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Abstract: Biased distribution of hydro-climate stations in high elevations are major obstacles for
reliable appraisal of the hydro-climatic regime of the Chitral Basin located in the extreme north
of Pakistan. We modeled this regime in the ARC-SWAT hydrological model forced with the latest
gridded reanalysis ERA5 Land dataset, bias-corrected against a good quality reference dataset. The
performance of the gridded dataset was cross-validated by comparing the model flow simulation
against the observed flows. The ERA5 Land overall provided reasonably good estimates. The
calibrated model on the daily time scale was able to provide excellent values of the employed
statistical measures (NSE, KGE, PBIAS, RMSE and MAE). For a future climate change analysis,
climate series was devised using two future projection scenarios (RCP4.5 and RCP8.5) using the best
performing GCM (MIROC5_rlilp1) out of five investigated GCMs. The results of the climate change
analysis reveal increment in the average temperature up to +3.73 ◦C and +5.62 ◦C for RCP4.5 and
RCP8.5, respectively, while the analysis of precipitation suggests an annual decrease up to −16%
and −35% against RCP4.5 and RCP8.5, respectively, by the end of century. A future simulated
flow analysis showed an increment of +0.25 % and decrease of −6.82% for RCP4.5 and RCP8.5,
respectively. Further analysis of climate suggests seasonal deflections especially in precipitation and
flow regimes. A notable climb in flow quantities was observed during spring season (MAM) in spite
of the major reduction in precipitation amounts for that season. This implicitly supports a high rate of
glacial/snow melt especially in the spring season during that period. Frequent droughts and floods
are also projected by examining flow durations at each interval of the 21st century.

Keywords: Chitral River; Indus Basin; ERA5 land; climate change; bias correction

1. Introduction

Climate change is recognized to accelerate and intensify the potential water resources
related to cataclysm events at various scales. The zenith of the industrial era during the
2nd half of the 20th century instigated high emissions of anthropogenic greenhouse gases
into the atmosphere leading to a significant alteration in global climate. The threat of
the changing climate is continuously rising due to uninterrupted emission of greenhouse
gases [1]. The impacts of rising temperatures have the potential to cause changes in fre-
quency, variation, and magnitude of other atmospheric variables such as precipitation [2–4].
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Precipitation along with temperature has close ties with the catchment scale hydrological
features. Therefore, the climate change anomaly can significantly impact the runoff and
other climate sensitive parameters of the basin [5,6]. Accurate observation and proper
examination of these variables can help to derive appropriate strategies for managing water
resources on a regional or basin scale. However, despite many advances, reliable climate
projections, especially in higher mountainous terrains, are difficult to achieve due to the
lack of observations and directional biases of the available observations [7].

Chitral River is the largest tributary of the Kabul River which ultimately feeds to the
Indus River near Attock. The Chitral River derives its major share of water from melting
snow and glaciers in the Hindukush Mountain range for which winter precipitation serves
as the primary source of replenishment. Despite a multitude of studies on the Upper
Indus Basin, the reliability of precipitation at sub-basin scale still remains difficult and non-
intuitive [7–9]. There are only a few hydroclimatological studies focusing the Chitral Basin
alone, most of the previous studies have aimed Indus and Kabul Basins as a whole. These
studies suggest the consistent rise of river flows with respect to the increase in temperature.
However, uncertainty persists in precipitation estimates. For instance, some studies have
predicted a reduction in mean annual precipitation in the Chitral Basin [10,11], while others
have reported a substantial increase, predominantly during the winter season [3,12,13].
Additionally, the reported increase in snow cover of the Chitral Basin area implicitly
suggests a precipitation increase during the winter season [14]. Reliable estimation of the
future climate requires accurate observations and evaluation of contemporary variables;
therefore, the quest for accuracy continues.

Almost, 21% of the Chitral territory on the Pakistani side consists of perennial snow or
glaciers with highly steep ravines, which make it difficult to install and operate climatic
stations [14]. The basin has the station density of only one station to cover 7300 sq. km
of area, which is well-below the standards suggested by the World Meteorological Or-
ganization (WMO) (limit of one per 250 sq.km for mountainous terrain). Therefore, the
observational network inadequately depicts the high-altitude precipitation variations [7,9].
For countering the spatial heterogeneity, various studies utilized the gridded datasets
mostly based on three types; station-based, satellite-based, and reanalysis (atmospheric
model-based) [15,16]. Station-based precipitation datasets utilize conventional station
climate data. In the northern side, stations are mostly installed at lower and drier valleys
corresponding to higher altitude locations which seem to suggest an underestimated spatial
interpolation [16]. In addition to this, existence of a systematic bias is another reason for
the underestimation of precipitation [7].

Use of satellite-gridded data is another alternative option that has extensively been
used for climate change projections and hydrological analysis [17]. These products make
use of infrared (IR) observations of cloud cover and passive microwave (PW) for pre-
cipitation measurements. In spite of improved performance over the flat terrains, it is
reported to face difficulty estimating precipitation across the higher altitude complex ter-
rains where precipitation is significantly influenced by orography [17,18]. Satellite data
often require land observations for their ground truthing and calibration which indicates
their dependency on the quality of observed data [16].

Reanalysis products offer useful alternatives to avail precipitation and other climatic
variables as predicted outputs of model assimilation. These models are typically called
Numerical Weather Predictors (NWPs). This computation uses numerical algorithms
bounded by the physical laws which allow to forecast a wide range of variables. These
variables are the result of numerical modeling; hence, they are not influenced by the direct
observations especially for precipitation and become susceptible to uncertainty and model
biases. Various studies have highlighted different aspects of reanalysis products [16,19,20].
Nevertheless, continuous developments are being made to overcome their deficiencies
related to improved computations, data assimilations and advanced retrieval of ground
and atmosphere data from satellites [21–23].
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During physical-based modeling, uncertain observational data reduce the value of the
model. A calibrated model often produces good results but at the same time undermines the
actual physical response of the catchment. Therefore, incorporating accurate precipitation
data is a crucial step for developing a reliable parameterized model [24]. In order to
overcome the observational deficiencies, the hydrometeorologists generally use gridded
datasets. However, their accuracy is very much dependent on the quality of their input
data and robustness of the computational methods. Dahri et al. [25] evaluated precipitation
estimates of 27 widely used gridded datasets for the high-altitude Upper Indus Basin
using [7] dataset as the reference and determined the 5th generation European Centre for
Medium-Range Weather Forecasts ECMWF Re-Analysis (ERA5) dataset to be relatively
more accurate than the other products. ERA5 was also attested in the region by [16], who
cross-validated 20 gridded datasets including ERA5 over the Indus Basin and highlighted
better performance by the ERA5. ERA5 Land is a reiteration of the land component of
ERA5 for a land-based analysis at a finer resolution of 9 km by applying the lapse rate
correction to account for the influence of the altitude on the spatial structure of the weather
variables [21].

