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Abstract

The Northern Hemisphere winter-season wet day climatology is extremely important to hydrological and agricultural
processes of the Himalayan region (HR). However, knowledge of expected changes in the winter-season wet day climatology
under global warming is significantly limited. Hence, this study attempts to quantify the expected changes in winter-season
wet day climatological patterns for HR during 2020-2099 in comparison to a baseline period of 1980-2000 under two
different warming scenarios, these being representative concentration pathways 4.5 and 8.5 (RCP 4.5 and RCP 8.5). Five
climate model products covering the southern Asian region were obtained from the Commonwealth Scientific and Industrial
Research Organization initiated Coordinated Regional Climate Downscaling Experiment (CORDEX) of the World Climate
Research Programme and used for this purpose. Model biases are estimated with respect to observations for a base line period
of 1980-2000. Model ensemble non-linear trends of the winter-season wet days for the periods 2020-2040, 2041-2070, and
2071-2099 are estimated using Sen’s slope estimator, while ensemble average future changes in the number of winter-season
wet days are estimated, and attempts made to identify the topographical ranges that are expected to be mostly affected by the
changing winter-season wet day climatology. The results show that the CORDEX-regional climate models have a positive
bias, ranging between 1 and 30 days, across the high altitudes of the entire Himalayas, and model performance improves
with an increasing number of wet days per season. Although the impact of stronger warming (i.e. under RCP 8.5) is noted
to enhance the area averaged non-linear trend of wet days over northwestern (0.014) and eastern (0.005) Himalaya during
2071-2099, the model ensemble predicted area-averaged reduction in the frequency of wet days of 0.3 to 1.0 day is highly
likely by the end of this century. It is also observed that the Himalayan region within the range of 1000—2500 m above sea
level may experience a decline in winter-season wet days by up to 0.8 to 3.2 days under the warming scenarios of both RCP
4.5 and 8.5.
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1 Introduction

The Himalayas, fresh water reservoir for most of the glacier-
fed rivers of south and central Asia, are the life line
of about 1.5 billion people of the world (Nandargi and
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Dhar 2011). Consequently, precipitation in the form of
rain and snow over the region is a significant control of
annual and inter annual variation of water resources, agro-
horticultural production and hydroelectric power generation
(Mall et al. 2006; Goyal et al. 2015; Kanwal et al. 2019).
Since Himalayan topography plays a pivotal role controlling
the precipitation patterns by blocking and modulating air
circulation and the vertical stratification of the atmosphere,
different precipitation regimes exist across the east-west
and north-south stretches of the region (Chalise and Khanal
2001; Dimri and Niyogi 2013; Ghimire et al. 2015).

Over the northwestern Himalayan region, almost one-
third of annual precipitation is received during winter
(typically December to February, but often extending to
April) as a result of eastward moving low pressure systems
or extra-tropical cyclones termed ‘Western Disturbances’
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that incorporate moisture convergence from both the Bay
of Bengal and Arabian Sea (Hatwar et al. 2005; Dimri
2014). However, northeast India, representing the east-
ern Himalayas, including the Brahmaputra river basin and
all seven Indian Himalayan states, receives rainfall from
thunderstorms during early and late winter periods. The
frequency of winter Western Disturbances related precip-
itation events over the northwestern Himalayan region is
typically 67 for each month from December to April of
which 2-3 cases may result in extreme precipitation
(Pisharoty and Desai 1956; Dimri 2006). It has also been
noted that a high frequency of ‘El-Nino - Southern Oscilla-
tion” (ENSO) events can trigger higher numbers of monsoon
‘breaks’ but also higher precipitation during winter over the
Himalayas. That is the northwest Indian winter precipita-
tion is positively correlated with ENSO events (Dimri 2006;
Yadav 2009), unlike the northwest Himalayan summer mon-
soon seasonal rainfall, which is negatively related to Nino
3.0 and 3.4 indices (Mukherjee et al. 2020). At the same
time, it has also being noted by Dimri et al. (2015) that
increased snow cover in Eurasia could push more depres-
sions along the path of the southern winter jet bringing more
winter precipitation to the northwestern Himalayas. The
average winter-season rainfall over northwestern Himalayan
region, particularly over Jammu and Kashmir, Himachal
Pradesh and Uttarakhand, is reported to be ~ 190, 130
and 210 mm, respectively (Nageshwararao et al. 2016).
However, the effect of these eastward moving Western Dis-
turbances over eastern Himalaya is negligible as this region
receives around 2% of its rainfall in winter compared to
the average annual rainfall of ~ 2400 mm (Parthasarathy
et al. 1994). Nonetheless, assessment of the intra-seasonal
oscillations of winter-season rainfall along with the limit of
predictability and determinism, as undertaken by Mukher-
jee et al. (2011, 2016); Mukherjee (2017) and Mukherjee
(2021) for summer monsoon rainfall over Himalayas, are
yet to be carried out.

