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Abstract

In this study, we examined the future climatic changes in the Kabul River basin located in the Hindu Kush Mountain ranges
of Pakistan and Afghanistan. We used the latest data set of statistically downscaled CMIP5 Global Climate Models (GCMs),
i.e., NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP). The data set delivers valuable local scale,
high-resolution climate change information for past and future periods (1950-2100) on a daily basis, which is very suitable
for exploring future changes in mean and extremes of both temperature and precipitation. Multi-model ensemble derived
from NEX-GDDP data effectively produces observed spatial patterns and magnitude of both temperature and precipita-
tion that otherwise cannot be captured with coarse resolution GCMs. For the historical period (1975-2005), NEX-GDDP
presented an improved seasonal cycle climatology and correlation coefficient with the observed data set. Future projections
using multi-model ensembles indicate a consistent rise in mean temperature over the entire Kabul River Basin, relative to
the baseline under RCP4.5 and RCP8.5 emission scenarios. Although the increase in temperature is not uniform across the
domain, upper reaches of the basin show annual and seasonal warming of approximately 6.8 °C by the end of the twenty first
century under the RCP8.5 scenario. These changes are significant at a 95% confidence level. The rise in summer and winter
temperatures may negatively affect the snow accumulation during winter and has the potential to accelerate glacier melting
during summers. Projections of future precipitation under both scenarios show an overall decrease in mean precipitation,
particularly under the RCP8.5 scenario.
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1 Introduction

Climate change is the greatest challenge that the world is
facing today. Its impacts on water resources especially can
be quite diverse and uncertain. During the last century, a
1-2 °C increase in global mean temperature was observed,
which has far-reaching consequences such as accelerated
glacier melting and increases in the frequency of extreme
weather events (Cruz et al. 2007). The Hindu Kush—Kara-
koram-Himalaya (HKKH) region has the highest density of
glaciers outside the Poles. They feed many rivers; amongst
them are seven of Asia’s greatest rivers—Brahmaputra,
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Ganges, Huang Ho, Indus, Mekong, Salween, and the
Yangtze. The life of more than two and half million people
is highly affected by any changes in these rivers. HKKH
region is termed as the most tenuous ecological zone regard-
ing climate change resilience (Jianchu et al. 2007; Singh
et al. 2011). Different climate conditions co-exist in these
complex mountain ranges, due to the influence of multiple
circulation systems and several climate feedbacks of atmos-
phere, cryosphere, and hydrosphere, thus making the region
highly vulnerable to climate change-related impacts (Palazzi
et al. 2013). By the end of the twenty first century, warming
over the HKKH is projected to remain higher than the global
mean temperature average (Igbal et al. 2018). Runoff due to
snowmelt from the mountain regions is important for a sus-
tained water supply (Nestler et al. 2014). Changing climate
is accompanied with a significant change in the steam flow
of regional river basins such as Kabul River particularly due
to the presence of snow- and ice-based freshwater resources
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(Abbaspour 2015; Sidiqi et al. 2018). The presence of cli-
mate change-related vulnerabilities poses a serious threat to
the socio-economic development of the population that is
dependent on the water resources of Kabul River.

Global Climate Models (GCMs) are being widely used by
the scientific community in the studies of past climates, and
to project the future climate under different socio-economic
and Greenhouse Gas (GHG) emission scenarios (Almazroui
et al. 2012; Annamalai et al. 2007; Taylor et al. 2012). The
coarse resolution of GCMs, lacking to represent the detailed
topography and small-scale process, results in large biases
for both temperature and precipitation (Leung et al. 2003;
Suzuki-Parker 2012). To overcome this limitation of GCMs,
several downloading techniques have been developed which
include both statistical and dynamical procedures (Ekstrom
et al. 2015; Murphy 1999). Statistical downscaling is based
on the statistical relationships between the coarse GCMs
and finely observed data and is computationally straight-
forward for obtaining high-resolution climate projections.
Although statistical downscaling can be a computationally
efficient alternative to dynamic downscaling, it relies on an
assumption that the empirical relationship identified for the
current climate will hold for future climate scenarios (Wilby
et al. 2004). The dynamical downscaling involves the simu-
lation of more realistic physical processes at a finer scale
using regional climate models (RCMs). RCMs are provided
with the lateral boundary conditions from coarse resolution
GCMs output. During the recent 2 decades, many RCMs
have been developed with an improved capability to resolve
physical processes. They are being widely used in regional-
scale climate studies including assessments of past climate
and future climate projections (Giorgi et al. 2012; Igbal et al.
2016; Pal et al. 2007; Parajka et al. 2010; Rummukainen
2010). Despite being the best available tool, there are uncer-
tainties associated with RCMs projections due to the system-
atic biases of the driving GCMs and internal variability and
sensitivity of the RCM to numerical schemes and resolution-
dependent processes (Bachner et al. 2008; Mehmood et al.
20009; Pfeiffer and Ziangl 2011; Syed et al. 2009; Syed et al.
2014). Therefore, downscaled GCMs with bias corrections
produce more accurate data at a fine resolution for future
projections (Ficklin et al. 2016). For robustness and statisti-
cal significance of the results, ensemble and multi-modeling
techniques are often applied (Knutti 2008; Madadgar and
Moradkhani 2014). Although there exists a large inter-model
variance in ensembles, varying physical schemes among
single ensemble members can provide a more reasonable
representation of the physical processes attributed to climate
variability and change (Almazroui et al. 2012; Tebaldi and
Knutti 2007; Vidale et al. 2003). Immerzeel et al. (2012)
applied an ensemble of statistically downscaled GCMs
to study the future water cycle variability in a glacierized
catchment in Nepal. A multi-model ensemble of statistically
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downscaled GCMs showed very good performance in cap-
turing the precipitation and temperature climatology in the
Indus River Basin (Su et al. 2016).