Attaining reliable observations over the Upper Indus Basin can be a difficult task [9].
Gauge precipitation is generally exposed to systematic biases. The usual causes behind
these systematic biases are topography, gauge types, surrounding vegetation, wind, and
temperature. These biases are detrimental for the reliabilities of observed data especially at
higher altitudes where wind induced systematic biases are dominant. The wind induced
errors persist as a large source of uncertainty and major responsibility for the under
estimation of solid precipitation which is a core format of precipitation during winter. For
the adjustment of these biases WMO set standard procedures for the correction; however,
most of the global precipitation products neglected such standards which can exacerbate
the reliability of those datasets [7]. Dahri et al. [7] adjusted these systematic biases by
precipitation measuring stations over the Upper Indus Basin. Therefore, their dataset can
serve as a reference dataset for this research study.

Climate forecasts require development and use of accurate climate models. Regional
Climate Models (RCMs) are widely used for regional climate analysis and are constantly
being improved. However, some internal and external uncertainty associated with sys-
tematic biases, sensitivity to numerical schemes, and resolution-depended processes still
persist [10]. Therefore, downscaled and bias-corrected GCMs are often preferred to provide
a more accurate depiction at a regional scale [26]. Recently, [25] evaluated 75 GCM outputs
to single out the most suitable model based on their past performance for the high-altitude
Indus Basin. From the overall analysis 2 GCMs (MIROC5_rlilp1 and MPI_ESM_LR_rlilpl)
were selected to represent two extremes of wet-warm and dry-cold scenarios.

The lack of climate data can partly be compensated by hydrological modeling, but
uncertainties in observational data reduce value of hydrological modeling [27]. Generally,
a calibrated model often produces good results but at the same time, undermines the actual
physical response of catchment. Therefore, accuracy and reliability of precipitation data is
a crucial step for pragmatic hydrological modeling.

Our research is intended to appraise the hydroclimatological implications over the
high-altitude Chitral Basin with the aid of an ERA5 Land reanalysis. This study will provide
better insights and projections of hydro-climate parameters essential for hydropower and
water balance studies.

2. Materials and Methods
2.1. Study Area

The Chitral Basin is a transboundary basin between Afghanistan and Pakistan. How-
ever, this study covers the area located in the north-west of Pakistan, administered under
the district Chitral of Khyber Pakhtunkhwa province (Figure 1). It is located between
35◦–37◦ N latitudes and 70◦–74◦ E longitudes with the drainage area of 14639.54 km2.
Almost 50% of total area has a land slope of more than 65% and only 2.6% has a relatively
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flat terrain slope (0–12%). The upper part consists of high mountainous terrain of the
Hindukush Mountain ranges and attains 7700 m height, while lower valleys at the southern
part stand around 1100 m above mean sea level. The mean elevation of the Chitral Basin
lies at 4180 m above sea level.
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Figure 1. Location map of the Chitral River Basin.

The climate of Chitral valley is considered cold and dry. Summer monsoon rainfall has
little influence over the Chitral Basin, while the majority of rainfall occurs during winter
and spring mostly as snow, which is sourced from the westerly winter disturbance of
Mediterranean. The average annual precipitation observed over the period of (1992–2017)
at Chitral is 465 mm.

Approximately 14.5% of the basin area occupies snow/glacier cover, which is the key
source of water supply to the Chitral River and its tributaries. The Chitral River originates
from the northern mountain ranges of Hindukush as the Mastuj river. Seasonal snow melt
is a major contributor of discharge throughout the year. About 73% of the total precipitation
in the basin is received during the October–April months and the majority of it falls in
the form of snow. Peak flows occur during the monsoon season in June to September.
The average flow rate of the Chitral River recorded at the Chitral city gauge is 292 cumec
between the periods of 2003 to 2015. Other major tributaries that contribute to the Chitral
River are Yarkhon River, Turkho River, Ludkho River, Turich River, and Golen Gol River.

Chitral River has the considerable potential to contribute to the economies of both
Pakistan and Afghanistan via power and irrigation sectors. Therefore, it is imperative
to investigate the current and future climate changes and the associated hydrological
implications.

2.2. Datasets
2.2.1. Climate Datasets

Adjudicating the hydrological response of any catchment often becomes difficult if the
area is deficient in hydrometeorological observations. The Chitral Basin is difficult to access
due to rugged and high-mountain terrain, making installation and operation of climate
stations troublesome. The existing meteorological stations are highly biased towards
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low altitude valleys [7,9,28]. Moreover, the presence of systematic measurement errors
can seriously aggravate the quality of observations and associated hydroclimatological
analyses. Therefore, gridded datasets are important means to compensate the spatio-
temporal limitations of the point observations. A study conducted by [7] reported to
recover a significant portion of precipitation over high altitudes of the Indus Basin which
was previously undermined by the climatic stations, due to measurement errors. This
study takes monthly climatologies (1999–2011) determined by [7] as references to bias
correct the temperature (minimum and maximum) and precipitation of gridded datasets.
Recently, gridded precipitation datasets of the European Center for Medium-Range Weather
Forecast (ECMWF) were able to provide better estimates of climate parameters, especially
precipitation, over the Indus Basin compared with other gridded datasets [16,28]. The
latest addition to the ECMWF family is ERA5 Land, which is specifically derived from the
rerun of land component of ERA5. Considerable improvements are implemented such as
refinement of the resolution grid up to 1 h time step and 9 km square grid. This allows
increased accuracy to fill for a wide range of land-based applications. In addition to that,
ERA5 Land is computationally efficient as no data assimilation takes places. Improvements
are also made to counter the influence of altitude by applying a lapse rate correction to
climate parameters [29,30]. The dataset was acquired from Copernicus Climate Change
Service [31].

