyses using the
CMIP3 data set, which included time evolution of changes
in simulated indices and percent changes by the 21st cen-
tury in multi-model projected monthly mean temperature
and precipitation. Multi-model ensemble time series of
extreme indices for the 1901-2099 period, averaged over
each region, were evaluated for CMIP3 models following
the methodology by Tebaldi er al. (2006). A complete
time series of each index and scenario was produced
for the 1901-2099 period by combining the 20th and
21st century runs. The time series were standardized,
and anomalies were computed with respect to the base
period of 1961-1990. The base period was detrended by
removing the least-squares linear trend, and the standard
deviation was computed for this detrended base period.
Anomalies for the entire period were standardized by
the standard deviation of the detrended base period, and
MMAs were computed for all indices across all scenarios.
The multi-model ensemble average time series of the
extreme indices (regionally averaged) were also smoothed
with a 10-year running average, indicating the direction
of change. The width of 1 standard deviation around
the ensemble mean was used to represent inter-model
variability.
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2.5. Twenty-first century changes in temperature and
precipitation

We additionally computed changes in the annual cycles
of temperature and precipitation using the same set of
model simulations used in the analysis of extreme indices.
Simulations of monthly temperature and precipitation
for the 20th and 21st centuries using the SRES BI,
A1B, and A2 scenarios were utilized for this analysis.
Precipitation differences were calculated for the middle
(2020-2049 minus 1970-1999) and late (2070-2099
minus 1970—1999) 21st century and were standardized by
the late 20th century standard deviation of each model.
The multi-model mean monthly differences between the
middle or late 21st century and the late 20th century
period were tested for their statistical significance. These
20th and 21st century distribution differences were first
assessed for normality (Shapiro—Wilk test). F-tests were
then used to compare the variances between normally dis-
tributed 20th and 2 1st century samples. Two sample #-tests
were determined appropriate for normally distributed sam-
ples. For non-normally distributed samples, differences
in multi-model mean precipitation and temperature were
tested for statistical significance using Wilcoxon tests. All
significance tests were performed at the 95% confidence
level.

3. Results
3.1.

The annual cycles of temperature and precipitation for both
regions show similar patterns in both CMIP3 (Figure 2)
and CMIP5 (Figure S1) groups of models. The annual
cycle of temperature is well represented by both CMIP
generation models in the EH region, with most of the mod-
els overestimating temperature by approximately 0.4 °C
compared with CRU data in the EH region across all
months (Figure 2(a)). On average, the EH temperatures
range from —0.70°C in winter to 13.6°C in summer
over the 1970—1999 period. There is a large cold bias
by CMIP models in the WH region and temperatures are
underestimated by as much as approximately 3.9 °C, par-
ticularly through winter months (Figure 2(b)). The WH
region shows greater seasonal variability in temperature,
with average winter temperatures approximately —9.6 °C
and average summer temperatures approximately 11.9 °C.
The MMA precipitation for the EH region follows CRU
precipitation values closely but with greater inter-model
variability during the monsoon period (May to October)
(Figure 2(c)). There is a wet bias throughout the year in the
WH region across CMIP3 models. The MMA precipita-
tion overestimates CRU precipitation in the WH region by
approximately 1.1 mm day~! on average across all months
(Figure 2(d)). The precipitation in the EH region shows
a strong seasonal cycle with most precipitation falling in
the monsoonal months (9.8 mmday~! on average), while
WH receives on average 1.3 mmday~! with only a small
seasonal variability.

Mean climatology over EH and WH regions
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Figure 2. Multi-model average CMIP3 for late 20th century (1970—1999) for temperature (°C) and precipitation (mm day™!) compared with CRU
gridded observations for the EH and WH regions. The box represents the interquartile range where multi-model averages and median values are
represented by black squares and horizontal lines, respectively. The whiskers represent the minimum and maximum model values.

Table 1. Trends in observed annual temperature and precipitation-related extreme indices at stations in the Hindu Kush-Himalaya
region for 1960—2000, as shown by Kendall’s 7 statistic.

Station Xtemp range  Frostdays =~ Warmnights  Dry days  5daysprecip  Precip>95th  Precip. intensity
Gilgit 0.014 0.085 —0.44 —0.053 0.054 0.04 -0.019
Nedong —0.282 —0.494 0.424 —0.063 —-0.028 —0.083 —-0.026
Pagri —-0.039 —0.200 0.43 —-0.257 0.083 0.16 0.146
Xigaze —0.065 —-0.218 0.57 —0.094 0.002 —-0.08 0.045
Okhaldhunga 0.153 - 0.44 -0.123 —-0.032 -0.04 0.027

Significance at the 95 and 90% confidence levels based on the Mann—Kendall trend test is indicated in boldface and italics, respectively.

