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Abstract: Hydrologic drought is a frequent phenomenon in the transboundary Kabul River Basin
(KRB), the vital resource shared between the two nations of Afghanistan and Pakistan. While the KRB
has vast water resources, these resources are subject to extreme hydrologic events and, as a result,
are not adequately managed to deal with the stress during drought conditions in the transboundary
setting with no formal agreement or treaty. Rapid population growth and increases in agricultural
land will require balanced water distribution to meet the array of needs. The Soil and Water
Assessment Tool (SWAT) is used to evaluate distribution options for flow frequencies under existing
and proposed large dams in the headwaters of the KRB. The calibrated SWAT streamflow results are
employed for statistical analyses of the Standardized Streamflow Index (SSI) and Annual Cumulative
Deficit Volume (ACDV) to investigate hydrologic drought time series and identify the role of proposed
dams to be used for drought mitigation. Based on the SSI, proposed dams can provide additional
storage that will partially address hydrologic droughts in the future. At the same time, restrictions on
agricultural land expansion and water intakes are other measures to facilitate balanced water resource
availability. This study discusses the intricacies of transboundary conflict and cooperation, water
rights, and drought risk management; as well, recommendations for a KRB transboundary Drought
Task Force (DTF) between Afghanistan and Pakistan are provided, to develop a science-based policy
for using the stored waters in large dams for drought relief, fairly and transparency.

Keywords: Kabul river basin; hydrologic drought; SWAT; standardized streamflow index; dams

1. Introduction

The Kabul River Basin (KRB), due to its geographical location, complex steep terrain,
and aggregated population growth, is a basin that experiences extreme hydrologic events
from catastrophic floods to extreme droughts [1]. Seasonal droughts directly impact the
annual agricultural crop yield resulting in lower economic returns and loss of profit. The
results of extended drought events for more than several months go beyond financial
losses and impact human societies in terms of access to drinking and industrial water
resources [2,3]. The KRB hydrologic regime is affected by ongoing climate change, as a
complex and steep terrain with annual climate variations that range from extreme cold
to extreme hot temperatures. An example of extreme climate variations can be seen by a
+15 °C difference in seasonal temperatures within a 200 km radius of Kabul City.

Hydrologic drought is a natural phenomenon that affects people, agriculture, and
livelihoods. Drought is an occurrence when water availability is significantly below the
accepted truncation period over a long period [4]. Due to the complexity of occurrence,
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duration, spatial extent, severity, and spatial characteristics, droughts are challenging to
characterize [5,6]. There are four types of droughts, according to many scholars:

(a) Climatic drought—an abnormal decrease in rainfall that may result in streamflow deficit;

(b) Hydrologic drought—a phenomenon when the streamflow is below commonly iden-
tified levels;

(c) Agricultural drought—seasonal drought that affects the seasonal agricultural crop yield;

(d) Socioeconomic drought—a combination of two or more types of droughts that impact
human society and livelihoods [7].

Since the KRB experienced many hydrologic droughts between 1940 and 1960 [8],
this study puts emphasis on hydrologic drought. In basins such as KRB, the higher
altitudes often experience cold weather and below zero temperatures. Even if there is
no precipitation, below zero temperatures may also cause hydrologic drought due to
snow accumulation, freezing soils and low percolation [9]. The International Panel on
Climate Change (IPCC) predicts that high altitude areas within any basins will have a
10-40% increase in annual runoff. In the semi-arid and mid-altitude regions, according to
the IPCC prediction, the annual runoff will decrease by 10-30%. Historical precipitation
and streamflow indicate that the KRB will have increased runoff in high altitudes and
severe hydrologic droughts in the mid and low altitudes. In response, a remedy for water
conservation in the KRB should involve a series of actions, including the construction of
an array of small and large dams, regulations and controls on land expansion, as well
as management practices. Although constructing new dams can resolve the low flow
and hydrologic drought issue, environmental and social impacts brought by the dam
construction should not be overlooked. In the latter part of this paper, a discussion of
benefits and potential impacts of dam construction is provided. Since hydrologic drought is
related to the balance of accepted historical flows and flows during the drought period, the
quantification of drought using computational and statistical analyses becomes possible, as
described herein.

The Kabul River is a major tributary of the Indus River and plays a vital role in the
lives of over 25 million people in Afghanistan and Pakistan [1]. The Kabul River contributes
9.2% of Indus flows for the annual average (19.35 billion m?) of the Indus River water at its
Dakah outlet [10]. The KRB is a well-known basin with vast water resources as recognized
by many scholars [11-19]. However, despite the vast water availability per capita, the KRB
experiences regular seasonal and annual hydrologic droughts. This is mainly due to the
steep terrain, temporal variations (causing flash floods) and extreme high flows in the peak
flow which can leave the rest of the year with low flow.