2.2.2. Future Climate Projection

Climate change projections are generally derived by mathematical models known as a
General Circulation Model (GCM). Their projections of the future climate are dependent
upon global socio-economic-based scenarios and are expressed in terms of Representative
Concentration Pathways (RCPs). Among the four of RCPs, we considered using the most
near to usual scenario and worst-case scenario based upon the assumption that carbon
emissions are still increasing dangerously and will continue to grow more; therefore, the
most optimistic scenario such as RCP2.6 is seemingly difficult to happen in the future. The
scenarios most resembling these conditions are RCP4.5 (moderate stabilization scenario)
and RCP8.5 (extreme emission scenarios). Currently, a wide number of GCMs are used
for simulating climate; however, a similarly higher number of output variability also
persists, which makes the analysis vague for judging future climate responses [27]. Amidst
these circumstances, we emphasize choosing from a few numbers of GCMs for catering
uncertainty. The criteria of initial selection are defined by the performance shown by GCMs
previously over the region.

Recently, [25] examined various GCMs for the high-altitude Indus Basin and filtered
out the high-performing GCMs. MIROC5 and MPI-ESM-LR were found to be at better
attaining higher scores to reproduce the historical climate. Similarly, [27] also appraised
the performance of several GCMs including MIROC5, over the same region. We evaluated
a few of those best performing GCMs for our analysis. The selected GCMs included
MIROC5_r1i1p1, MIROC5_r2i1p1, CMCC-CMS_r1i1p1, MPI-ESM-LR_r1i1p1, and MPI-
ESM-LR_r3i1p1, and then selected the best suited GCM for the selected study region for a
future hydro-climatic analysis. The details of five GCMs are provided in Table S1.

2.3. Methodolgy
2.3.1. Bias Correction

The accuracy of reanalysis products is limited by their inherited model biases when
compared with the observed climate data. Therefore, they often require bias correction
prior to carrying out the analysis of variables [21]. Many studies [32–34] have carried
out the performance evaluation of the bias correction techniques and mostly suggest the
dependency on the location. Shrestha et al. [32] carried out the comparison between the
simpler linear bias correction and intricate quantile delta mapping technique upon the
Himalayan terrain pre-dominated by high altitude orography. Their findings suggest
that the intricate techniques can be avoided for monthly analysis without compromising



Atmosphere 2022, 13, 295 6 of 19

reliability. Climate in the Chitral River Basin is mainly governed by the high-altitude
orography [32] and our requirement to analyze the future climate change is limited to a
monthly scale; therefore, we used the simpler linear bias correction technique for correction
in climate data. ERA5 Land reanalysis was bias-corrected using the monthly climatology
(1999–2011) of [7] for the period of 1981 to 2015.

The equations are provided below:

Phis(d)∗ = Phis (d).
Um.{Pobs(d)}
Um{Phis (d)} (1)

Psim(d)∗ = Psim (d).
Um.{Pobs(d)}
Um{Phis (d)} (2)

This(d)∗ = This (d).[ Um.{Tobs(d)} −Um.{This(d)}] (3)

Tsim(d)∗ = Tsim (d).[ Um.{Tobs(d)} −Um.{This(d)}] (4)

where P = precipitation, T = temperature, d means daily, Um = long term mean, * indicates
bias-corrected, his refers to historical raw GCM data, obs stands for observed data and sim
is the raw GCM future data.

2.3.2. SWAT Hydrological Model

Soil and Water Assessment Tool (SWAT) is a physically-based, semi distributed
continuous-time model developed by the United States Development of Agriculture
(USDA) to simulate multiple types of hydrological applications over a watershed scale on
annual, monthly, and daily time steps [35]. It has been successfully executed and tested on
various localities including snow and high-altitude topography [36,37]. It has also been
used for various applications such as climate change analysis, land use, and management
practices. SWAT allows ease and flexibility in data requirement [32,38]. The Hydrological
process is carried out at Hydrological Response Units (HRUs) scale based on the water
balance equation. The major hydrological processes considered in water balance are runoff,
infiltration, evapotranspiration, lateral flows, and percolation.

Additionally, SWAT also allows the simulation of the snow conditions when the daily
air temperature (SFTMP) becomes less than the provided threshold values of temperature,
and then precipitation falling into that (HRU) is treated as snow. The liquid water equivalent
of snowfall is incremented into snowpack. The volume of snowpack expands with auxiliary
snowfall during the winter season and reduces during the subsequent summer season
due to snow melt. The melting process is primarily controlled by snow melt temperature
(SMTMP) in SWAT. SWAT equations are more broadly explained in [39].

Initially, SWAT required various input layers to generate watershed environment of
corresponding actual basin. These input layers consist of a Digital Elevation Model (DEM),
land use, and soil layer. The DEM of ASTER 30 m resolution was obtained from the USGS
Earth explorer web plate form and the required tiles of DEM were mosaicked. The quality
of the DEM is defined by its resolution and quality of its retrieval; finer resolution tends to
well-define the elevation distribution across the topography. DEM in SWAT is essential for
the delineation and projecting slopes of watershed. Land use classification is performed
by defining the features of Landsat-7 30 m resolution satellite imagery via supervised
classification. All the major land uses are fractioned into five categories; barren, rangeland,
forest, agriculture, and water (glaciers and snow). For SWAT modeling, soil data of 1 km
resolution was obtained from an open-sourced FAO [40]. The summary of the dataset and
delineation are depicted in Figure 2.
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Furthermore, to achieve more accuracy, the climate datasets were extracted for each
of the model grids uniformly distributed across the watershed. After bias correction, the
climate station files were input into two separate models distinguished by the RCP4.5 and
RCP8.5 for better convenience. The model domain was divided into 10 elevation bands to
obtain optimum variation.