Palazzi et al. (2013) analyzed long-term histori-
cal (1950-2009) trends of precipitation from a range of
observed and reanalysis data sets and found no statistical
significance trend for winter in the Hindu Kush—Karako-
ram (HKK) region. Moreover, they also analyzed future
projections of whole HKKH region using eight ensemble
members of the EC-EARTH model of CMIP5 family under
RCP4.5 and RCP8.5. The future projections show a statisti-
cally significant increase in winter precipitation of around
0.4-0.7 mm/day over the HKK region under both scenarios,
while no significant trend is shown under RCP4.5 scenario
for summer. Palazzi et al. (2015) presented an evaluation
for past climatology and trends (1901-2005) of precipita-
tion in the HKKH region as reproduced by 32 GCMs of
CMIP5 family. They found a large inter-model disagreement
of seasonal and annual patterns and statistics for all the 32
GCMs, which make it difficult to rely on a single model
output. The future projections under the RCP8.5 scenario
indicate a wetter summer during twenty first century for
HKK area, while winter precipitation shows no significant
change. Hasson et al. (2013) assessed the performance of
PCMDI/CMIP3 GCMs in simulating the hydrological cycle
over four major river basins in South and Southeast Asia
(Indus, Ganged, Brahmaputra, and the Mekong). For twen-
tieth century climate (1961-2000), 4 out of 13 models show
water deficit in the Indus basin mainly due to underestima-
tion of observed precipitation minus evaporation (P — E).
The poor performance of those models is attributed to an
underestimation of observed precipitation. The future pro-
jections (2061-2100) under the SRES A1B scenario do not
indicate any change in inter-annual variability of P — E dur-
ing the twenty first century. There is disagreement among
different models in estimating the future water balance for
Indus basin, since models feature inconsistent magnitude of
change in precipitation and evaporation. Hasson et al. (2016)
reviewed the skill of 30 CMIPS5 models in simulating the
seasonal cycle of precipitation for the same river basins.
They assessed the model’s performance by virtue of their
ability in accurately estimating the timing of the monsoon
onset and its seasonality during the active phase. None of
the models or the multi-model ensemble performed best for
the chosen skill metrics. One-third of the models were not
able to simulate the observed patterns and timing of mon-
soon precipitation over the Indus basin. Future projections
suggest a westward extension of monsoon regime over Paki-
stan. Rajbhandari et al. (2015) performed high-resolution
(50 km x 50 km) simulations of Indus Basin’s past and future
climates using RCM (PRECIS). The model showed a good
agreement with the observed data in capturing the topog-
raphy variations and seasonal cycle of precipitation with
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the presence of quantitative biases. The model projections
under the A1B scenario indicate a decrease in winter pre-
cipitation over the Upper Indus Basin. Upper parts of the
Indus Basin show increased warming in the future compared
to the lower parts, which is more pronounced in winter. A
multi-model ensemble of 21 CMIP5 GCMs shows a consist-
ent warming in the Upper Indus Basin during the twenty
first century under three emission scenarios, i.e., RCP2.6,
RCP4.5, and RCP8.5 (Su et al. 2016). Monsoon precipitation
is projected to increase over the Indus Basin, while mod-
els show a decrease in winter precipitation. A recent study
published by Hasson et al. (2018) assessed the robustness
of the climate change signal for Jhelum, Kabul, and UIB as
simulated by high-resolution dynamical models within the
framework of Coordinated Regional Climate Downscaling
Experiment for South Asia (CX-SA). The model’s skill was
evaluated in terms of its ability to reproduce past climatol-
ogy of temperature and precipitation from 1971-2005 and
the seasonal cycle of precipitation. The findings show a low
fidelity of the CX-SA data set based on applied statistical
metrics and high, cold, and wet biases and an inaccurate
seasonal cycle of precipitation that is notably consistent
with its driving CMIP5 models. These results highlight the
uncertainty of future projections of precipitation and tem-
perature due to the inter-model disagreements of CX-SA and
CMIP5 models for the historical period. The contradictory
precipitation projections for this basin make water availabil-
ity in the Upper Indus Basin highly uncertain and require
further research (Lutz et al. 2016). No study has specifically
focused on the prediction of the future climate of the Kabul
River Basin using bias-corrected and high-resolution climate

change projections. The objective of this study is to provide
arobust assessment of the present-day climate and its future
changes under two emission scenarios (RCP4.5 and RCP8.5)
using statistically downscaled and bias-corrected projections
of GCMs of the CMIP5. This study, based on 21 downscaled
GCMs and two scenarios (RCP4.5 and RCP8.5) of CMIP5
family, is the most up-to-date and is suitable for studying
the impact of climate change on water resources of a shared
basin under both moderate (RCP4.5) and extreme (RCP8.5)
emissions’ scenario. The results of this study will form an
important basis for the estimation of changes in the hydro-
logical cycle of the basin and inform decision makers and
water policy experts to devise future interventions in light
of these climate change projections.