3.2. Observed extreme indices

We utilized MK tests to assess the presence of overall
trends for the 1960—2000 period in the observed extreme
indices at all five meteorological stations (Figure 1 and
Table 1). MK statistics at a 95 and 90% confidence levels
indicate the absence of significant trends in three out of
the four precipitation-related indices (5-day precip, precip
>95th, and precip intensity). MK tests indicate decreasing
trends for dry days across all stations, although significant
only at Pagri. The trends in precipitation-related indices
also lack any consistent pattern across the five stations.
In contrast, all temperature-related extreme indices exhibit
significant trends across one or more stations (Table 1).
Three EH stations (all located at elevations above
3500 m) exhibit declining trends in the xtemp range
(although significant only at Nedong; Table 1). In contrast,
Gilgit (Figure 3(a)) in the WH region and Okhaldhunga
at a lower elevation in the EH region (Figure 3(m))
exhibit positive shifts in xtemp range. Density plots of
xtemp range show a negative shift from the 1960—1979
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to the 1980-2000 period at Nedong, consistent with
observed declining MK trend statistic over this time
period (Figure 3(d)). Density plots of xtemp range at
Gilgit suggest higher variability for the 1980-2000 dis-
tribution, while the remaining stations show no clear,
observable shifts in distributions (Figure 3(a), (g), and (j)).

The MK tests for trend reveal significant negative trends
for the number of annual frost days at Nedong, Xigaze
(significant at 90% confidence level), and Pagri (Table 1),
with the exception of Okhaldhunga (where frost days
were not calculable by definition since temperature does
not fall below 0°C) and Gilgit (which exhibits a positive
trend in the WH region; Figure 3(b)). On average, stations
at higher elevations exhibit greater total numbers of frost
days relative to stations at lower elevations, with Pagri
(4300 m) experiencing on average approximately 240
frost days per year over the 1960—2000 period and Gilgit
(1459 m) experiencing on average only approximately
70 frost days per year over the same period (Figure 3(b)
and (h)). Stations lying in the mid-elevational range
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Figure 3. Probability density functions of xtemp range (a, d, g, j, and m), frost days (b, e, h, and k), and warm nights (c, f, 1, 1, and n) for Gilgit (a—c),
Nedong (d—f), Pagri (g—i), Xigaze (j—1), and Okhaldhunga (m and n) meteorological stations (see Figure 1 for locations). The 1960—1979 (solid
line) and 1980—2000 (dashed line) periods are shown for the 20th century.

(3600—3800 m) exhibit the largest decrease in the occur-
rence of frost days, with Nedong showing a decrease of
approximately 20 annual frost days from the 1960—1979
to 1980-2000 period (Figure 3(e)). KS tests reveal
significantly different distributions of frost days when
comparing the two 1960—1980 and 1980—2000 periods
for Nedong only, which is consistent with the stronger
MK trend statistic at this station.

© 2014 Royal Meteorological Society

Warm nights across all stations in the EH region exhibit
significant positive shifts (Figure 3(f), (i), (1), and (n)),
while Gilgit in the WH region exhibits a significant neg-
ative shift (Figure 3(c)). This is consistent with the signif-
icant positive trends observed over the 1960—2000 period
across the EH stations (Table 1). The KS tests did not show
any other statistically significant differences in the dis-
tribution of temperature and precipitation-related indices
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between the two late 20th century periods. The 1980-2000
distributions of precipitation intensity do not exhibit any
significant shifts across the stations, while the distributions
for precip >95th percentile indicate a slight negative shift
at Nedong, Xigaze, and Okhaldhunga as well as a posi-
tive shift at Pagri for this period (not shown in Figure 3).
Density plots of dry days (not shown in Figure 3) suggest
negative shifts over the 1980-2000 period for Okhald-
hunga, Pagri, and Xigaze; however, these distributions are
not significantly different from the 1960—1979 samples
according to KS tests.

Observed changes in HadEX?2 extreme indices for both
temperature and precipitation based indices are also shown
by density plots for the EH and WH regions (Figure 4).
Most indices show shifts from the 1960—1979 period to
the 1980—-2000 period. Particularly, xtemp range shows
negative shifts and warm nights show positive shifts for
both regions consistent with the analysis of observed
stations indices. Density plots of precipitation indices
from HadEX?2 are less coherent than temperature-based
indices as also shown in the previous analyses of extreme
indices based on station observations. KS tests showed
significant shifts at the 95% confidence level for dry days,
xtemp range, frost days, and warm nights for the EH
region. For the WH region, only xtemp range and warm
nights showed significant shifts at the 95% confidence
level between the two periods.

3.3.  Simulated temperature-related extreme indices

Both the CMIP5 and CMIP3 data sets are cold biased
relative to HadEX2 as they show larger numbers of
frost days (cold extremes) particularly in the WH region
(Figures 4—7 and S2(a)). Since the 20th century sim-
ulated frost days are greater than those observed from
HadEX2, the future reduction in frost days might also be
overestimated by model projections. The models also dis-
agree with HadEX2 for xtemp range with both the CMIP5
and CMIP3 distributions showing much larger values than
the observations. The CMIP models compare well with
HadEX2 in the late 20th century distribution of warm
nights for both EH and WH regions. Poor observational
network coverage particularly in the higher elevations is
used to produce the HadEX2 data set, and the inability
of the models to resolve processes in high altitude terrain
leads to biases in comparison of models to observations
particularly in high elevation regions such as the Himalaya
and Tibetan Plateau (Donat et al., 2013).