In the current context of increasing surface air temper-
ature around the world, the hydro-climatic processes of
the Himalayas are also reported to have changed signif-
icantly over the last couple of decades (Dyurgerov and
Meier 2005; Bhutiyani et al. 2007; Singh et al. 2011; IPCC
2014). Therefore, impacts of increasing air temperature on
water and ecosystem resources of the Himalayas need to be
assessed so that necessary adaptive measures can be drafted
according to the COP-21 Paris agreement. Furthermore, dif-
ferent countries of the world have unequivocally agreed
to keep the current global warming rate within 1.5-2°C
by the end of this century under this agreement. Conse-
quently, climate projection studies at a wide range of spatio-
temporal scales are being increasingly used to develop vari-
ous adaptation and mitigation practices. Since winter-season
rainfall and wet days play an important role controlling
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hydro-ecological systems of the Himalayas, particularly for
the northwestern Himalayas, a detailed future scenario-
based assessment is expected to be beneficial for any adap-
tive measures. However, few studies of future climate pro-
jections over the Himalayas are carried out using global and
regional climate models (Dash et al. 2012; Kulkarni et al.
2013; Ghimire et al. 2015; Mukherjee et al. 2019; Midhuna
and Dimri 2019), and a comprehensive assessment of pro-
jected changes in winter-season wet days over Himalayas
has not yet been carried out. Therefore, in order to adress
this knowledge gap, this work evaluates the future state of
winter-season wet days over Himalayas using CORDEX
(Coordinated Regional Climate Downscaling Experiment)
rainfall products, for the period 2020 - 2099, for the two
representative concentration pathways 4.5 and 8.5 (RCP 4.5
and RCP 8.5).

2 Data description

Projected changes in the winter-season wet days over HR
were estimated using data from the CORDEX South Asia
experiment, simulated for regional scale climate change
assessment up to the year 2099, by the Commonwealth
Scientific and Industrial Research Organisation (CSIRO)
using a Conformal Cubic Atmospheric Model (CCAM;
McGregor and Dix 2001). Daily model products, having
a grid size of 0.5° x 0.5°, from the following five
experiments: ACCESS, GFDL, NoRESM, CNRM and
MPI were used, and details of these experiments can
be found in Mukherjee et al. (2019). The CORDEX
programme included many experiments over South Asia
wherein various global and regional climate models were
used. The performances of these experiments widely varied
over the Himalayan region primarily due to differences
in the parameterizations used (Mishra 2015; Ghimire
et al. 2015). However, the group of CSIRO South Asia
simulations was one of a small number of experiments
conducted using only one standard regional climate model,
i.e. CCAM, for consistency in the downscaled products.
As a consequence, irrespective of biases in the climatic
parameters, the performance of all the CSIRO-CCAM
experiments was mostly consistent over the Himalayas.
Therefore, only the above mentioned five CORDEX-CSIRO
experiments were considered in this study. The winter
rainfall analyses were carried out for (i) two representative
concentration pathways (RCPs) — RCP 4.5 and RCP
8.5, and (ii) three future periods: Y7 representing years
2020 to 2040, Y, representing years 2041 to 2070, and
Y3 representing years 2071 to 2099. Biases in the daily
model simulated rainfall were computed for a base line
period 1980-2000, represented as Y, using APHRODITE
gridded products (version APHRO_MA_V1101R2, Yatagai
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et al. (2009, 2012)), termed here as ‘observation’ having a
spatial resolution of 0.25° x 0.25°. Except for the GFDL
experiment of RCP 4.5 during 1971-2099, all the model
products were used to estimate ensemble average changes
in winter-season wet days. The climatological analyses of
this study were carried out over the geographical region
22-38° N and 72-98° E. The topography within this
region is shown in Fig. 1. Topographic elevation (m) was
estimated using Shuttle Radar Topography Mission (SRTM)
digital elevation model data at 90 m spatial resolution.
Specific domains for northwestern and eastern Himalayas
were (i) 28-38° N, 72-82° E and (ii) 22-30° N, 88—
98° E, respectively, were used for further analysis. The
north-east of India is considered within the HR, as this
region has many geological thrust features due to north
and north-eastern movement of the Gondwana plate which
collided with the Eurasian plate. The northeast Indian region
is geographically intertwined with the Himalayan region
through the Main Boundary Thrust (Dikshit and Dikshit
2014), while the Himalayan Main Boundary Thrust and
the Naga-Disang Thrust separate the Himalayan terrain
from the eastern hilly region via the Brahmaputra valley.
Moreover, subtropical climate signatures are also observed
in the mountainous regions of the north-east Himalayas
where winter-season maximum air temperature varies
between 10 and 15° and minimum temperature remains
sub-zero.