2 Study Area, Models, Data,
and Methodology

2.1 Study Area

The Kabul River Basin (hereafter, KRB) is an upland envel-
oped by mountains stretching through the northwestern
part of Pakistan to the eastern central part of Afghanistan
(Fig. 1). The Kabul River originates from the Hindu Kush
Mountains and is one of the major rivers in Afghanistan with
a high population density (UNFPA n.d.). The Basin covers
an area of about 92,000 km? and splits into five sub-basins:
(1) The Paghman river, which merges into the Basin from
the west where it evolves into a tributary of the KRB and
eventually merges into an Indus catchment over the Pakistan
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side of the Basin; (2) The Logar river, which merges into
the Basin from the south and discharges therein; (3) The
Kunar river, originating from the Chitral Valley in Pakistan,
entering Afghanistan through Kunar and rerouting towards
Pakistan after flowing up to Jalalabad province in Afghani-
stan; (4) The Salang, Ghorband, and Panjshir rivers, form-
ing the Ghorband-Panjshir watershed; (5) The Alishang and
Alinigar rivers, converging at Surobi (Hassanyar et al. 2017;
Lashkaripour and Hussaini 2007). The Kabul River, with
its five tributaries, makes around 26% of the available water
resources in Afghanistan, having a mean annual stream flow
of about 24 billion cubic meters (King and Sturtewagen
2010), and irrigates 66,748 km? of land (FAO 2016). Around
72% of the total runoff is generated by seasonal snowmelt
(Sidiqi et al. 2018). An estimated 9 million people living
in Afghanistan and Pakistan share the water resources of
KRB. According to Bajracharya and Shrestha (2011), there
are around 1600 glaciers located in the Kabul basin, with
the highest and largest concentration in the Kunar and
Swat sub-basins. The climate in the basin is semi-arid and
robustly continental. The maximum precipitation observed
during the winter months averages 110 mm. The highest
maximum temperature is observed in July, with an average
value of approximately 28 °C, while an average minimum
temperature during winter is about — 6 °C (Hassanyar et al.
2017). There is a high variation of received precipitation
throughout the year due to the complex terrain. Historic data
records show that the highest mean annual precipitation of
more than 1600 was received in the northern parts of the
basin (Lashkaripour and Hussaini 2007). Approximately, all
the precipitation in the basin falls during the winter season.
The precipitation is mostly “snow precipitation,” which is
reserved over the mountains to recharge the rivers in the
melt season. Rivers dehydrate when the snow has completely
melted. Hence, there is no continuous water supply available
in the rivers flowing within the KRB. Water supply from
snow or ice melt represents a major contribution to discharge
during the summer months.

2.2 Data

To examine future changes in temperature and precipita-
tion of the KRB, a high-resolution NASA Earth Exchange
Global Daily Downscaled Projections (NEX-GDDP) data set
is used in this study. NEX-GDDP was recently made avail-
able to the global scientific community and is particularly
aimed at providing past and future climate change infor-
mation at the finest possible scale (Thrasher et al. 2012).
Therefore, the choice of the data set in this study is related
to its significance in providing researchers and policymakers
with the required information about the impacts of climate
change at a city and basin scale. NEX-GDDP is the output
of CMIP5 21 GCMs downscaled at 0.25° spatial resolution
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and available as daily data projections from 1950-2100. The
downscaling method adopted in development of this data
set is Bias Correction and Spatial Disaggregation (BCSD)
which is a regression-based statistical technique applied to
improve the efficiency of low-resolution GCMs for remov-
ing local biases (Maurer and Hidalgo 2008; Thrasher et al.
2012, 2013; Wood et al. 2004). This downscaling approach
is a two-step process. It starts with a comparison of GCMs
historical (1950-2005) simulation against observations to
compute biases or differences in slope, mean, and variance.
The reference observation data used in this step are 0.25°
daily maximum temperature, daily minimum temperature,
and daily precipitation data from Global Meteorological
Forcing Data set (GMFD) for Land Surface Modeling. The
GMEFD data set is a merger of observations with NCEP/
NCAR reanalysis and developed by the Terrestrial Hydrol-
ogy Research Group at Princeton University (Sheffield et al.
2006). The bias is then applied to the GCMs future projec-
tions (2006-2100) data by generating cumulative distribu-
tion function (CDF) and mapping quantiles of both historical
and GCMs values. In the second step, spatial disaggrega-
tion is performed to interpolate the bias-corrected GCMs
data to the high resolution (0.25°) of the observations data
set (Wood et al. 2002, 2004). The interpolation is not just
linear. The process is a multi-step approach to preserve the
finer local-scale details of the GMFD data set. The globally
downscaled daily data set is available through the NASA
Climate Model Data Service (CDS) by subsetting the study
region (https://cds.nccs.nasa.gov/nex-gddp). Table 1 con-
tains names of 21 GCMs, included in the NEX-GDDP data
set. To project the state of the future climate, a multi-model
ensemble of 21 downscaled models is computed.

The observed data set used for evaluation of NEX-GDDP
data and raw GCMs is ANUSPLIN-generated gridded cli-
mate surface obtained from CSIRO, Australia (Hutchinson
and Xu 2013). The data for maximum temperature, mini-
mum temperature and precipitation are interpolated at 1 km
from on-ground meteorological stations using ANUSPLIN
v4.5. ANUSPLIN applies thin-plate smoothing splines for

Table1 CMIP5 models downscaled in the NEX-GDDP data set
(Source: Thrasher et al. 2012)

1 ACCESS1-0 12 INMCM4

2 BCC-CSM1-1 13 IPSL-CMS5A-LR

3 BNU-ESM 14 IPSL-CM5A-MR

4 CanESM2 15 MIROC-ESM

5 CCSM4 16 MIROC-ESM-CHEM
6 CESM1-BGC 17 MIROCS

7 CNRM-CM5 18 MPI-ESM-LR

8 CSIRO-MK3-6-0 19 MPI-ESM-MR

9 GFDL-CM3 20 MRI-CGCM3

10 GFDL-ESM2G 21 NorESM1-M
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Fig.2 Historical climatology of mean precipitation (mm) (1975-2005) as produced by NEX-GDDP multi-model ensemble (top row), raw