Projected shifts in CMIP5 MMA indices for the 21st
century (2020—2049 and 2070-2099) indicate significant
shifts outside the current ranges in all temperature-related
indices, particularly in frost days (Figure 5(b) and (h)) and
warm nights (Figure 5(c) and (i)) for both regions. Density
plots of CMIP3 MMA temperature-related indices for the
EH (Figure 6(a)—(i)) and WH (Figure 7(a)—(i)) regions
also indicate similar shifts to those of CMIP5 by mid and
late 21st century. KS tests revealed that the distributions
of frost days and warm nights for the middle and late 21st
century are significantly different from late 20th century

© 2014 Royal Meteorological Society

distributions in all scenarios for both the EH and WH
regions. MK tests for trend exhibit significant (p < 0.05)
positive trends for simulated warm nights, while xtemp
range and frost days indicate significant negative trends
(p<0.05) (Figures 8 and 9). These simulated trends in
extreme climate indices are consistent with the projected
changes of approximately 2—4 °C in temperatures for the
two regions by late 21st century (Figures 10 and 11).

The distributions of mid and late 21st century xtemp
range are significantly different from late 20th century dis-
tributions in all scenarios in the EH region (p < 0.05), while
they are significantly different by the late 21st century in all
scenarios in the WH region. Density plots of MMA xtemp
range exhibit more pronounced negative shifts by the mid-
dle and late 21st century in the EH region (Figures 5(a)
and (g) and 6(a)—(c)) as compared with the WH region
(Figures 6(a) and (g) and 7(a)—(c)). Time evolution of
area-averaged CMIP3 indices indicate a decrease in the
xtemp range by the end of the 21st century in both regions
(Figures 8(a) and 9(a)). This is consistent with the declin-
ing trends already apparent in the significant negative trend
in the xtemp range in the EH region from station obser-
vations and HadEX2 indices (see Section 3.2). The largest
decrease in xtemp range (as indicated by a 10-year running
average) is approximately 1.3 standard deviations (SD) in
the A2 scenario for the EH region (Figure 8(a)), which is
greater than the largest decrease in the A2 scenario for the
WH region (which by comparison is only approximately
0.8 SD; Figure 9(a)).

Both regions also exhibit a decrease in annual frost days
by the 21st century in RCP 8.5 (CMIP5) (Figure 5(b) and
(h)) and three SRES scenarios (CMIP3) (Figures 6(d)—(f)
and 7(d)—(f)). However, models may be underestimating
frost days in the WH, which is inconsistent with the
positive shifts in frost days from the middle to late 20th
century observed at Gilgit. Simulated frost days indicate
that on average, the EH region has fewer number of frost
days (approximately 150 for the 20th century) compared
with the WH region (approximately 280 for the 20th
century). The distributions of frost days in the late 21st
century for both regions exhibit no overlap with 20th
century distributions, suggesting that the highest number
of annual frost days in the late 2 1st century will be less than
the lowest number of annual frost days in the 20th century.

Simulations for the 2Ist century indicate dramatic
increases in warm nights in both CMIP3 and CMIP5
datasets across all scenarios (Figures 5(c) and (i), 6(g)
and (i), and 7(g) and (i)). The 21st century simulations
indicate a shift to more warm nights in all scenarios and
by the late 21st century, the distributions of warm nights
for both regions do not display any overlapping values
with the 20th century distributions. On average, the EH
region exhibits a shift towards more warm nights in the
21st century when compared with the WH region for all
scenarios.

3.4. Simulated precipitation-related extreme indices

Both CMIP model generations agree well with the
HadEX?2 data for 5-day precipitation and precip >95th

Int. J. Climatol. (2014)
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Figure 4. Change in distributions for HadEX?2 indices for EH (a—f) and WH (g—j) regions. We show distribution of indices for two periods
[1960—1979 (black) and 1980-2000 (dashed)] for xtemp range, frost days, and warm nights; 5-day precip and precip >95th percentile indices
are not available for the WH region.

percentile (Figures 4—7). This is consistent with the find- and S2(b)) (Sillmann et al., 2013b). Shifts in precipitation
ings of Sillmann et al. (2013b) at the global and regional  jndices in CMIP3 and CMIP5 data sets indicate wetter
scales. Both CMIP3 and CMIP5 models disagree with
the HadEX?2 data set for consecutive dry days with the
models showing almost twice as few dry days in both
regions. The underestimation of dry days by CMIP5 mod-
els when compared with HadEX2 has also been observed ~increasing trends confirmed by the MK tests for trend.
in several regions (Figures 5(d) and (j), 6(j)—(1), 7(j)—(1), The results indicate that the increase in precipitation for

conditions with more frequent precipitation extremes par-
ticularly for the EH region. For both regions, all modelled
precipitation-related extreme indices exhibit significant
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Figure 5. Change in distributions for CMIPS multi-model average historical (1970—-1999) and RCP 8.5 projected scenarios (2020—-2049 and

2070-2099) for simulated xtemp range, frost days, warm nights, dry days,

these regions is due to increased frequency of extreme
precipitation events.