The main goal of this paper is to study the impacts of climate change on the KRB
flow regime and investigate the benefits of the proposed reservoirs to retain water for
the purposes of low flow augmentation. The issue of ‘steady” flow to Pakistan from the
Dakah outlet is a transboundary matter and the low flow has always been a matter of
contention between the two nations. These contentions and grievances are more visible
during hydrologic drought events.

To assess the options, the role of several proposed dams in the KRB is evaluated in
this research, based on a series of modeling and statistical tools coupled with the policy
and economic applicability. The modeling results provide an opportunity to determine the
role of climate change on flow regime and, in particular, the low flow and how the water
retention in a series of proposed reservoirs can contribute to the mitigation of long-term
hydrologic droughts. The results can assist the policy makers, economic development
entities, and the governments to cooperatively manage the flow regimes and provide
incentives for an equitable participation in the process. The issues of regulatory control on
land expansion, permission to take water, and improving management practices are key
components of a transboundary cooperative framework.
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2. Materials and Methods
2.1. Study Area

The KRB is located between longitude 67°40" to 71°42’ E and latitude 33°33' to
36°02" N. The area of interest of the KRB in this study drains through the Dakah outlet into
Pakistan, including ~53,150 km? of lands on the Afghanistan side [13] and ~16,119 km? in
the Konar-Pakistan area that drains into Afghanistan [16]. The study area is distributed
among five major catchment areas with distinct geographical features: the Logar-Upper
Kabul sub-basin, Panjshir sub-basin, Lower Kabul sub-basin, Konar (Afghanistan) sub-
basin, and Konar (Pakistan) sub-basin [15,20]. The Kabul River extends ~700 km from the
origin to the Indus River junction. The Kabul River originates from the Sanglakh Range
and flows eastward and runs through Kabul City and Jalalabad City before crossing the
Durand Boundary Line (DBL) near the Laalpur Nangarhar Province, Afghanistan. The
Kabul River crosses the DBL near the Dakah flow station in Afghanistan and then flows
~140 km further to the Indus River at Attock.

The KRB is the most populous sub-basin of Afghanistan and Pakistan’s most urbanized
regions [13]. There are six major cities in the KRB (Afghanistan) [21], namely Kabul,
Jalalabad, Charikar, Mehtarlam, Pule Alam, and Jabal Saraj, with a ~6 million population
that benefits from the basin waters [21]. There are also six major cities on the Pakistan
side of the basin, with most of them being in the vicinity of the Kabul River and its main
tributaries. There are three existing dams (Naghlu, Sarobi, and Darunta) in the study
area of the KRB used for power generation, agriculture irrigation, and municipal water
use (Figure 1).

The KRB has a semi-arid and continental climate with elevations ranging from 300 m
(ab. MSL) at the outlet to over 7000 m (ab. MSL) in the Hindukush Himalaya (HKH)
Mountains, which are to the north of the KRB. The HKH Mountains are mostly covered with
bare rocks, permanent snow, and glaciers above the altitude of 5000 m [11]. Approximately
2.3% of the total KRB area is covered by glaciers [1]. The average annual precipitation in the
KRB ranges from 200 mm in the lower elevation to 3000 mm in the HKH mountains [22,23].
Regions of Peshawar, Nowshera, and Charsaddah in Pakistan are mainly irrigated with
Kabul River water on 80.0%, 47.4%, and 84.7% of its total irrigated land, respectively [14].

Over 80% of the area within Afghanistan is irrigated by river or rain, and the remain-
der is under groundwater-based irrigation [24]. Afghanistan’s annual renewable water
resources are 2019 m3/capita on average [24]. Hydrologic droughts, even for short periods,
can have a dire impact on the population and livelihood. Climate change, including varia-
tions of precipitation and streamflow, is real and undeniable [25-28]. Since the agricultural
lands are located in the mid and lower elevations, the effects of reductions in flow during
hydrologic drought are substantial. Additionally, the flow is a major component of the
hydrologic cycle. Hence, mitigation measures are needed urgently. The report provided by
the World Bank (WB) in 2010 concluded that water storage sites are required to store excess
water in the KRB depending on economic justifications. Some existing and proposed dams
are listed in Table 1 [29].

The scope of strategic options for the development of KRB from the WB recommends
seven storage projects with hydropower options, four storage projects without hydropower
options, and two barrages on the Panjshir, Logar, Ghorband, Maidan, Kabul, Alingar, and
Konar Rivers to meet the need for hydropower, urban water supply, and irrigation water
demand [29]. The locations of these WB proposed dams are shown in Figure 1, as well as
the three existing dams.
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Figure 1. Location of the Kabul River Basin and the study area (circled in red).
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Table 1. Existing and proposed dams in the KRB (Afghanistan) (Source: WB, 2010; Vol 1, Chapter 4, Toosab and RCUWM
2006 mission estimates).