GCMs ensemble (middle row), and observed (bottom row)

data interpolation of on-ground meteorological data of
Pakistan Meteorological Department (PMD) to a fine grid
(0.01x0.01°) and provides a platform for statistical analysis
of multivariate data and estimation of spatial errors (Chen
et al. 2016). The performance of ANUSPLIN 1 km data for
Upper Indus Basin (UIB) and at catchment scale has been
compared with APHRODITE and Watch data sets during
1979-2007. Although complete results are not presented by
Chen et al. (2016), the PMD observation-based data have
shown the best performances due to the highest number
of in situ observations. The climate data set is particularly
recommended for hydrological modeling. Monthly data for
temperature and precipitation for the same GCMs, which
were downscaled in NEX-GDDP data set, were downloaded
from ESGF portal (https://esgf-node.llnl.gov/projects/cmip5
/) for the historical period (1950-2005) for comparison and
evaluation. The resolution of raw models differs from each

other. However, for the purpose of evaluation, all models
were regridded to the common grid of NEX-GDDP data.
Out of 21 GCMs included in the NEX-GDDP data set, four
GCMs, namely BCC-CSM1-1, BNU-ESM, CESM1-BGC,
and CSIRO-MK3-6-0, were not present on ESGF and were,
therefore, excluded from a multi-model ensemble of NEX-
GDDP and raw GCMs.

2.3 Methodology

To evaluate the performance of the NEX-GDDP data set
for the study region, the results of seasonal and annual cli-
matology for both temperature and precipitation were com-
pared with raw GCMs as well as with observed climatology
(1975-2005). For spatial comparison with NEX-GDDP, the
gridded observations data were interpolated at 0.25° X 0.25°
grid resolution. For analysis and discussion of results, the
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Fig.3 Geographical distributions of bias for mean precipitation (mm) and between the raw GCMs’ multi-model ensemble and observation

(ANUSPLIN) and NEX-GDDP multi-model ensemble from 1975 to 2005

baseline and future climates are defined as 30-year time
slices: the historical period from 1975-2005; the near-term
future from 2010-2039 (hereafter, near-term); the mid-term
future from 2040-2069 (hereafter, mid-term); and the end
of the century (EOC) future from 2070-2099 (hereafter,
EOC). Projected changes of temperature and precipitation
are analyzed on both annual and seasonal basis, i.e., winter
(December, January, February, and March; hereafter DJFM)
and summer (June, July, August, and September; hereafter
JJAS). For a more robust evaluation, the efficiency of the
data set was measured by examining statistical metrics using
the Taylor diagram (Taylor 2001). The diagram provides
a summary of the model’s performance in simulating the
spatial patterns of different variables in terms of their Pear-
son correlation, the standard deviation (SD), and root-mean-
square difference (RMSD). The correlation is shown along
the circular axis which improves as a model is located close
to observation on the x-axis. Normalized standard devia-
tion (SD) of observation is taken as 1, while the SD of each
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model is shown in terms of its distance from the observation.
Similarly, RMSD of each model is shown as the distance
from the observations on the x-axis. The Taylor diagram is
computed for the entire KRB by evaluating all 21 models
of NEX-GDDP data for both temperature and precipitation
against the observed data of ANUSPLIN.

Probable shifts in the means, the standard deviations, the
skewness, and the kurtosis of the normal frequency distribu-
tion of both temperature and precipitation are analyzed over
the entire Kabul Basin using Probability Density Functions
(PDFs). The PDFs respond to shifts in the distributions on
means and extremes. They have the ability to depict differ-
ent changes in distributions between the present and future
climate and their reactions on the mean and extreme values
of the distributions. They can show the effects of a simple
shift of the complete distribution approaching a warmer cli-
mate. They can illustrate the effects of escalation in vari-
ability with no shift in the mean. Moreover, the effects of
a reshaped distribution, e.g., a change in symmetry of the
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distribution, can also be identified based on the shapes of
a PDF. The outcomes of time-dependent PDFs indicate a
shift of the variables towards higher/lower values in the
projected period in contrast to the recent/older period with
corresponding homogeneous/heterogeneous changes in the
variance.

3 Results and Discussion
3.1 Historical Climate

Figure 2 shows historical climatology of precipitation for
annual, JJAS, and DJFM from raw CMIP5 GCMs, compared
to NEX-GDDP and to observations (ANUSPLIN). As evi-
dent in Fig. 2 (top row), NEX-GDDP is showing a very good
match with observations in terms of both spatial patterns

and the mean value of the precipitation on annual and sea-
sonal scales. However, the precipitation varies greatly across
the domain and annual precipitation ranges from 350 to
800 mm. During the summer season, annual precipitation is
lowest on the Afghanistan side of the basin, ranging between
50 and 100 mm and gradually increasing towards the east-
ern parts of the basin up to 600 mm. Winter precipitation is
mostly between 200 and 450 mm, reflecting both seasonal
snow and rainfall brought by western disturbances (Yadav
et al. 2010). As evident, NEX-GDDP has outperformed raw-
GCM is simulating the amount and spatial extent of both
summer and winter precipitation when compared with the
observed data set. The spatial differences are shown in terms
of biases between raw GCMs and ANUSPLIN, as well as
between NEX-GDDP and ANUSPLIN (see Fig. 3). NEX-
GDDP remarkably reduced the overestimation of precipita-
tion by raw GCMs over the higher northeast parts of KRB,
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which is mostly snow-covered and glaciated. While raw
GCMs not only underestimated the amount of precipitation,
a dry bias of more than 40 mm, they also failed to capture
the observed spatial variation in lower parts of KRB, which
is within the extent of monsoon currents during summer.
Similarly, raw GCMs underestimated winter precipitation
(dry bias) mostly over the western parts of the KRB, while
NEX-GDDP again showed very good spatial match and
small biases (Figs. 2, 3). In the high elevation areas, CMIP5
GCMs failed to catch the local-scale variation in tempera-
ture, which is accurately represented by NEX-GDDP and
consistent with observations.