2.3.3. Pre-Modeling Setup

Authenticity of model simulation is primarily adjudicated by the statistical perfor-
mance of the model. The model is calibrated and validated using SWAT Calibration and
Uncertainty Program (SWAT-CUP). SWAT-CUP permits the user to choose from multiple
calibration algorithms for better performance. The Sequential Uncertainty Fitting (SUFI-2)
algorithm which evaluates uncertainty between observed and simulated values, was se-
lected because of its recognition to perform better in limited number of simulations [41,42].
The sensitive parameters related to flows were evaluated in same interface before model
calibration. SUFI-2 offers two types of sensitivity analysis i.e., global and one-factor-at-a-
time (OAT). This study utilizes OAT analysis due to its computational efficiency. In OAT
all the other parameters are held constant and one parameter is allowed to change, its
effects are then appraised on the model output. Three to five model runs are sufficient
to obtain the model sensitivity. More details about the methods are explained in [43]. In
our study 20 parameters were selected for sensitivity analysis. Among these, the first
14 parameters (listed in Table 1) were selected for further calibration. The study follows a
guideline explained in [44]. The calibration of the snow parameters were dealt separately
and subset with elevation band parameters. The rest of the parameters were calibrated
in a separated group. Therefore, two sets of parameters were selected for independent
calibration. This configuration avoided identification issues as explained in [44] in the
parameterization section. To check the robustness of the model, the study follows a method
used by [25], in which two validation periods were considered, one before the calibration
period (backward validation) and the other after calibration (forward validation). This will
provide the balanced overview of model performance for a longer time period.
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Table 1. Selected sensitive parameter and their calibrated values in the Chitral River Basin.

Parameters Description

Hydrological Parameters

r__CN2.mgt SCS runoff curve number 0.00034
v__ALPHA_BF.gw Base flow alpha factor (days) 0.99
v__GW_DELAY.gw Groundwater delay (days) 85
v__GWQMN.gw Threshold in the shallow aquifer for return flow to occur (mm) 89
v__GW_REVAP.gw Groundwater “revap” coefficient 0.03
v__SLSUBBSN.hru Average slope length (m) 55
v__HRU_SLP.hru Average slope steepness (m/m) 0.03
v__OV_N.hru Manning’s “n” value for overland flow 18

Snow and Elevation Band Parameters

v__SFTMP.bsn Snowfall temperature (◦C) 2.59
v__SMTMP.bsn Snow melt base temperature (◦C) −1.90

v__SMFMX.bsn Maximum snow melt rate during year of summer solstice
(mm/◦C-day) 2.00

v__TIMP.bsn Snowpack temperature lag factor 0.44
v__TLAPS.sub Temperature lapse rate (◦C/Km) −5.70
v__PLAPS.sub Precipitation lapse rate (mm/Km) 301.25

For statistical evaluation of the model, five (5) objective functions were chosen based
on past studies. For instance, [3] chose traditional metrics of Nash Sutcliff Efficiency (NSE)
and Root Mean Square Error (RMSE) for evaluation of the UBC model over Kabul basin, [18]
used Root Mean Square Error (RMSE) and Mean Absolute Error (MAE), while [25] recently
used Modified Kling-Gupta Efficiency (KGE) and Percent Bias (PBIAS) for evaluation of the
model performance. Furthermore, sensitivity of above-mentioned metrics are interlinked
to each other and can be reformulated in relation to one another. For instance, the value of
NSE is dependent upon the square of ratio between RMSE and the standard deviation (Sobs)
of the observed value (see Equation (5)). Although, RMSE ranges from 0 to ∞, and close to
0 is desirable, it is also important to make sure it should be above a certain threshold to
secure appropriate results. For examples, if RMSE = Sobs then NSE = 0, similarly if RMSE is
half the Sobs then the value of NSE = 0.75. Further detail is provided in [45]. Therefore, we
considered (NSE, KGE, PBIAS, RMSE and MAE) for evaluating the model performance.
Equations of each objective function along with its range of values is provided below:

NSE = 1−
[

∑N
i (Qobs,i −Qsim,i)

2

∑N
i (Qobs,i −Q∗obs)

2

]
, 1−

[
RMSE

Sobs

]2
, (−∞ < NSE < 1) (5)

KGE = 1−
√
(R− 1)2 + (β− 1)2 + (γ− 1)2, β = Q∗sim

Q∗obs
, γ = Ssim/Q∗sim

Sobs/Q∗obs
(−∞ < KGE < 1)

(6)

PBIAS = 1−
[

∑N
i (Qobs,i −Qsim,i)

∑N
i (Qobs,i)

]
× 100 , (−∞ < PBIAS < 100) (7)

RMSE =

√
1
N ∑N

i (Qobs,i −Qsim,i)
2, (0 < RMSE < ∞) (8)

MAE =
∑N

i
∣∣(Qobs,i −Qsim,i)

∣∣
N

, (0 < MAE < ∞) (9)

where N is the number of flow values, R is Pearson coefficient, Qobs and Qsim are the
observed and simulated flows for ith observations, and Q*obs and Q*sim are the means of
the observed and simulated flow values. Sobs and Ssim are the standard deviation of the
corresponding observed and simulated flows. NSE indicates how closely the observed and
simulated values fit the 1:1 line. NSE = 1 corresponds to a perfect match, 0 < NSE < 1 infers
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acceptable performance, NSE = 0 indicates that the model predictions are as accurate as the
mean of the observed data, whereas NSE < 0 indicates that the observed mean is a better
predictor than the simulated value inferring unacceptable performance. KGE values may
range from −1 to +1 but its optimum value is 1. Any value of KGE provides the lower
limit of its three components (Pearson’s correlation coefficient, bias, and variability ratio),
meaning that the worst component is ≥to that value. The values of the other three indices
are desired to be closer to zero.

3. Results and Discussion
3.1. Calibration and Validation Results

Due to the interlinking of precipitation and runoff, sparse precipitation observa-
tions along with the intricate orography of a region can negatively impact flow simula-
tions [7,32,38]. Therefore, suitable calibration is essential to define the true relationship
between these two imperative basin parameters. In our study we compared the model
simulation to a single gauging station at Chitral city over Chitral River. The period of
calibration was set to 10 years from (1996–2005), while a backward validation period of
(1981–1995) and forward validation the period of (2006–2015) were selected.