Although a daily rainfall of 10 mm is categorized as
‘light rainfall’ during the Indian summer monsoon by the
India Meteorological Department (Pattanaik and Rajeevan

2010), the standard definition of wet days during the winter-
season has not been defined. Therefore, to determine a
limit of rainfall for defining winter wet days over HR,
the daily winter-season rainfall during 1980-2000 was
estimated using APHRODITE data (Fig. 2). In order to
define the winter-season wet days, a box plot of daily total
rainfall, observed at each grid point for all the winter-
seasons of 1980-2000, was produced (inset Fig. 2). It was
noted that the 75 percentile of the daily rainfall was
4.68 mm/day, whereas the mean daily rainfall was 4.32
mm/day. Therefore, the nearest integer of the 75" percentile
of daily rainfall, i.e. 5.0 mm/day, was set to be the limit
for determining wet days. Consequently, those days having
rainfall > 5.0 mm/day were identified as wet days.

3 Methods

Before analysing the climatological changes of future
period winter-season wet days, the climatology of wet days
was investigated for the baseline period of 1980-2000 (Y})
using APHRODITE data. The winter-season wet days were
estimated by summing those days during January, February,
November and December of a year when daily rainfall was
greater or equal to 5.0 mm. The average model bias (B) was
computed by the following equation:

N 1o
B = ;Xlzrdg - ;Xlzrdfj) (1)
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where n = 1980 to 2000 (21 years) and rd,, /o represents
modelled and observed total winter-season wet days,

respectively. Similarly, the ensemble average bias (B) was
estimated by computing the arithmetic average of all model
biases.

Once the model biases were computed, trends in
projected changes of the winter-season wet day climatology
were estimated across the HR using the spatial non-
parametric method of Sen’s slope following Sen (1968). The
Sen’s slope method was used due to its advantage of being
able to analyse non-linear time series having missing values
and outliers. The winter-season wet days at each grid point
were identified for individual models during 2020-2040
(Y1), 2041-2070 (Y2) and 2071-2099 (Y3), and ensemble
average winter-season wet days were derived for both
warming scenarios (i.e. RCP 4.5 and 8.5). Finally, Sen’s
slope was estimated at each grid point at a 95% confidence
level with a positive Sen’s slope indicating an increasing
trend, with a negative value depicting a decreasing trend in
the time series. A detailed numerical description of the Sen’s
slope technique can be found in Mukherjee et al. (2015).
Once the spatial pattern of Sen’s slope was estimated for
the three future periods, area averaged Sen’s slope was
computed for northwestern and eastern Himalayas.

Ensemble average changes in winter-season wet days for
the three future periods (Ard}) were computed using the
following equation:

Y ! 23 1 Y,
Ard) = E (n El rdy . E rd,} 2)
1

1
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where m represents the number of models (i.e. five) and

rd}ujl/ */% represents winter-season wet days simulated by
each model for the future periods Y] to Y3, respectively,
and rdllzb represents total winter-season wet days simulated
by each model for baseline period 1980-2000. Once the
spatial Ard} values were estimated for the three future
periods, area averaged Td% values were estimated for the
northwestern and eastern Himalayas.