Historical climatology of the mean temperature for
KRB from the NEX-GDDP ensemble models, ensemble
raw GCMs, and ANUSPLIN is shown in Fig. 4. Again,
NEX-GDDP showed a close spatial pattern and an ampli-
tude of mean temperature with the observations on both
an annual and seasonal basis. Mean annual temperatures
range between — 3 and 21 °C. The northern parts of KRB
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show relatively low mean temperatures due to high eleva-
tion, snow receiving peaks. During the summer season, the
temperature mostly ranges between 15 and 33 °C. During
winter, the temperature is as low as —7 °C in the northern
parts of the basin by both observed and NEX-GDDP ensem-
ble. The range of mean temperature on all three averaging
periods shows a very good agreement with the observations
as compared to raw GCMs. The spatial biases of historical
temperature are shown in Fig. 5. Both the higher magnitude
and the large extent of bias (mostly cold) are evident for raw
GCMs as compared to NEX-GDDP. Raw GCMs ensemble
show very cold bias (more than 4 °C) over most parts of
KRB, except a few parts showing a warm bias (up to 3 °C).
In case of NEX-GDDP, there still exist noticeable differ-
ences with observation in terms of magnitude, but an overall
improvement can be seen.

Skills of individual models (both raw GCMs and down-
scaled NEX-GDDP) for the climatology of the seasonal
cycle of basin-averaged precipitation over KRB is shown
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Fig.6 Annual cycle of climatological mean basin-averaged precipitation (mm): a raw GCMs and b NEX-GDDP data set

in Fig. 6. It is obvious that raw GCMs exhibit quite vary-
ing skill (both underestimation/overestimation) and a large
inter-model spread in simulating the observed precipitation
(Fig. 6a). In Fig. 6b, the NEX-GDDP effectively corrects the
relative bias in the seasonal cycle of all models and removes
the inter-model spread of precipitation which was shown
by raw GCMs (Fig. 6b). Therefore, all models of the NEX-
GDDP data set are included in the multi-model ensemble to
project future changes.

The Taylor diagram shows that all models of NEX-GDDP
have a very high agreement with observations as compared
to raw GCMs (Fig. 7). Not only are the inter-model agree-
ment improved, but the individual models show a very good
correlation coefficient with observation. The highly consist-
ent statistics of temperature and precipitation produced by

NEX-GDDP can be attributed to bias correction and terrain-
specific corrections. Since the same data set (GMFD) was
used for the construction of bias-corrected NEX-GDDP
data, the resulting models have a high agreement which is
more evident in the case of temperature (Fig. 7b). There-
fore, projections of temperature and precipitation based on
NEX-GDDP tend to be more robust as compared to raw
CMIP5 GCMs, particularly the downscaling technique
employed resulted in the efficient representation of seasonal
precipitation.

3.2 Future Climate Change

Figure 8 shows the ensemble-based median projected
changes in temperature with respect to the historical period
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Fig.7 Taylor diagram based

on monthly basin mean: a pre-
cipitation and b temperature for
Kabul River Basin. Squares cor-
respond to the raw GCMs, while
triangles refer to NEX-GDDP
data sets. Small square marks
reference (observed) precipita-
tion data set on x-axis, while
observed temperature is marked
by hollow circle on x-axis
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under RCP4.5. On an annual basis, an increase of 1.5—-1.8 °C
is observed during near-term; an increase of 2.7-3 °C dur-
ing mid-term; the highest rise of 3.2-3.7 °C by the EOC.
During the JJAS, the future projections show an increase of
1.5-2.1 °C during near-term; 2.7-3.2 °C during mid-term
and 3.2-3.7 °C during EOC. Similarly, an overall warm-
ing of 1.5-1.8 °C is shown during the DJFM near-term;
2.8-3.1 °C during mid-term and 3.5-4 °C during EOC. The
warming appears more dominant in the western part of the
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KRB for both annual and seasonal climatology. Increases
in temperature are consistent with the previous findings of
2—-4 °C over the same region (Wu et al. 2017). The projected
rise in mean temperature is significant during 95% confi-
dence level.

Figure 9 shows the median projected changes in precipi-
tation for KRB under RCP4.5. A negative change in pre-
cipitation can be seen across the KRB during the twenty
first century. The magnitude of the decrease is large during
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Fig. 8 Ensemble median projected changes in spatial distribution and
magnitude of annual, summer (JJAS), and winter (DJFM) mean tem-
perature (°C) for the periods 2010-2039, 2040-2069, and 2070-2099

DJFM, where a remarkable change can be seen during mid-
term and EOC. The percentage of negative change is almost
50% and more across the KRB. During JJAS, there is spatial
variation in terms of changes in precipitation from the west
to east. The lower parts of the KRB, on the Pakistan side,
show a slight decrease of around 20-30% while the western
parts, mostly on the Afghanistan side, show a more negative
change of around 50%. However, in contrast to temperature
projections, the significant test does not indicate the robust-
ness of these changes due to a disagreement of models for
precipitation.