Simulation of ERA5 Land model for the calibration period depicted in Figure 3 (daily
basis) and Figure S1 (monthly basis) show a close resemblance to the observations. The
model was able to precisely capture the synoptic trends of observational flow. Despite better
representation, some discrepancies also need to be highlighted. For instance, the model
was unable to accurately depict the flow recession toward the end of the years by over-
estimating, furthermore exaggeration of peak flows were also simulated in multiple years.
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The hydrological response of discharge was statistically evaluated on both daily
and monthly scales (Table 2). The mean and standard deviation of the observed and
simulated values remain within appropriate range during the entire simulation period as
indicated by NSE and KGE values. Similarly, values of PBIAS and MAE summarize the
acceptable difference between ordinates of observed and simulated values. On average,
RMSE remains less than half the standard deviation of observed values, which shows good
model engagement. The values of the employed statistical measures indicate that the SWAT
hydrological model was able to reproduce the river inflows quite well for the calibration
as well as validation periods at both daily and monthly time scales. The observed and
simulated river flows reveal excellent agreement. The model analysis also highlighted
the significance of the reconciliation of the dataset from systematic biases as a reference
dataset [7] was able to better adjust.
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Table 2. Statistical performance of SWAT model during calibration and validation periods.

Statistical
Indicator

Backward-Validation
(1981–1995)

Calibration
(1996–2005)

Forward-Validation
(2006–2015)

Daily Basis

NSE 0.79 0.84 0.78
KGE 0.82 0.91 0.85

PBIAS (%) −15.65 1.15 −11.79
RMSE 136.61 117.87 129.91
MAE 88.51 78.10 85.89

Monthly Basis

NSE 0.87 0.90 0.86
KGE 0.82 0.92 0.85

PBIAS (%) −15.66 1.15 −11.73
RMSE 99.87 85.80 96.20
MAE 68.46 58.34 62.61

3.2. GCM Selection

Physically-based climate models are one of the key tools for quantifying the future
hydro-climatic regime. Yet, despite substantial developments and increase in number of
outputs, an understanding of the future climate remains vague and uncertain. Additionally,
due to the inherited biases, multiple GCMs can produce different results leading to a
misinterpretation of their outputs. Such problems are commonly encountered while using
an ensemble, where a higher number of biased models can induce proclivity to results.
Therefore, before quantifying the future regime, it is important to identify existent internal
biases in GCM outputs first. As previously mentioned, for our concerning region we
initially selected five GCMs based on the outcomes and observations of the previous
studies, we then intended to evaluate internal seasonal bias for each product by comparing
them with observation data.

The precipitation of five GCMs were differentiated into four periods, annual, win-
ter (Oct–March), pre-monsoon (April-June) monsoon (July–Sep) and then evaluated by
using the eight indices outlined in Table S2. At the end, GCMs were ranked according
to their performance. MIROC5_r1i1p1 was found to achieve a high rank followed by
MIROC5_r2i1p1. MIROC5_r1i1p1 showed the best performance for all four periods during
analysis of the mean and attained rank 1 in the 5-day maximum rainfall, maximum dry
spells length and maximum wet spells length on annual period. Conversely, the analysis
also highlights considerable deficiencies, especially capturing dry and wet day lengths
during the monsoon period. On the other hand, remaining GCMs were unable to provide
consistency and shown substantial biases.

Similarly, four statistical indices (Mean Error, Standard Deviation Error, Root Mean
Square Error, and Correlation Coefficient) outlined in Table S3 were selected for GCMs
evaluation based on temperature. The result depicted MIROC5_r1i1p1 performance to
be more robust. MIROC5_r1i1p1 outputs gained a superior score in three out of four
indices. The final rankings of the five GCMs evaluated in this study are summarized in
Table 3, while more details are provided in Tables S2 and S3. The independent analysis
conducted in this study is in line with an earlier study for the high-altitude Upper Indus
Basin [25]. Therefore, for future analyses, we selected MIROC5_r1i1p1 for deriving future
hydro-climatic projections.
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Table 3. Final rankings of five GCMs evaluated.

GCM
Final Rankings

Precipitation Temperature

MIROC5_r1i1p1 1 1
MIROC5_r2i1p1 2 3
CMCC-CMS_r1i1p1 3 4
MPI-ESM-LR_r1i1p1 4 2
MPI-ESM-LR_r3i1p1 5 5

3.3. Hydroclimatological Projections

This research study quantified the climatic and hydrological projections for the three
intervals of 21st century (early century 2011–2040, midcentury 2041–2070, and late century
2071–2100) with respect to median values during the baseline period of 1981–2010 under
two climate scenarios of RCP4.5 and RCP8.5.

3.3.1. Temperature

Temperature is considered one of the sensitive indicators of climate change, which
has a high tendency to cause instability in basin hydrology. Especially for the Chitral
Basin, in which its glaciology is an important part of its hydrological implications, hence
the study of temperature rise is highly intrinsic to determine its impact on the basin’s
hydrology. Figure S2 displays the mean annual maximum and minimum temperature
(Tx and Tn) for the historical and projected period. Additionally, the annual rate of rise
was evaluated for the periods of baseline, early, mid and late century by mean of Sen‘s
slope the Mann–Kendall trend analysis for providing more in-depth understanding of
rate temperature rise shown in Table 4. Rate of rise recorded for the baseline period for
Tx and Tn were 0.018 ◦C/year and 0.014 ◦C/year, respectively. During the early century,
the rate of Tx for both scenarios of RCP4.5 and RCP8.5 remained at 0.082 ◦C/year and
0.072 ◦C/year, respectively, while the Tn of the intensive scenario depicts a high rate of rise
up to 0.097 ◦C/year. The midcentury witnessed a decline in the rate of rise for RCP4.5. On
the other hand, RCP8.5 was shown to attain its pace and continue to climb. During the late
century, the temperature rise seems to halt for RCP4.5 and even show a mild negative trend
for Tx up to −0.032 ◦C/year while RCP8.5 appears to gain more pace.

Table 4. Projected temperature trends (◦C) for RCP4.5 and RCP8.5 during early, mid, and late century.