CMIP5 MMA density plots indicate a significant posi-
tive shift in dry days in RCP 8.5 scenario for the EH region
(Figure 5(d) and (j)). CMIP5 MMA distributions show a
negative shift in dry days for the WH region contradicting
CMIP3 MMA distributions (Figure 7(j)—(1)). CMIP3 den-
sity plots indicate that dry days show little change for the

© 2014 Royal Meteorological Society

5-day precip, and precip >95th for the EH (a—f) and WH (g-1) regions.

WH region during the 20th century (Figure 7(j)—(1)). How-
ever, the distribution in dry days shows a positive shift
in the A1B (Figures 6(k) and 7(k)) and A2 (Figures 6(1)
and 7(1)) scenarios for both regions by the end of the 21st
century. On average, simulated time series of dry days
index shows much higher temporal variability compared
with other indices. By the updated ETCCDI definition, the
length of the multiyear dry spells is assigned to the year
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Figure 8. Simulated time series of standardized temperature and precipitation-related CMIP3 extreme indices anomalies over 1901-2099 for the EH
region. The thick lines indicate the 10-year running average. Shading represents the width of 1 standard deviation of the ensemble mean. The 21st
century scenarios are shown for the B1 (dark gray), A1B (medium gray), and A2 (light gray) scenarios.

when the spell ends such that very large dry spells affect
the spatial averages leading to large interannual variabil-
ity (Sillmann et al., 2013b). CMIP3 dry days indices used
in this study are always terminated at the year’s end, in
contrast to the CMIP5 dry spells where accumulated dry
days are carried across the calendar year when the spell
ends (Sillmann et al., 2013b). Dry days index describes the
lower tail of the precipitation distribution and change and
trends of changes in dry days are smaller compared with
the shifts in other climate indices. The 21st century density
distributions overlap with the 20th century distributions for
dry days, and the changes are difficult to interpret as the

© 2014 Royal Meteorological Society

interannual variability together with inter-model variabil-
ity confounds the actual changes.

Both CMIP3 and CMIPS5 distributions of 5-day precip
indicate projected increases across all scenarios by the 21st
century (Figures 5(e) and (k), 6(m)—(0), and 7(m)—(0)).
CMIPS scenario projects a greater shift in 5-day precip
distributions by 21st century for both regions relative to the
CMIP3 distributions. Overlapping distributions of 5-day
precip for the WH region in CMIP3 scenarios between
the 20th and 21st century suggest smaller changes as
projected by this multi-model data set. Both CMIP3 and
CMIPS density plots of 5-day precip indicate positive

Int. J. Climatol. (2014)
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Figure 9. Simulated time series of standardized temperature and precipitation-related CMIP3 extreme indices anomalies over 1901-2099 for the
WH region. The thick lines indicate the 10-year running average. Shading represents the width of 1 standard deviation of the ensemble mean. The
21st century scenarios are shown for the B1 (dark gray), A1B (medium gray), and A2 (light gray) scenarios.

shifts to higher precipitation and greater variability in the
EH region compared with the WH region in all middle and
late 21st century scenarios (Figures 8(e) and 9(e)).
Long-term simulations by CMIP3 and CMIP5 models
indicate positive shifts in precip >95th percentile by the
end of the 21st century in both regions (Figures 6(p)—(r)
and 7(p)—(r)). Precip intensity shows an increasing trend

© 2014 Royal Meteorological Society

by the late 21st century across all scenarios in both regions
(Figures 8(g) and 9(g)). However, MMA density plots indi-
cate overlap in a majority of 20th and 21st century distribu-
tions for both regions, suggesting increases in precipitation
intensity are relatively small (not shown). CMIP3 mod-

els indicate that the distributions of precipitation intensity
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(a) Standardized temperature change 2070-2099 B1

(d) Standardized precipitation change 2070-2099 B1
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Figure 10. Box plots show CMIP3 multi-model statistics for standardized monthly temperature (a—c) and precipitation (d—f) differences for the EH

region (late 21st century minus 1970—1999) for SRES B1, A1B, and A2. The interquartile range (IQR) is shaded and horizontal black lines represent

multi-model median values. Multi-model averages are represented by black circles. The whiskers represent the furthest model value within 1.5 times
the IQR. Open circles represent outliers.

for the 21st century are not significantly different for both
regions except in the A2 scenario.