To estimate the statistical significance of spatially
averaged changes in the number of winter-season wet days
within the three future periods, two sample ¢-tests were

carried out between the following pairs: Ardyy! — Ardy? and

ArdY? — ArdY3 for the northwestern and eastern Himalayas
under RCP 4.5 and 8.5, respectively. The null hypothesis
“two independent random samples are normal-distributed
with equal but unknown variances” was tested at confidence
intervals (C.I.) of 95% and 75%.

In order to identify the topographic elevation ranges
of Himalayas expected to be most impacted by the
changing winter-season wet day climatology during 2021—
2099, SRTM digital elevation model data at 90 m spatial
resolution were used with ArdY. Since Ard} values were
obtained at a spatial scale of 0.5° x 0.5°, elevation data were
extracted from the SRTM data for all those points within the
HR for which latitude and longitude information of Ard}
were available. Finally, scatter diagrams between 500 m bin
averaged elevation and Ard} were produced. The exercise
was carried out for all three future periods (i.e. Y| to ¥3) and
two RCPs (i.e. RCP 4.5 and 8.5) over the northwestern and
eastern Himalayas.
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4 Results and discussion
4.1 Bias: winter-season wet day climatology

Numerical modelling of the climate processes over moun-
tain terrain using global climate models is difficult due
to the coarse resolution and insufficient parameterizations
(Kumar et al. 2013; Dimri et al. 2018). On the other
hand, regional climate models are better than global models
as they can resolve small scale processes with the inclu-
sion of subgrid scale topography, and better representation
of atmosphere-hydroshpere-biosphere feedback processes
(Giorgi and Bates 1989; Beniston 2003; Rummukainen
2010; Dimri et al. 2018). However, regional climate mod-
els are not yet fully capable of simulating climatic processes

Fig.3 Subplot (a) shows the
distribution of observed mean

(a) Obgerved (1980—2000)

over mountain terrain due to very complex orographic-
induced dynamical forcings. As a result, verification of
regional climate products using available station data has
revealed a general trend of cold and wet biases over moun-
tains including the Himalayas (Giorgi et al. 2004; Solman
et al. 2008; Maharana and Dimri 2014). Therefore, any con-
clusion regarding current and future states of climate over
Himalayas, derived based on regional climate model prod-
ucts, requires a complete assessment of biases in the data.
Consequently, to initially estimate ensemble average bias of
CORDEX simulated products for winter-season wet days,
mean wet days per winter-season during 1980-2000 were
estimated using APHRODITE data (Fig. 3a). The mean wet
days per winter-season were found to be maximum over
the Kashmir valley and Himalayan foothills of Himachal

(b)Avg. biag: ACCESS—Obg.

wet days per winter-season
during 1980-2000. Subplots
(b-f) shows the average model
bias (B) in simulating mean wet
days per winter-season during
1980-2000, whereas, subplot (g)
shows the ensemble average bias
(B) in simulating mean wet days

per winter-season during
1980-2000. Geographical

>

coordinates are similar to Fig. 1

(c)Avg. biag: NoRESM—Obg.

(d)Avg. biag: GFDL—ODbs.
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(e)Avg. bias: CNRM—Obg.

(f)Avg. biag: MPI-Obg.

= >

(2)Engemble avg. model biag

&

-5-25-1 0 1255 10 15 20 25

@ Springer



888

S.Ballav et al.

Pradesh and Uttarkhand ranging between 10 and 30 days,
whereas the hills of Arunachal Pradesh had an average of
2-10 number of wet days per season, predominantly from
thunderstorms. The generic spatial distribution of model
bias (B) for all the selected CORDEX-RCMs was positive,
ranging between 1 and 30 days, across the high altitudes
of Himalayan regions, including the eastern Himalayas
(Fig. 3b-f). It can also be noted from Fig. 3g that ensemble
model performance improved over the central Himalayas,
ranging from Nepal to Bhutan hills, where positive biases
were within the range of 2.5-10 days. The positive biases, as

Fig.4 Subplot (a) shows the
observed (APHRODITE)

(a) Observed: 1980—2000

indicated in Fig. 3a-g, were also found to be consistent with
the earlier observations of Palazzi et al. (2013) and Mishra
(2015) who noted wet biases over the foothills and higher
elevations of the Himalayas with uncertainties between 30
and 100% for winter rainfall.