Figure 10 represents the climatology of projected median
changes in temperature for the twenty first century under
the RCP8.5 scenario. Annual average temperatures undergo
an increase of 1.6-2 °C in the near-term over most parts
of the basin and increase gradually towards the EOC as it

I |
2.7 3.1 3.5

under RCP4.5 with reference to the baseline period 1975-2005. The
hatch represents significance at>95% confidence level from a two-
sample ¢ test

reaches up to 6.4 °C in the northern (snow-covered) region.
It is observed that temperature change is much more drastic
during DJFM, as compared to JJAS. The DJFM temperature
rise starts from a range of 1.8-2 °C in the near-term and is
projected to reach 5.8-6.8 °C by the EOC. The consistent
increase in temperature until the end of the century is attrib-
uted to the fact that RCP8.5 is a continuous GHG emission
rise scenario under which the radiative forcing will continue
to feed the rising temperatures until the end of the century
(Riahi et al. 2011). The projected warming is significant at
a 95% confidence level on all climatic scales.

Figure 11 represents the projection of change in precipi-
tation for three future periods (near-term, mid-term, and
EOC), as compared to the historical precipitation under
RCP8.5. Annual mean precipitation decreases slightly (— 15
to 30%) over most parts of the domain during near-term. The
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Fig.9 Ensemble median projected changes in spatial distribution
and magnitude of annual, summer, (JJAS) and winter (DJFM) pre-
cipitation (%) for the periods 2010-2039, 2040-2069, and 2070-2099

increasing extent of a high negative change is seen towards
the EOC with a decrease of more than 40%. JJAS projections
indicate a slight change in precipitation (-5 to 20%) over
most parts of KRB, while the lower parts (which are within
the reach of monsoon) show a slight increase in precipita-
tion (0-15%) by the EOC. DJFM precipitation is shown to
decrease strongly towards the EOC where the whole region
shows a decrease of more than 40%. However, the signifi-
cance of these changes is not validated at a 95% confidence
interval.

Figure 12a represents a frequency distribution of mean
temperature averaged over the entire KRB for past and
future periods during JJAS under the RCP4.5 scenario.
The summer temperatures are projected to show warming
in all future periods. The frequency distribution is nega-
tively skewed, with more values shifting towards maximum
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under RCP4.5 with reference to the baseline period 1975-2005. The
hatch represents significance at>95% confidence level from a two-
sample ¢ test

temperatures near the end of the century. The highest
occurring temperature in the summer season is 19 °C
(1975-2005) with an occurrence rate of around 1000 days.
According to the projections, by the end of the twenty first
century, this value would go up to as high as 24 °C with
an occurrence rate of 800 days. Figure 12b represents a
positively skewed distribution in DJFM, with temperature
ranges from —5 to 14 °C. There is a significant shift in
temperatures in all future projections as compared to the
baseline. The maximum shift is found during 2070-2099,
where temperatures vary from — 1 to 14 °C compared to the
baseline range of —5 to 9 °C.

Figure 12c shows a frequency distribution of annual
average temperatures for baseline and future projections
(RCP4.5). A shift towards more warming can be seen in
future projections compared to the baseline. The baseline
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Fig. 10 Ensemble median projected changes in spatial distribution
and magnitude of annual, summer (JJAS), and winter (DJFM) mean
temperature (°C) for the periods 2010-2039, 2040-2069, and 2070-

annual temperature varies from — 5 to 21 °C, which shifts
towards — 1 to 24 °C towards the end of the century. The dis-
tribution is negatively skewed with a maximum occurrence
(1000 days) observed for 24 °C at the end of the century.
The value of kurtosis as represented in Table 2 is negatively
increasing which can also be observed in Fig. 12c, which
represents the concentration of data at the tail instead of
the peak.

Figure 13a, b shows frequency distributions of precipita-
tion for annual, JJAS, and DJFM, respectively, under the
RCP4.5 scenario. Overall, both summer and winter pre-
cipitation are likely to decrease in future projections. The
decrease in summer precipitation is more significant dur-
ing near-term, whereas the frequency distribution remains
almost the same during mid-term and EOC. Figure 13c
represents the frequency distribution of daily precipitation

L B |
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2099 under RCP8.5 with reference to the baseline period 1975-2005.
The hatch represents significance at>95% confidence level from a
two-sample ¢ test

on an annual basis for baseline and future projections. A
slight decrease in the frequency of precipitation events was
observed in all future projections. The frequency distribu-
tion is positively skewed with most of the values between
0.5 and 4.5 mm/day. Similarly, Table 3 shows the summary
characteristics of the frequency distribution curves. It shows
maximum skewness during near-term and a maximum stand-
ard deviation (SD) during EOC, which means that extreme
events are likely to increase by the end of the century.
Similar to Fig. 12, Fig. 14a represents the histogram
for mean temperatures in JJAS. It follows a similar pat-
tern as RCP4.5, with the highest frequency of 1000 days
for a temperature value of 19 °C during 1975-2005. How-
ever, according to the projections, by the end of the twenty
first century, this value would go up as high as 26 °C with
an occurrence rate of 1000 days. Figure 14b represents a
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Fig. 11 Ensemble median projected changes in spatial distribution
and magnitude of Annual, summer (JJAS), and winter (DJFM) pre-
cipitation (%) for the periods 2010-2039, 2040-2069, and 2070-2099