3.5. Changes in annual cycles of temperature and
precipitation

The 21st century CMIP3 and CMIPS5 projections of xtemp
range, frost days, and warm nights are consistent with
the projected changes in annual cycles of temperature.
Temperature differences from the late 20th century to the
middle and late 21st century are significant across all
scenarios in both regions (Figures 10—12 and S3—-S5). The
projected annual average temperature increases by the end
of the 21st century range from 2.5 to 4.0 °C for the EH
region, and from 2.8 to 4.5 °C for the WH region. Both the
CMIP3 and CMIP5 model generations project temperature
increases of similar magnitude for the late 21st century.
The late 21st century standardized temperature changes
indicate greater inter-model variability in the magnitude of
the temperature increase, particularly during the summer
months (July to September) for the EH region in both
CMIP3 and CMIP5 model projections.

MMAs suggest a statistically significant tendency
towards increased precipitation during the monsoon

© 2014 Royal Meteorological Society

season (April to October) in both the middle and late 21st
century in the EH region, also consistent with the increases
in precipitation-related extremes (Figure 10). By the late
21st century, monsoonal precipitation changes are larger
during April to August in the EH region but with increased
inter-model variability across all scenarios. Changes in
the late 21st century precipitation using CMIP5 models
indicate increases starting in April, suggesting an earlier
onset and longer monsoon season for the EH region when
compared with CMIP3 model projections (Figure 12).
Precipitation is expected to increase significantly during
the monsoon season within the EH region, with an annual
average increase of approximately 15-27% by the late
21st century. Multi-model projected precipitation changes
indicate significant precipitation declines during Jan-
uary for the EH region. In contrast, the WH region only
experiences on average a approximately 1-5% increase
(statistically significant across all scenarios) in annual
precipitation by the late 21st century, primarily owing to
the combination of suppressed summer precipitation and
increased winter precipitation (which is statistically sig-
nificant during the months of December and January). It is
likely that less frequent but heavier rainfall events do not

Int. J. Climatol. (2014)
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(a) Standardized temperature change 2070-2099 B1

(d) Standardized precipitation change 2070-2099 B1
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Figure 11. Box plots show CMIP3 multi-model statistics for standardized temperature (a—c) and precipitation (d—f) differences for the WH region

(late 21st century minus 1970-1999) for SRES B1, A1B, and A2. The interquartile range (IQR) is shaded and horizontal black lines represent

multi-model median values. Multi-model averages are represented by black circles. The whiskers represent the furthest model value within 1.5 times
the IQR. Open circles represent outliers.

affect the total precipitation amounts in the WH region.
Previous studies have shown precipitation intensity and
heavy precipitation events to increase more than mean
precipitation under a warming climate due to increases in
atmospheric water vapour content (Tebaldi et al., 2006;
Scoccimarro et al., 2013). In contrast, the significantly
larger changes in the monsoon-season precipitation in
EH region leads to significant changes in the total annual
precipitation for that region. The CMIPS5 models project
consistent increases in precipitation across all months in
RCP 8.5 when compared with the SRES A2 projections
from CMIP3 models (Figures 11 and 12). Standardized
precipitation changes for late 21st century for the WH
region indicate less model variability relative to the late
21st precipitation changes in the EH region (Figure 11).

4. Discussion

Multi-model analyses indicate a continued trend for more
extremes consistent with a warming climate particularly
for temperature-related extreme indices. Temperature
shifts by the middle to late 21st century are statistically
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significant across all scenarios and RCP 8.5 for both the
EH and WH regions. A thorough comparison on SRES
scenarios and RCPs is challenging and possible only if
results are computed by the exact same set of models.
Rogelj et al. (2012) indicate that the radiative forcings
prescribed in CMIP3 and CMIP5 scenarios can lead to
different temperature responses that also manifest as dif-
ferences in temperature and precipitation extremes. This
study shows that for the EH and WH regions, both the
CMIP3 and CMIP5 models show good agreement with
HadEX2 observations for warm nights, 5-day precip and
precip >95th percentile. Both model generations are cold
biased relative to observations showing a larger number of
frost days, while they show almost twice as less dry days
in both regions relative to HadEX2 observations. Sillmann
et al. (2013b) have shown that for temperature indices the
performance of CMIP3 and CMIP5 multi-model ensem-
bles is comparable with respect to their ensemble mean.
This study indicates that the spread amongst CMIP5 mod-
els for temperature-related indices is reduced compared
with those by CMIP3 models, which was also observed
by Sillmann efal. (2013a). However, CMIP5 models
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(a) Standardized Temperature Change 2070-99 EH RCP 8.5

(c) Standardized Precipitation Change 2070-99 EH RCP 8.5
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Figure 12. Box plots show CMIP5 multi-model statistics for late 21st century standardized monthly temperature and precipitation differences (late