Monthly mean wet days per winter-season during the Y
period, estimated using APHRODITE data, indicated that the
winter-season wet day occurrence gradually increases from
November to February as monthly mean wet days change
from 0.7 (1.9)t0 0.9 (2.2), 1.3 (2.4) and 1.9 (3.5) with values
in parentheses representing maxima (Fig. 4). The monthly

(b) ACCESS—Obs.: 19802000
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mean ensemble averages of model bias were 3.9, 3.4, 3.0,
and 2.1, respectively, for November to February, indicating
model performances improvement with increasing number
of wet days. The month of November (February) had the
highest (lowest) wet bias for all CORDEX models during
the Y, period. However, it should be noted that these
estimated biases were not used for any bias correction,
rather as indicated by Mukherjee et al. (2019), it is assumed
that the model biases will be carried forward for future
projections until 2099 under similar convective and cloud
microphysical parameterizations. Hence, it is also assumed
that the time-invariant model bias could effectively be
insignificant when estimating differences in the number of
occurrence of wet days per season for baseline and future
periods.

4.2 Trends in the winter-season wet day climatology
under a warmer climate

Results of the spatial non-parametric Sen’s slope estimator
analysis for identifying trends in the winter-season wet
day climatology under RCP 4.5 and 8.5 and for three
future periods (Y7 to Y3) are provided in Fig. 5. The non-
parameteric Sen’s slope values were estimated at each grid
point at a 95% confidence level. The general observation
from Fig. 5 is that the number of wet days over Jammu
and Kashmir and high mountain areas of Uttarakhand

and Nepal, as well as lower to middle Himalayas, are
expected to reduce until 2070 under both RCP 4.5 warming.
Interestingly, an overall positive trend in the wet days are
expected for both RCP 4.5 and 8.5 scenarios towards the
end of the century, i.e. 2071-2099, particularly over the
eastern Himalayas. This increasing trend of wet days is
in agreement with the ensemble area averaged Sen’s slope
value, presented in Fig. 6.

It can be noted from Fig. 6a that RCP 8.5 warming is
expected to enhance the occurrence of wet days over the
entire northwest Himalayas during Y> and Y3 in comparison
to RCP 4.5. The area averaged Sen’s slope values (%
standard deviation) during Y, and Y3 over the northwest
Himalayas were estimated to be — 0.01 (£0.075) and 0.014
(£0.04) in comparison to — 0.004 (£0.036) and 0.004
(£0.037), respectively, for the RCP 8.5 and 4.5 warming
scenarios, respectively.

Similar to the northwestern Himalayas, it can be noted
from Fig. 6b that RCP 8.5 warming is also expected to
enhance occurrence of wet days over the entire eastern
Himalayas during Y> and Y3 in comparison to RCP 4.5.
Moreover, the area averaged Sen’s slope values of Y, and
Y3 over the eastern Himalayas, under both RCP 4.5 and
8.5 warming, showed positive trends. The area averaged
Sen’s slope values (£ standard deviation) during Y> and
Y3 over eastern Himalayas were — 0.01 (£0.034) and
0.005 (£0.042) in comparison to — 0.025 (£0.039) and

(a) Ens. avg. Sen Slope (RCP4.5 2020-40) (b) Ens. avg. Sen Slope (RCP4.5 2041-70) (c) Ens. avg. Sen Slope (RCP4.5 2071-99)

(d) Ens. avg. Sen Slope (RCP8.5 2020-40) (e) Ens. avg. Sen Slope (RCP8.5 2041-70)

(f) Ens. avg. Sen Slope (RCP8.5 2071-99)

-0.5 -0.3 -0.1 -0.05

0

0.05 0.1 0.3 0.5

Fig. 5 Ensemble averaged Sen’s slope values estimated for the number of winter-season wet days for (a—c) 2020-2040, 2041-2070, 2071-2099
under RCP 4.5, and (d—f) 2020-2040, 2041-2070, 2071-2099 under RCP 8.5, respectively. Geographical coordinates are similar to Fig. 1
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Fig.6 Ensemble area averaged
Sen’s slope, represented as
‘Average’ in the y-axis label,
estimated for the number of 0.05+
winter-season wet days for (a)
northwestern and (b) eastern
Himalayas, respectively

(a)0-10-

0.00-

Average

-0.05-

-0.10+

(b)o.054

0.00-

RCP
4 RCP45
RCP8.5

RCP
4 RCP45
RCP8.5

-0.05

Average
L

-0.10+

2041-70
Year

2020-40

0.008 (£0.037), respectively, for RCP 8.5 and 4.5 warming
scenarios.