histogram of temperature for the DJFM. During the histori-
cal period (1975-2005), the highest occurrence (628 days)
was observed for a mean temperature of —2 °C. In the sub-
sequent years, the occurrences of high mean temperatures
have increased and, by the end of the century, the highest
number of occurrences was observed at 5 °C. For mean
annual temperature (Fig. 14c), the visible shift in the fre-
quency distributions of mean temperature can be seen, i.e.,
from —5 to 20 °C during 1975-2005 to 5-26 °C during
EOC. The shift is evident from the values of skewness and
kurtosis represented in Table 4. Figure 15a demonstrates
the histogram of past and future precipitations during the
summer season. Normal precipitation distribution lies from
0 to 5.5 mm/day during JJAS. However, in future periods,
a decrease in the occurrence of high precipitation events is
seen, although the tail of the distribution is slightly skewed
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under RCP8.5 with reference to the baseline period 1975-2005. The
hatch represents significance at>95% confidence level from a two-
sample ¢ test

towards higher precipitation events in the future. During
winter (Fig. 15b), no notable change in distribution can be
observed. Figure 15¢ shows precipitation ranges from 0 to
8 mm/day on an annual basis during past and future periods.
The highest number of occurrences for precipitation events
lies between 0.8 and 3.2 mm/day. The right shift is attributed
to the fact that the value of skewness increased negatively,
whereas the negative values of kurtosis show that the data
are concentrated at the tail of the distribution rather than
at the peak. Unlike temperature, both annual and seasonal
(JJAS and DJFM) precipitation remain positively skewed;
the right tail is longer; the mass of the distribution is con-
centrated on the left. Table 5 represents the kurtosis, apart
from the summer season, consistently increased, showing
the concentration of data at the peaks and elongated tails
due to an increase in skewness as well.
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Fig. 12 Comparison of frequency distribution curve of a summer (JJAS), b winter (DJFM), and ¢ annual temperature for future periods 2010—
2039, 2040-2069, 2070-2099, and the baseline period 1975-2005 over the entire Kabul River Basin under RCP4.5

Table2 Summary statistics of the frequency distribution of mean
temperature (°C) for future periods 2010-2039, 2040-2069, 2070-
2099, and the baseline period 1975-2005 under RCP 4.5

Year Skew Kurtosis SD Mean
Annual
1975-2005 —-0.08 —-1.41 7.60 8.56
2010-2039 —-0.08 —1.43 7.88 10.13
2040-2069 —0.09 —1.43 7.89 11.18
2070-2099 —0.06 —1.43 7.77 11.89
JJIAS
1975-2005 -1.17 0.29 243 17.13
2010-2039 -1.17 0.41 221 18.90
2040-2069 -1.16 0.23 2.52 19.60
2070-2099 —-1.04 -0.23 3.14 19.82
DIFM
1975-2005 0.60 —0.49 2.85 0.04
2010-2039 0.71 -0.62 2.89 1.24
2040-2069 0.74 -0.63 3.35 2.68
2070-2099 0.64 -0.89 3.81 4.15

4 Summary and Conclusions

NEX-GDDP is the most recent and up-to-date data set of
statistically downscaled climate change projections that has
benefited over raw CMIP5 GCMs in many aspects. Due to
their coarse resolution, GCMs are not suited for catchment
scale studies such as our study area; therefore, NEX-GDDP
significantly overcomes this GCMSs’ limitation. Its high reso-
lution provides valuable regional-scale information about
climate change. Before looking into future changes in mean
temperature and precipitation, a detailed investigation of
NEX-GDDP evaluation against observations and CMIP5
raw GCMs is performed for the KRB. NEX-GDDP past
climatology on an annual and seasonal basis is reasonably
well matched with spatial features of the high-resolution
observed data set. Taylor diagrams and seasonal cycles of
NEX-GDDP-based models reveal very encouraging results
in terms of the robustness and efficiency of these data in
providing high-resolution regional climate change informa-
tion. NEX-GDDP showed improved performance statistics

@ Springer



492

S. A. A. Bokhari et al.

2000
1800 -
1600 -
1400

L

en

Freq

400 -

0 1 2 3 4 5 6 7 8
JJAS precipitation (mm/d)

01 23 456 7 8 910111213141516
Annual precipitation (mm/d)

1200

(b)

1000 -

©

o

o
'

Frequency
(2]
o
o

400 +

200 -

012 3 456 7 8 910111213 141516
DJFM precipitation (mnvd)

— 1975-2005
—— 2010-2039
— 2040-2069
—— 2070-2099

Fig. 13 Comparison of frequency distribution curve of a summer (JJAS), b winter (DJFM), and ¢ annual precipitation (mm/day) for future peri-
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Table 3 Summary statistics of the frequency distribution of precipita-
tion (mm/day) for future periods 2010-2039, 2040-2069, 2070-2099,
and the baseline period 1975-2005 under RCP 4.5