21st century minus 1970-1999) for the EH region (a and ¢) and WH region (b and d) for RCP 8.5. The interquartile range (IQR) is shaded and

horizontal black lines represent multi-model median values. Multi-model averages are represented by black circles. The whiskers represent the

furthest model value within 1.5 times the IQR. Open circles represent outliers. Modern counterparts to the CMIP3 models used in this study, i.e.
CCSM4, CNRM-CMS5, GFDL-CM3, GFDL-ESM2G, IPSL-CM5A-LR, MIROC-ESM, MIROCS, and MRI-CGCM3.

tend to simulate more intense precipitation and fewer
consecutive wet days than CMIP3 models and closer to
the observations as represented by the HadEX2 indices,
also shown by Sillmann et al. (2013b). This is indicative
of an improvement in the CMIP5 model generation due to
the higher spatial resolution. Model improvements in the
parameterization of unresolved physical processes such as
convective precipitation and improvements with respect
to reproducing observed precipitation characteristics may
play a role in precipitation simulations by CMIP5 being
closer to observations as represented by the HadEX2
indices (Sillmann et al., 2013Db).

Changing climate extremes in these regions such as
fewer frost days and more warm nights may negatively
affect accumulation and increase the ablation of glaciers.
Projections of glacier melt rates for the 2001 -2030 period
using CMIP3 climate models have indicated accelerated
melting rates for the central Asian region (Ren et al.,
2007). Glacier mass balance projections for the Himalayan
and Karakoram regions using CMIP5 models indicate a
sixfold decrease from present by the 2080s under the high
emission scenario of RCP8.5 (Chaturvedi et al., 2014).
Decreases of frost days are expected to be greater near the
climatological mean position of the 0 °C isotherm (Meehl
et al., 2004) and, therefore, regions near this boundary
should experience greater decreases in frost days.

With respect to precipitation-related indices, statistical
tests indicate changes consistent with a wetter climate.
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Projected increases in 5-day precip, precip >95th per-
centile, and precip intensity, along with the precipita-
tion projections for the annual cycle for the EH region,
are indicative of an increased mean precipitation with
more frequent extreme rainfall during the monsoon sea-
son. In the WH region, precipitation projections indi-
cate small increases from October to February, indica-
tive of a wetter cold season. Projected changes in annual
cycles of temperature and precipitation also scale with
emissions scenarios, with the higher emissions scenar-
ios AIB and A2 tracking each other for most of the
21st century.

With regard to trends of climate extremes, our findings
are similar to what has been observed globally indicative
of intensification in temperature- and precipitation-based
indices (Frich efral., 2002; Alexander etal., 2000;
Sillmann et al., 2013b). The significant increase in the
annual occurrence of warm nights (as observed through
instrumental records over this period) is consistent with
the simulated CMIP3 and CMIP5 MMAs for both the
EH and WH regions for the late 20th century in this
study. Furthermore, observed significant declines in the
annual number of frost days globally (Frich et al., 2002;
Alexander et al., 2006) are consistent with the significant
decreases in the observed and simulated MMA frost days
for the EH and WH regions. Analyses of multi-model
ensemble projections of extreme indices in the Tibetan
Plateau, north of the Himalayan region, also indicate
decreasing frost days and more frequent warm nights
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(Yang et al., 2012). Significant decreases in xtemp range
are also reported in the analyses of extreme indices from
improved global coverage (Alexander et al., 2006). This
declining trend in xtemp range is particularly notable
in the EH region, largely owing to higher increases in
minimum temperatures relative to increases in maximum
temperatures (Frich et al., 2002).

From a more regional perspective, regional-scale anal-
yses of observed climate extreme indices for central and
south Asia are presented by Klein Tank et al. (2006). In
general, 70% of the meteorological stations in that region
showed statistically significant increases in the percent-
age of warm nights observed for the 1961—-1990 period,
which may be part of a long-term trend persistent through-
out the 20th century. Multi-model analyses from our study
also simulate these increases in warm nights in both EH
and WH regions and indicate further significant increases
in the 21st century. The WH region exhibits increasing
trends for warm nights in the late 20th century; how-
ever, the observed trend for warm nights at Gilgit shows
a significant decreasing trend. At this station, the den-
sity plots exhibit more variability in xtemp range and
higher probability of large numbers of frost days during
the late 20th century. Statistically significant reductions
in mean annual temperature since the 1960s (owing to
summer cooling) have been reported in the Upper Indus
Basin, whereas winter mean and maximum temperatures
show statistically significant increases (Fowler and Archer,
2006). These contrasting signals of both warming and
cooling in this basin have been thought to result from
changes in large-scale circulation and feedback processes
such as aerosol cooling (Yadav et al., 2004; Fowler and
Archer, 2006). In contrast to temperature-related extreme
indices for the late 20th century, most regional indices of
precipitation-related wet extremes showed no statistically
significant trends regionally (Klein Tank ef al., 2006),
which is also observed in the subset of EH and WH stations
analysed in this study.