Period Tx (◦C/Year) Tn (◦C/Year) Tx (◦C/Year) Tn (◦C/Year)

Baseline 0.018 0.014 0.018 0.014
RCP4.5 RCP8.5

Early Century 0.082 0.079 0.072 0.097
Midcentury 0.053 0.042 0.081 0.074
Late Century −0.032 −0.002 0.097 0.090

Furthermore, the monthly median analysis of each interval (early, mid and late) of the
century is demonstrated in Figure 4. In the early century, RCP4.5 showed slightly higher
warming corresponding to both baseline and RCP8.5. During the midcentury, the Tx of
RCP4.5 remained marginally above while a significant difference was observed between
Tn of both scenarios with RCP8.5 on the upper side. Observed values RCP4.5 and RCP8.5
are (Tx = 5.96/Tn = 2.76) ◦C and (Tx = 5.76/Tn = 0.62) ◦C, respectively. Analysis of the late
century suggested a major rise in temperature of RCP8.5 compared with RCP4.5. Concluded
values for RCP4.5 and RCP8.5 are (Tx = 6.81/Tn = −2.01) ◦C and (Tx = 8.04/Tn = 0.53) ◦C,
respectively.
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Figure 4. Comparisons of the baseline maximum and minimum temperatures (Tx, Tn) with the
projected temperatures for RCP4.5 and RCP8.5 during early, mid, and late century.

Besides rise in temperature, distinct monthly patterns emerged in temperatures for
both the scenarios. These patterns can visually be seen in Figure 4, while a summary of
the change in magnitude can be observed in Table 5. For RCP4.5, the most extreme rise
in the projected Tx was observed during the spring (MAM) and summer (JJA) seasons,
which showed an average change of +3.21 ◦C and +3.02 ◦C while in the case of RCP8.5, the
summer (JJA) and dry (SON) seasons seems to be most affected, with an average change of
+3.54 ◦C and +5.58 ◦C. On the other hand, the most intense warming in Tn was recorded in
the case of RCP4.5 during the spring (MMA) and summer (JJA) seasons with an average
change of +3.26 ◦C and +3.10 ◦C. While in RCP8.5, although a substantial rise was observed
for all seasons, particularly the winter (DJF) and spring (MAM) seasons average change in
Tn were recorded up to +5.18 ◦C and +4.91 ◦C, which was significant as compared with
the rest. In the late century, the analysis depicts the average temperature to be 3.73 ◦C and
5.62 ◦C for RCP4.5 and RCP8.5 corresponding to the baseline, which is −1.32 ◦C for the
Chitral Basin.
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Table 5. Projected temperature deviations (◦C) from baseline temperature for RCP4.5 and RCP8.5
during early, mid, and late century.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Baseline Tx −9.24 −7.45 −2.48 2.77 6.98 10.88 14.38 14.2 10.39 −1.28 −6.13 −6.13

RCP4.5
Early Century 0.82 0.39 1.27 1.56 1.72 1.82 1.07 0.82 0.88 1.45 1.00 0.42
Midcentury 2.35 1.69 2.62 3.96 4.55 4.27 3.51 2.20 2.35 2.50 2.76 2.75
Late Century 3.44 2.74 2.96 4.82 5.42 5.61 4.96 2.98 3.02 2.47 3.22 4.07
Average 2.20 1.61 2.28 3.45 3.90 3.90 3.18 2.00 2.08 2.14 2.32 2.41
RCP8.5
Early Century −2.91 −2.26 −2.19 −0.96 −0.16 0.28 0.62 1.05 2.43 4.07 2.76 −0.87
Midcentury −0.70 −1.77 −0.39 1.97 3.68 4.01 3.54 3.56 4.93 6.90 6.25 1.12
Late Century 1.66 0.70 1.67 4.87 6.55 8.37 5.39 5.09 6.93 8.94 7.01 3.21
Average −0.65 −1.11 −0.30 1.96 3.36 4.22 3.18 3.24 4.77 6.64 5.34 1.15

Baseline Tn −16.5 −15.26 −10.75 −6.02 −2.14 1.17 4.95 4.69 0.83 −10.27 −13.5 −13.5

RCP4.5
Early Century 0.69 0.40 1.54 1.76 1.70 2.28 1.40 1.12 0.78 1.87 1.29 0.49
Midcentury 2.26 1.93 3.28 3.64 4.17 4.40 3.44 2.34 1.62 2.53 2.08 3.33
Late Century 3.38 2.90 3.85 4.64 4.75 5.79 4.39 2.80 2.14 2.55 2.60 4.23
Average 2.11 1.74 2.89 3.35 3.54 4.15 3.08 2.09 1.52 2.31 1.99 2.68
RCP8.5
Early Century 1.15 1.81 1.02 1.05 1.24 1.08 0.15 0.86 0.61 2.42 3.38 2.50
Midcentury 6.82 6.36 6.01 6.16 8.55 8.53 4.73 4.59 3.71 5.72 6.84 7.55
Late Century 6.93 6.31 6.31 5.98 7.86 8.36 4.74 4.49 3.88 5.76 6.68 7.21
Average 4.97 4.83 4.45 4.40 5.88 5.99 3.21 3.31 2.74 4.64 5.64 5.75

3.3.2. Precipitation

Precipitation is an important variable for the basin that has high sensitivity towards
changing temperature. Therefore, the climate change study for both on annual and monthly
scales are essential for deriving conclusive inferences. Annual precipitation (depicted in
Figure S3) suggests extreme deviation and instability in precipitation quantities in case of
RCP8.5 while projection by RCP4.5 remained somewhat stable overall. Nevertheless, an
overall decrease in mean annual precipitation is estimated for both the scenarios during the
entire 21st century. This decrease is more pronounced for spring and post-monsoon periods.

The monthly median precipitation depicts a shift in seasonal precipitation (Figure 5).
The analysis further implies an overall reduction in precipitation in both the scenarios.
However, intensity may vary and depends on the shifts in seasonal regime.
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In case of RCP4.5, a monthly change in precipitation (Table 6) shows winter precipita-
tion (DJF) decreases below the historical baseline by up to −9.67%, reduction may continue
until the midcentury, but thereafter a consistent increase up to 1.26% is projected during the
late periods. The RCP8.5 scenario suggests high levels of reduction during winter, spring
and dry seasons (DJF, MAM and SON) but it was able to demonstrate a higher increment
of up to 98.84% during summer (JJA) during the late century. The overall total reduction of
−15.94% and−35.05% corresponding to the baseline was estimated for RCP4.5 and RCP8.5,
respectively, for the entire 21st century.