Although the Sen’s slope analysis of the wet day
climatology may indicate that winter wet days are expected
to increase under a warmer climate, true spatio-temporal
changes in the winter-season wet day climatology may only
be deduced once the future wet day climatology is compared
with the base line period observations. Therefore, a detailed
analysis of the ensemble average of expected changes in the
number of winter-season wet days for three future periods
with respect to a base line period is carried out in the
following section.

4.3 Expected changes in the wet day climatology
under warmer climate

The ensemble average expected changes in the winter-
season wet days during three future periods (ArdY) are
presented in Fig. 7. It can be noted from Fig. 7 that
the Jammu and Kashmir valleys including mid to lower
elevations of the Himachal Pradesh and Uttarakhand states
of India are mostly expected to receive fewer winter wet
days. The reduction of winter-season wet days over these
regions may vary between 1 and 6 days under RCP
4.5 and 8.5 warming scenarios, indicating a reduction
and/or inconsistent occurrence of western disturbances
and associated precipitation. Similarly, the eastern Indian
Himalayan states of Arunachal Pradesh and parts of
northern Assam are expected to have reduction in winter wet
day occurrence by more than 5 days. Since the impact of
western disturbances over the eastern Himalayas is almost
negligible, reduction in the occurrence of wet days for this
region could be linked to lesser convective activity resulting
in rainfall less than 5 mm/day. A closer inspection of Fig. 7
further reveals that the cold desert areas (such as the Ladakh
and Himalayan territory bordering China) are expected to
experience a rise in wet day occurrence by 1-4 days under
both the warming scenarios, whereas the foothills of the
northwest Himalayas are expected to receive fewer wet
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2071-99

2041-70 2071-99

Year

2020-40

days. The maximum positive change in winter wet day
occurrence (> 5 days) over the northwestern cold desert
areas is anticipated during the 2071-2099 period under
RCP 8.5. The aggressive warming in the RCP 8.5 scenario
is also noted to increase the nonlinear trend of winter
wet day occurrence, and is in agreement with the studies
of Sanjay et al. (2017) and Midhuna and Dimri (2019)
who reported enhancement in rainfall amounts, particularly
for the northwestern Himalayas and Karakoram mountain
range.

In order to assess the overall regional pattern of ensemble
average expected changes in winter-season wet days, area
averaged Ard} values were produced for both RCP 4.5
and 8.5 scenarios and for Y; to Y3 (Fig. 8). Over the
northwestern Himalayas, where the winter-season rainfall
is entirely dependent on Western Disturbances, mean (%
standard deviation) values of Ard} for Y; to Y3 (Fig. 8a)
under RCP 4.5 were noted to be — 0.02 (£ 1.59), 0.3 (£
1.90) and — 0.22 (£ 2.2), respectively. However, Ard}
values for Y| to Y3 under RCP 8.5 were noted to be 0.73 (&
1.81), — 0.12 (£ 2.62) and — 0.23 (& 3.99), respectively.
From the area averaged values of Ard} over the northwest
Himalayas, it is apparent that the impact of consistent
surface warming would reduce winter wet day occurrence.
The number of winter wet days would particularly decline
under the aggressive warming scenario of RCP 8.5. This
reduction in winter wet day occurrence does not appear to
contradict the earlier observations of Sanjay et al. (2017)
and Midhuna and Dimri (2019) and with the increasing
nonlinear trend of wet days reported here, this is probably
due to an increase in rainfall amount but a reduction in the
overall number of seasonal wet days.