With regard to precipitation, our multi-model analyses
indicate evidence for increases in monsoonal precipi-
tation, as has also been demonstrated by other studies
(Douville et al., 2000; Seth et al., 2011). Sen (2009) anal-
ysed extreme hourly precipitation patterns in India from
1980 to 2002 and found rising trends in extreme heavy
precipitation events, particularly in the high-elevation
regions of the northwestern Himalaya as well as along the
foothills of the Himalaya. Projected changes in precipi-
tation indices and annual cycles of precipitation indicate
intensification of the monsoon, particularly in the EH
region. In the WH region, projections of precipitation
indices and annual cycle changes in precipitation indicate
a wetter cold season. The largest increases in temper-
ature for both regions (according to the A2 scenario)
coincide with heavier precipitation projections in EH,
but little change or small decreases in precipitation in
the WH region. The prediction uncertainty from model
uncertainty and scenario uncertainty is greater towards
the end of the 21st century (Hawkins and Sutton, 2009)
as shown by divergence among models particularly
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during the monsoon-season precipitation changes partic-
ularly in the EH region .The dominant contributions to
prediction uncertainty in multi-decadal time scales are
model and scenario uncertainty relative to uncertainty
from internal variability of the climate system (Hawkins
and Sutton, 2009). Although CMIP5 models exhibit
improved inter-model agreement in their projections
indicating increases in global monsoon area, precipita-
tion, and intensity, models continue to exhibit substantial
biases in the annual cycle of rainfall in monsoon regions
(Seth et al., 2013).

However, the South Asian summer monsoon remains a
complex phenomenon influenced by several factors such as
aerosols and black carbon (Lau et al., 2006; Meehl et al.,
2008) and Eurasian snow—monsoon interactions (Peings
and Douville, 2010); therefore, projected changes need to
be taken with caution and demands detailed understanding
of such processes and feedbacks.

The differences between the EH and WH regions in
the behaviour of observed and modelled climate include
a large cold bias for temperature in the WH region
for the late 20th century. Multi-model ensemble simu-
lations of temperature for the late 20th century period
are within approximately 0.4 °C of one another (averaged
across all months) for the EH region. This suggests that
greater confidence can be placed in trends and changes
in temperature-related projections for the EH region (as
compared to the WH region). Significant negative trends
in xtemp range and significant positive trends in warm
nights across EH stations are associated with warming dur-
ing the late 20th century. In contrast, trends observed in
temperature-related indices at Gilgit station in the WH
region are opposite to those observed at EH stations.
As explained earlier, this is likely related to the statisti-
cally significant reductions in mean annual temperature
since the 1960s reported in the Upper Indus Basin. The
projections of temperature-related indices exhibit simi-
lar patterns and magnitude of change by the late 21st
century across both regions. Given that the EH region
has a significantly longer melt season compared to the
WH region (Panday et al., 2011), enhanced warming (as
indicated through analyses of these indices) may further
amplify the already observed glacial retreat. Furthermore,
multi-model simulations of precipitation for the late 20th
century period exhibit greater inter-model variability for
the EH region compared to the WH region, which reduces
the confidence in the projected changes in precipitation
and related indices. The 21st century precipitation sim-
ulations exhibit increased mean precipitation with more
frequent heavy rainfall events during monsoon season
with greater inter-model variability for the EH region.
In contrast, the projected changes in precipitation in the
WH region are minimal and indicate a wetter cold sea-
son. In general, uncertainty is usually large in precipita-
tion simulations and projections, particularly during mon-
soon because of insufficient agreement between climate
models (Hawkins and Sutton, 2011; Seth et al., 2011;
IPCC, 2012).
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5. Summary and conclusion

The results from this study provide a detailed assessment
of coarse-scale, multi-model ensembles of GCM scenarios
of future changes in climatic variables and extremes for
the HKH region. This study examines projected changes
in extremes of temperature and precipitation in the EH
and WH regions within the HKH region using the CMIP3
archive under three SRES scenarios (B1, A1B, and A2)
and the CMIPS archive using RCP 8.5. Additionally,
extreme climate indices of observed stations available
in these regions are qualitatively compared with model
simulations to investigate consistencies in the direction
of trends during the 20th century. Overall, both the
CMIP3 and CMIP5 models capture the 20th century
mean annual cycles of temperature and precipitation in
both regions well, but with a relatively large spread in
capturing observational precipitation regimes. Analysis
of observations shows significant negative trends for
frost days at mid-elevational range (3600—3800m) and
significant increasing trends in warm nights across all
EH stations. These are consistent with model-simulated
temperature indices for frost days and warm nights. How-
ever, these coarse-scale models are not able to resolve
fine-scale processes, and improved representation of
topography is essential in projection of some indices.
This is evident in results from the WH where statistically
significant reductions in mean annual temperature (and
therefore decreasing trends in warm nights) have been
observed across stations (e.g. Gilgit) in contrast to model
simulations.