Table 6. Projected precipitation deviations (%) from baseline precipitation for RCP4.5 and RCP8.5
during early, mid, and late century.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Baseline (mm) 91.89 121.48 154.22 114.96 64.89 40.15 36.91 43.97 35.98 49.56 42.95 96.22

RCP4.5
Early Century −15.5 5.0 −35.6 −27.0 −13.0 −24.0 −5.6 24.9 1.6 −33.4 42.3 −18.5
Midcentury −17.5 −4.7 −32.0 −22.4 −43.4 23.1 23.3 18.9 13.9 −23.3 4.8 −19.0
Late Century −15.5 0.6 −22.0 −28.3 −49.7 −46.1 5.6 1.0 −25.7 −42.7 −3.8 18.7
Average −16.15 +0.29 −29.88 −25.92 −35.33 −15.67 7.74 14.95 −3.42 −33.13 14.45 −6.29

RCP8.5
Early Century −66.7 −38.3 −60.9 −61.8 −58.9 −17.2 −14.0 10.4 −1.6 −48.9 −44.3 −67.6
Midcentury −59.8 −44.3 −62.5 −67.6 −66.8 −13.1 75.9 158.3 −22.5 −62.5 −73.8 −79.7
Late Century −59.3 −28.5 −68.5 −60.0 −62.7 −3.9 78.5 221.9 −16.7 −42.9 −69.6 −79.6
Average −61.89 −37.03 −63.98 −63.13 −62.78 −11.41 46.8 130.20 −13.60 −51.41 −62.59 −75.64

3.3.3. Water Availability

The climate variables have a tendency to intervene and affect the river flow regime of
the basin; therefore, an appropriate analysis can provide the insight of variation brought by
a changing climate. The mean annual flow analysis for both the historical and projection
periods throughout the 21st century is expressed in Figure S4. RCP4.5 shows a relatively
smooth magnitude, the most extreme variation shown by a series is 483 cumec in 2028. On
the other hand, the RCP8.5 flow series showed stochastic and high variation throughout
the century.

The projected monthly median flows and the monthly percent change in the flow
of future scenarios are shown in Figure S5 and Table 7, respectively, corresponding to
baseline flow in three intervals (early, mid, and late) of the 21st century. A flow analysis of
RCP4.5 suggests an average rise of 14.33% in early century, while noticeable increments
are estimated during MAM and SON months. Afterwards, the flow seems to depict a
downward trajectory especially in the months of DJF, JJA, and SON except MAM where an
extreme rise was observed. Nevertheless, at the end, flow tends to retain its magnitude
almost equal to baseline. A rise up to +0.24% was detected for the RCP4.5 scenario during
the late century. Overall a summary of the RCP4.5 scenario suggests a sudden rise in
flow during the early century and a gradual decline during the rest of century. RCP8.5
showed almost similar dynamics to that of RCP4.5; however, the projected flow remained
relatively less than RCP4.5. The analysis showed a decline in flow up to −6.82% for RCP8.5.
Both scenarios depicted major increments in the months of April and May. While a major
reduction was estimated during the months of July and August.
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Table 7. Projected streamflow deviations (%) from baseline streamflow for RCP4.5 and RCP8.5 during
early, mid, and late century.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Baseline (m3/s) 77.64 68.78 68.47 94.52 187.31 496.51 846.61 767.12 380.32 171.21 114.91 89.6

RCP4.5
Early Century 19.83 3.60 −10.10 51.04 88.63 −9.77 −2.00 3.84 17.13 63.64 66.40 47.38
Midcentury 1.08 −15.18 −18.32 300.76 218.30 13.53 −15.41 −18.70 −0.14 34.93 36.52 23.81
Late Century −17.26 −31.13 −23.64 357.26 216.44 10.91 −32.26 −48.63 −29.1 2.27 15.26 −2.69
Average 1.22 −14.24 −17.35 236.36 174.46 4.89 −16.56 −21.16 −4.04 33.61 39.39 22.83

RCP8.5
Early Century 9.65 −7.66 −9.32 13.77 54.46 −23.09 −21.14 −18.88 −0.84 44.09 44.01 32.80
Midcentury −28.42 −41.00 −38.45 243.09 121.26 −23.85 −45.52 −21.50 −22.14 −1.21 −1.93 −12.60
Late Century −33.06 −43.77 −33.80 311.01 146.36 −9.99 −42.00 −25.28 −20.84 −5.11 −12.51 −19.22
Average −17.28 −30.81 −27.19 189.29 107.36 −18.98 −36.22 −21.89 −14.61 12.59 9.86 0.33

A major reduction in precipitation over the time and extreme rise in flow during April
and May (seen in Table 7) implicitly suggests early melting of snow/glaciers in both scenarios.

3.3.4. Flow Regime

The Chitral River discharge has a strong correlation with precipitation and snow melt.
These parameters are highly vulnerable to climate change which can cause changes in sea-
sonal intensity and peak flows. Therefore, we considered studying changes in hydrological
regime indicated by MIROC5_r1i1p1. Projected river flows depicted in Figure 6 suggest
substantial shifts in monthly dynamics and magnitudes of the corresponding flows during
the baseline period. Early century under RCP4.5 showed an adjacent rise in flows during
the months of April until June. A slight rise was also detected during the recession months
of September to December. Midcentury under a similar scenario shows the formation of
two maxima due to a continuous rise in flow quantities during early summer in conjunction
to a reduction in the former peak. Late century showed a somewhat similar pattern except
the reduction in peak values during the month of July and early month peak became more
pronounced. Changing patterns of hydrographs in the case of RCP8.5 are almost similar
to that of RCP4.5 as both scenarios evolve to attain dual peak hydrographs. However,
transition of RCP8.5 was much faster than RCP4.5 during this period. Overall, the projected
result showed considerable shifts in peak flows values from midyear to the early spring
season, which might be due to high snow/glacial melting as temperature rises.
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3.3.5. High and Low Flows