For the eastern Himalayas, Ard&,’ for Y to Y3 (Fig. 8b)
under RCP 4.5 was noted to be — 1.23 (4= 1.34), — 1.08 (£
1.76) and — 1.43 (£ 1.83), respectively. Similar values for
RCP 8.5 were — 0.98 (£ 1.61), — 1.88 (&= 2.11) and — 1.42
(£ 2.4), respectively. It can also be noticed that by the end
of this century, inconsistencies in Ard}g for both RCP 4.5
and 8.5 would be at a maximum over the entire Himalayas
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Fig.7 Ensemble averaged
expected changes in the number
of winter-season wet days
(ArdY) under (a, ¢, ) RCP 4.5
and (b, d, f) RCP 8.5 during (a,
b) 2020-2040, (c, d) 2041-2070,
and (e, ) 2071-2099 with
respect to the evaluation period
1980-2000. Geographical
coordinates are similar to Fig. 1

as standard deviations of Ard} were highest during 2071~
2099 under both warming scenarios. The interesting feature
of these changes in Ard} is the comparatively higher

Fig.8 Ensemble area averaged
future changes in the number of

winter-season wet days (Ard})
under RCP 4.5 and 8.5 warming
scenarios during 2020-2099
over (a) the north-western
Himalayas and (b) the eastern
Himalayas with respect to the
evaluation period 1980-2000
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Table 1 The two sample #-tests between spatially averaged changes in the number of winter-season wet days within the three future periods (¥}
to ¥3) for both RCP 4.5 and 8.5 and northwestern (NWH) and the eastern Himalayas (EH), respectively

Himalayan region Case RCP T-stat Rejection of HO Rejection of HO
at 95% C.I. At75% C.1.
NWH 2020-40 and 2041-70 4.5 —1.53 N Y
NWH 2041-70 and 2071-99 4.5 2.09 Y Y
NWH 2020-40 and 2041-70 8.5 3.13 N N
NWH 2041-70 and 2071-99 8.5 0.27 Y Y
EH 2020-40 and 2041-70 4.5 —0.68 N Y
EH 2041-70 and 2071-99 4.5 1.43 N Y
EH 2020-40 and 2041-70 8.5 3.54 N N
EH 2041-70 and 2071-99 8.5 —1.51 Y Y

comparison to < 1.0 days in the eastern Himalayas. Results
of this study are found to be similar to Wiltshire (2014)
who reported that the impact of warming on future glacier
mass balance decline would be higher in eastern Himalayas
compared to the northwestern Himalayas. Although there
is no definitive proof of tele-connections between the
occurrence of Western Disturbances over the northwest
Himalayas and winter time convective storms resulting
in higher precipitation over eastern Himalayas, the larger
impact of declining wet days over the eastern Himalayas
with an increasingly warm atmosphere could be related
to the changing dynamics of convective storms over this
region under erratic behaviour of the Western Disturbances.
Although the above-mentioned statement is in line with
observations made by Pohl et al. (2017) over South Africa,
detailed assessment of this hypothesis is yet to be made over
HR, particularly in the context of changing moisture flux.

Results of the two sample #-tests, carried out between
spatially averaged changes in the number of winter-season
wet days during Y; to Y3 for RCP 4.5 and 8.5 in
the northwestern and eastern Himalayas, are provided in
Table 1. Since rejection of the null hypothesis at the 95%
confidence interval would indicate the average difference
between samples has high confidence, it can be concluded
that projected changes in the winter-season wet days
over the northwestern Himalayan region are very likely
to occur during 2070-2099 (Y3) in comparison to 2041-
2070 (Y2) for both RCP 4.5 and 8.5 warming scenarios.
Consequently, it is expected that the increasing warming
is very likely to reduce winter-season wet days over the
northwestern Himalayas. However, in the case of the eastern
Himalayan region, rejection of the null hypothesis at the
95% confidence interval was only noted between 2041—
2070 (Y2) and 2071-2099 (Y3) under the RCP 8.5 scenario,
indicating that the eastern Himalayas is also very likely
to receive fewer winter-season wet days during 2071-2099
(Y3) in comparison to 2041-2070 (Y>).