Future projections of climate change under different
scenarios suggest that higher elevation regions will con-
tinue to experience the strongest warming across the globe
(Beniston, 2006; Bradley et al., 2006; Déry, 2011; Vuille,
2011). This study indicates that the greatest increases
in temperature for both the EH and WH regions occur
during monsoonal months (July to September) in the
A2 scenario, which coincides with the projections of
increased precipitation extremes in the EH region and
little change or small decreases in precipitation in the
WH region. Strong modifications in either summer air
temperatures or winter precipitation may affect glacier
ablation and accumulation (Déry, 2011). Since glaciers
in the EH region are of the summer-accumulation type,
where maximum accumulation and ablation occur simul-
taneously during the summer (Ageta and Higuchi, 1984;
Benn and Owen, 1998; Kayastha and Harrison, 2008),
shifts in summer temperature and precipitation will
be important overall factors in the future fate of these
glaciers.

Climate model projections for regions with complex
topography such as the HKH must be evaluated with
caution. Higher resolution regional climate models that
improve upon the topographic representation of this region
are necessary to resolve finer regional scale processes and
feedbacks; however, it is very important to understand how
well the global models are performing before any dynami-
cal downscaling (Tebaldi and Knutti, 2010). Additionally,
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the lack of long-term data from high-altitude meteoro-
logical stations makes it difficult to accurately assess and
validate trends in extreme indices across the entire HKH
region. The CMIP5 archive includes more comprehensive
models with overall finer spatial resolution compared with
CMIP3 (Taylor et al., 2012), although they appear to have
a greater model spread than CMIP3 models particularly in
simulating temperatures in the HKH region. In this study,
annual cycle projections for precipitation and temperature
indicate better agreement among models for the middle
21st century projections compared to the late 21st century
projections based on a subset of the CMIP3 model out-
puts. The observed and projected shifts in extreme indices
in this region demands further understanding and examina-
tion of the climatic processes and trends to avoid potential
negative impacts to water resources. Our study provides a
baseline for assessing trends in temperature, precipitation,
and extreme indices, presenting a first step towards con-
stituting critical information needed for climate impacts
assessment across the HKH region.
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Figure S1. Multi-model average (CMIP5) for late 20th
century historical simulations (1970-1999) for tem-
perature (°C) and precipitation (mmday~') compared
with CRU gridded observations for the EH and WH
regions. Modern counterparts to the CMIP3 mod-
els used in this study, i.e. CCSM4, CNRM-CMS5,
GFDL-ESM2G, IPSL-CM5A-LR, MIROC-ESM,
MIROCS, and MRI-CGCM3.

Figure S2. Change in distributions for multi-model
average historical and RCP 8.5 stimulated (a) frost
days, and (b) cumulative dry days. Three periods are
shown: 1970-1999 (black), 2020-2049 (red), and
2070-2099 (dashed red). HadEX2 (blue) observations for
the 1970—1999 period are shown for comparison.
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Figure S3. Box plots show CMIP3 multi-model statis-
tics for standardized monthly temperature (a—c) and
precipitation (d—f) differences for the EH region (mid-21st
century minus 1970—1999) for SRES B1, A1B, and A2.
The interquartile range (IQR) is shaded and horizon-
tal black lines represent multi-model median values.
Multi-model averages are represented by black circles.
The whiskers represent the furthest model value within
1.5 times the IQR. Open circles represent outliers.

Figure S4. Multi-model average (CMIPS5) for late 20th
century historical simulations (1970-1999) for stan-
dardized temperature and precipitation differences
(mid-21st century minus 1970-1999) for the WH
region. Modern counterparts to the CMIP3 models
used in this study, i.e. CCSM4, CNRM-CMS5, GFDL-
ESM2G, IPSL-CM5A-LR, MIROC-ESM, MIROCS, and
MRI-CGCM3.

Figure S5. Box plots show CMIP5 multi-model statistics
for mid-21st century standardized monthly temperature
and precipitation differences (late 21st century minus
1970-1999) for the EH region (a and ¢) and WH region
(b and d) for RCP 8.5. The interquartile range (IQR) is
shaded and horizontal black lines represent multi-model
median values. Multi-model averages are represented
by black circles. The whiskers represent the furthest
model value within 1.5 times the IQR. Open circles
represent outliers. Modern counterparts to the CMIP3
models used in this study, i.e. CCSM4, CNRM-CM5,
GFDL-ESM2G, IPSL-CM5A-LR, MIROC-ESM,
MIROCS, and MRI-CGCM3.

Table S1. CMIP3 coupled ocean-atmosphere models used
in this study. Atmospheric resolution is shown in longitude
by latitude degrees, whereas ocean resolution is defined as
the number of grids in longitude and latitude.

Table S2. CMIP5 models used in this analysis.

Table S3. Extreme indices used in this study and their defi-
nitions, adapted from Alexander et al. (2006) and Sillmann
et al. (2013a, 2013b).
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