Year Skew Kurtosis SD Mean
Annual
1975-2005 1.56 3.09 1.27 1.73
2010-2039 1.77 4.64 1.34 1.77
2040-2069 1.54 3.29 1.28 1.74
2070-2099 1.75 4.77 1.37 1.76
JJIAS
1975-2005 1.16 1.91 0.66 1.17
2010-2039 1.41 3.62 0.70 1.23
2040-2069 1.37 3.39 0.71 1.19
2070-2099 1.56 441 0.77 1.19
DIFM
1975-2005 1.02 1.12 1.52 2.51
2010-2039 1.31 2.51 1.62 2.50
2040-2069 0.97 1.31 1.55 2.52
2070-2099 1.19 2.75 1.63 2.71
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of historical climatology compared to CMIP5 raw GCMs
in terms of reducing biases of monthly temperature and
precipitation, particularly topography-related precipitation
errors in GCMs, thus improving the accuracy and reliability
of future projections. The multi-model ensemble of NEX-
GDDP for the historical period (1975-2005) captures the
spatial patterns of both temperature and precipitation in
accordance with the observational data set. All three model
performance evaluation statistics, i.e., the standard devia-
tion (SD), Pearson’s correlation, and root-mean-square dif-
ference (RMSD), are in agreement with the observed data.
Bao and Wen (2017) drew a similar conclusion by evaluat-
ing NEX-GDDP and original GCMs against observations
in China. They recommended the use of NEX-GDDP data
sets for climate change studies at the local scale, owing to
its performance in representing past extremes apart from
means. Another study using NEX-GDDP was conducted by
Chen et al. (2017) to evaluate the representation of historical
precipitation extremes in China by NEX-GDDP data sets.
Therefore, the projections of temperature and precipitation
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Fig. 14 Comparison of frequency distribution curve of a summer (JJAS), b winter (DJFM), and ¢ annual temperature (°C) for future periods
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using NEX-GDDP data sets are comprehensive and at the
finest scale and, when used with hydrological models, will

Table4 Summary statistics of the frequency distribution of mean
temperature (°C) for future periods 2010-2039, 2040-2069, 2070—
2099, and the baseline period 1975-2005 under RCP 8.5

Year Skew Kurtosis SD Mean
Annual
1975-2005 -0.08 —-1.41 7.60 8.56
2010-2039 —-0.08 —-1.42 7.78 10.32
2040-2069 -0.08 —-1.41 7.87 12.07
2070-2099 -0.09 —1.44 7.74 14.50
JJIAS
1975-2005 —1.00 0.26 2.24 16.96
2010-2039 -1.10 0.31 2.15 19.00
2040-2069 -1.03 0.02 2.64 20.53
2070-2099 -1.19 0.45 2.77 22.63
DIFM
1975-2005 0.60 —0.48 2.84 0.03
2010-2039 0.63 —0.68 2.90 1.59
2040-2069 0.71 -0.56 3.50 3.69
2070-2099 0.60 -0.74 3.51 6.46

improve the understanding of future water resources availa-
ble in the near-term and long-term under a changing climate.

Future projections of both mean temperature and precipi-
tation are discussed for near-future, mid-term, and EOC. As
seen from frequency distribution curves of the mean temper-
ature, the shape is shifting rightward towards the end of the
century with references to the historical period, indicating
a warmer climate that could result in accelerated snow and
glacier melt processes. However, it needs further investiga-
tions using hydrological modeling. With reference to past
climates, future mean temperatures show a consistent rise
in the future averaging period, particularly during mid-term
and EOC for the entire KRB. However, high spatial vari-
ability exists in the thermal regime in the future. During the
mid-century, the mean temperature may rise by 3.2 °C in
the western parts of the domain under RCP4.5. Warming
is further pronounced in the EOC (up to 3.7 °C) on both
seasonal and annual basis. The rise in temperature is further
enhanced when results under RCP8.5 scenario are analyzed.
The range of temperature changes by the end of the century
is 5.8-6.8 °C during DJFM. A noticeably enhanced warming
can be seen for DJFM as compared to JJAS. The statistical
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significance of these changes is tested using student 7 test at
a 95% confidence level.

Table 5 Summary statistics of the frequency distribution of precipita-
tion for future periods 2010-2039, 2040-2069, 2070-2099, and the
baseline period 1975-2005 under RCP 8.5

Year Skew Kurtosis SD Mean
Annual
1975-2005 1.56 3.09 1.27 1.73
2010-2039 2.14 11.83 1.36 1.79
2040-2069 2.53 15.90 1.39 1.77
2070-2099 2.90 23.24 143 1.79
JJIAS
1975-2005 1.16 1.90 0.66 1.17
2010-2039 1.54 3.46 0.97 1.48
2040-2069 1.95 6.53 1.05 1.46
2070-2099 1.54 3.39 1.13 1.58
DIFM
1975-2005 1.02 1.12 1.52 2.52
2010-2039 1.88 10.61 1.68 2.50
2040-2069 2.16 12.72 1.76 2.64
2070-2099 2.66 19.59 1.83 2.70
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Projected changes in precipitation vary considerably in
terms of both spatial variations and the magnitude of change.
These variations are attributed to the presence of high eleva-
tion peaks and valleys in the domain, which result in an
uneven distribution of precipitation across the basin under
both emission scenarios. Under the RCP4.5 scenario, there
is an evident decrease in twenty first century DJFM pre-
cipitation (up to 50% and more) across the KRB. During
JJAS, the decrease in precipitation is more pronounced on
the western parts of KRB in Afghanistan. Future precipita-
tion under the RCP8.5 scenario shows a higher magnitude
of precipitation decline as compared to RCP4.5. Summer
precipitation is seen to decrease less compared to DJFM,
while a slight positive change (0—15%) can also be seen in
monsoon-approached parts of the KRB. Strong negative
change signal, along with an increase in warming, may
induce frequent occurrences of flash floods and affect stream
flow dynamics. However, the hydrological responses to these
climatic changes need to be simulated.

The results presented in this study provide a detailed esti-
mation of future projections of temperature and precipitation
in the KRB in relation to two emission scenarios. The infor-
mation provided here can be used to further assess water
resources using impact assessment models and can build a
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knowledge base for policy making and adaptation efforts of
both Pakistan and Afghanistan. However, the uncertainties
associated with the use of multi-model ensembles and local
topographic-based climate processes should be carefully
considered when using these projections and feed them into
a hydrological model.
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