@ Springer

4.4 Expected changes in wet day climatology under
warmer climate with respect to elevation

Dhar and Rakhecha (1981) and Bookhagen and Burbank
(2006) reported that the monsoon rainfall over the central
Himalayas occurs predominantly over two elevation zones,
one at around 800 masl and the other at around 2200 masl.
Subsequently, it was reported by Mukherjee et al. (2016)
that dominant modes of monsoon intra seasonal oscillations
are also concentrated at around 747.9 m and 2227.2 m over
the northwestern Himalayas and around 1200 m over the
eastern Himalayas. However, knowledge of such dominant
elevation zones within the Himalayas receiving higher
rainfall during the winter-season is limited. Therefore,
in order to estimate the impact of expected changes in
winter-season wet days with topographic elevation over
the Himalayas under warming scenarios, scatter diagrams
between 500 m bin-averaged elevation and Ard) were
produced (Fig. 9).

It can be noted from Fig. 9a—b that over the northwestern
Himalayas, winter-season wet days are expected to increase
above 3500 m elevation through out the period 2020 to
2099 irrespective of warming scenario, and the average
enhancement of wet day occurrence is likely to be > 2
days with respect to the Y, period. Similarly, over the
eastern Himalayas (Fig. 9c—d), although winter-season wet
day occurrence is expected to increase above 3000 m
elevation under both warming scenarios, the over all change
is expected to be < 1 day with respect to the Y, period.
That is, in spite of the anticipated enhancement of wet day
occurrence under the warming scenarios, the net change in
wet day frequency with respect to elevation would remain
negative. However, it is to be noted that CORDEX-RCM
biases, as estimated in this study in Section 4.1, were also
positive across the high altitudes of HR, hence, change in
the values of winter-season wet day occurrence over high
elevations may differ during a bias corrected appraisal.
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Fig.9 500 m bin averaged 8 8
elevation frequency distributions
of ensemble averaged expected 6/ (2) NWH:RCP 4.5 6 (b) NWH:RCP 8.5
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The future warming scenarios are expected to result in a
decline in winter wet day occurrence over the mid-altitude
regions (i.e. 1000-2500 m above sea level) of both the
northwestern and eastern Himalayas. The average decline
in wet day occurrence over the mid-altitude regions of the
northwestern Himalayas is expected to vary between 0.8
and — 0.8 day under RCP 4.5, and between 2.0 and — 2.4
days under RCP 8.5 during Y7 to Y3. Similarly, average
decline in wet day occurrence over the mid-altitude regions
of eastern Himalayas is expected to vary between — 0.6 and
— 2.3 days under RCP 4.5, and between — 0.6 and — 3.2
days under RCP 8.5. These findings imply that the mid-
altitudes of both the northwestern and eastern Himalayas are
expected to experience a higher decline in wet days under
the aggressive warming of RCP 8.5.

5 Summary and conclusion

This study has aimed to assess the impact of future warming
on expected changes in the winter-season wet day patterns
over the HR for the period 2020-2099. Two different
warming scenarios, RCP 4.5 and 8.5, were considered in this
study. Ensemble averages of winter-season wet days were
derived from five climate model products of the CSIRO,
Australia, initiated by CORDEX of the World Climate
Research Programme over the South Asia region.

The spatial distribution of model biases for winter-season
wet day occurrence, as estimated for a base line period of

1980-2000, indicated that CORDEX-RCMs had positive
biases, ranging between 1 and 30 days within a season,
primarily across the high altitudes of HR (elevation >
3000 m). The ensemble model bias was also noted to be
lowest during the month of February (2.1 days). Individual
CORDEX model performance was noted to improve with
increasing number of wet days per season.

Comparison of the number of winter-season wet days
between the baseline (1980-2000) and future periods
(2020-2099) clearly indicated that wet day occurrence
is expected to decrease for the entire Himalayan region.
However, it can also be concluded that stronger warming
of the RCP 8.5 scenario may result in a marginally higher
wet day frequency over the HR than for the RCP 4.5
scenario. It could further be concluded from this study that
the Himalayan region with elevations of 1000-2500 masl
would experience the highest decline in wet day occurrence
under the warming trend. However, the present study did
not include any assessment of changes in the occurrence
of extreme rainfall events over the HR during the winter-
season. As a result, this research could followed up by
a separate assessment of future changes in winter-season
extreme rainfall events over the Himalayas to provide a
more comprehensive appraisal.
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