Water availability in terms of flow duration curve (FDC) is represented in Figure 7
to determine the duration of the two hydrological extremes of floods and droughts in the
basin. The results represent the percentage of time period that a particular flow value is
equaled or exceeded the mean values during the baseline period. The Y-axis shows the
quantity of the flow at a given time associated with the duration, flow duration intervals are
expressed as percentages of exceedance with (Q5 and Q10) denoting high stream discharge
(floods) and (Q90 and Q100) as low stream discharge (drought) conditions, while the rest
of the in-between interval is taken as a normal flow condition for convenience.
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During the early century both scenarios showed a positive deviation from the baseline
during high and normal flow conditions, with RCP4.5 attaining a higher magnitude overall.
During the midcentury, reduction is evident in high flows in case of RCP8.5 while RCP4.5
retained its consistency. In the late century, the analysis indicates a decline in high flow
for RCP4.5 whereas, normal flow condition remains almost similar. In the same period,
RCP8.5 depicted a slight rise in normal flow conditions while a substantial rise in high flow
suggests frequent flooding. Nevertheless, the analysis also suggests deficient quantities of
low flow discharges for all scenarios implying frequent droughts.

4. Conclusions

This study appraises the anticipated future behavior of climate in the Chitral River
Basin. Due to the lack of hydro-climatic stations and considerable systematic errors, precip-
itation estimations are less reliable and the retro-gridded datasets previously used have
implications of their own. Therefore, this study emphasized the reliability of precipita-
tion estimates and further chose ERA5 Land in compliance to research requirement. The
stream flow was modeled through the state-of-the-art ARC-SWAT hydrological model
and compared with observed river flows. After calibration, the model results showed
better relationships than the uncalibrated model results with the observed stream flows.
The obtained NSE and KGE values of calibration are 0.84 and 0.91 while backward and
forward validation values ranged between 0.79 and 0.85 for the given parameters, values
reflect that deviation of simulated mean and standard deviation are less than the mean
and standard deviation of the observed data. Further, PBIAS, MAE, and RMSE values
show lower biasness during the calibration period as compared with the validation period.
Moreover, RMSE values remain less than the half of standard deviation of observation,
which also showed good agreement.
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The climate change studies were conducted for temperature, precipitation, and stream
flow for the future scenario of RCP4.5 and RCP8.5. Century-wise (early, mid and late),
future projections for temperature suggests an increment of (+1.28 ◦C, +2.92 ◦C, +3.67 ◦C) in
minimum temperature (Tn) and (+1.10 ◦C, +2.96 ◦C and +3.81 ◦C) in maximum temperature
(Tx) at RCP4.5. Similarly, the average Tn and Tx rise during three intervals of the 21st century
are (1.44 ◦C, +6.30 ◦C, +6.21 ◦C) and (+0.15 ◦C, +2.76 ◦C, +5.03 ◦C) for the RCP8.5 scenario.
Additionally, the analysis suggests Tn to be more profoundly affected by climate change
than Tx especially in the case of RCP8.5. The rise in average temperature at end of the
century was determined to be +3.73 ◦C and +5.62 ◦C for RCP4.5 and RCP8.5, respectively.

The precipitation analysis for scenarios advocates a decline in precipitation, almost up
to −16% and −35% for RCP4.5 and RCP8.5, respectively, at the end of century. For RCP8.5,
the projected winter precipitation declines up to −9.85% to account for the total year in
contrast to summer which increases +28.85%.

Future projections of Chitral River flows suggest considerable shifts of peaks towards
earlier months of April and May. Despite reduction in precipitation over the time, the
flow rise during April and May implicitly suggests the extreme melting of snow in both
scenarios. By the end of the century, the overall average flows suggest 0.25% rise for RCP4.5
and −6.82% decrease for RCP8.5 corresponding to the baseline scenario. Similarly, water
availability by FDC suggests deficient quantities of water in RCP8.5 and slight surpluses
in RCP4.5 during most of the year. On the other hand, a significant rise in frequency and
intensity of high and low flows corresponding to baseline values for both the scenarios.

The analysis was able to provide an in-depth understanding of the relationship be-
tween the climate and hydrology of Chitral Basin. This research also implicitly attested
the reliability of [7] dataset for hydrological modeling. Good results during statistical
evaluation suggests successful implementation of that dataset. This emphasizes the ne-
cessity of the quality of the dataset in addition to its quantity. Apart from this, climate
change results, discrepancies, and limitations highlighted during these studies must be
properly dealt with for future studies. This study can contribute to formulate advance
water resource management and engineering solutions for decision-making. Currently,
various hydropower projects are underway as part of a government agenda. This research
can provide guidance to these projects in terms of their design and operation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13020295/s1, Figure S1. Simulated and Observed Flow during Calibration and
Validation Periods on Monthly Basis, Chitral River Basin, Figure S2. Mean Annual Maximum and
Minimum Temperatures (Tx, Tn) for Baseline, RCP4.5 and RCP8.5, Chitral River Basin, Figure S3.
Mean Annual Precipitation for Baseline, RCP4.5 and RCP8.5, Chitral River Basin, Figure S4. Mean
Annual Flow for Baseline, RCP4.5 and RCP8.5, Chitral River Basin, Figure S5. Comparison of the
Baseline Monthly Flows with the Projected Flows for RCP4.5 and RCP8.5 during Early, Mid and
Late Century, Chitral River Basin, Table S1. Summary of GCMs and recent studies conducted for
evaluation of over region, Table S2. Biases (Pbias) between different statistical indices estimated for
daily observed precipitation and GCM-simulations on annual and seasonal basis, during 1980–2010
over Chitral Basin. Pbias is the difference between observed and GCMs simulations for each statistical
index. In column 10, total of each identity (5 identities are dark blue, Medium blue, Light blue,
underlined italic and bold). In column 11, the show rank of the GCM by considering score from
column 10, Table S3. Ranking and evaluation of GCM-simulated basin-wide Tx (Tn), (a) before bias
corrections and, (b) after bias corrections, using linear scaling (LS), during 1980–2010, over Chitral
River Basin.
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