Gross

Live

Installed

No.  Name gl Heightn L O Somge  Capaty  Capadty  Ciop
1 Barak Proposed 155 6.8 530 390 100 1174
2 Panjshir 1 Proposed 180 16.6 1300 1130 100 1078
3 Konar_A Proposed 75 155 1212 1010 366 948
4 Totumdara Proposed 135 52 410 340 75 332
5 Baghdara Proposed 40 5.1 400 330 210 607
6 Konar_B Proposed 75 0.9 73 48 81 232
7 Laghman_A 80 5.2 405 288 44 125
8 Naghlu Existing 110 7.0 550 375 75 302
9 Sarobi Existing 52 0.6 51 33 11 202
10 Sarobi -11 Proposed 200 25 196 128 210 442
11 Darunta Existing 75 2.8 220 180 100 115
12 Kama Proposed 23 0.9 73 48 40 87
13 Haijan Proposed 50 2.8 220 200 0 72
14 Gat Proposed 85 6.4 500 440 0 51
15 Tangi_Wardag  Proposed 20 4.5 350 300 0 356
16 Shatoot Proposed 113 1.4 250 225 0 222
17 Kajab Proposed 85 5.1 400 365 0 207
2.2. Methods

Ahmadi et al. (2019) described two groups of drought identification methods: (a) a
probability and statistical calculation-based method, and (b) a threshold-based method (con-
stant percentile of annual long-term cumulative frequency distribution and variable thresh-
old). Both of the Ahmadi et al. methods require long time series of hydro-meteorological
data. The variable method requires the daily quantiles calculation for the streamflow dura-
tion curve over the entire observation period [30]. Another important aspect of drought
identification and monitoring is the drought termination. The end of a drought is the critical
time during which water resource managers urgently require information on the replenish-
ment of supplies [31]. Drought termination is associated with notable hydro-meteorological
events, making the end of drought far more critical than the drought itself [31]

The variable threshold considers the short-term drought identification and recovery,
and the drought termination is looking at a specific timeline of a hydrologic events and are
important knowledge for local managers and agricultural community.

This study is more focused on the longer hydrologic drought ignoring shorter events [32]
and is concentrated on the policy formulation and transboundary efforts in drought man-
agement during the entirety of this hydrologic event, including occurrence, termination,
and recovery.

The basis for the technical evidence of this study involves the use of available spatial
and temporal data for the KRB and utilization of the Soil and Water Assessment Tool
(SWAT) model. The SWAT output flow data are used as inputs in the statistical calculation
of the drought indices [32].

Several methods to quantify the drought index have been developed employing the
Z-score, where the Z-score is a statistical measure of interest herein as the Standardized
Streamflow Index (SSI) based on the principles of “Z” statistics and is directly related to
any observed value, x, the mean of the data population and standard deviation as:
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where Z is the standard Z-score, x is observed value, p is the sample mean, and ¢ is the
sample standard deviation.

For a hydrologic period to be considered as drought, events are compared with
truncation periods. To do so, they are compared with percentiles [5,33]. In statistical
terms, there are benefits from the theory of runs that is a sequence of two or more types of
numbers that symbolize the unbroken sequences.

The Standardized Streamflow Index (SSI) is a popular probability distribution function
to determine the hydrologic drought by transforming the time series streamflow into a
Gaussian distribution. In this study, the SSI and the annual cumulative deficit volume
standardized by the mean flow (ACDV) [33] are used to identify the patterns of drought
events in the KRB and how the proposed dams will impact water shortages during droughts.
The SSI parameter illustrates the streamflow water deficit concerning the standard deviation
and long-term mean of flow samples at a specific location and specific time series [33].

Co+CiW+ C2W2

7 =

SSL=W+ T+ dW + daW2 + dz W3 @
where
W = /—2In(1 — P), if P < 0.5,
W = /=2In(—P),if P > 0.5,
Additionally,
P =1—F(Q), P is the function of lognormal distribution of flow data [5,34]
F(Q) 1 =@y )

:me

P is the probability of exceeding a determined Flow (Q) value,

pand o are the mean and the standard deviation of the logarithmically transformed
streamflow [34].

Moreover, in Equation (2):

Co = 2515517, C; = 0.802853, C, = 0.010328, d; = 1.432788, dy = 0.189269,
dz = 0.001308

‘Drought severity’ can provide insights to decide on the amount of water to be released
to mitigate drought severity. For example, the 70th percentile of the streamflow will set
a threshold where the flows under the 70th percentile are to be considered as part of a
drought event [33]

365 v (:
ACDV = il) 4)
iz Q
where .
Xi=) Qri—Q )
i=0

Qr ;—Streamflow at selected thresholds (70%, 80%, 90%) at day i (the 70% threshold
is used in this study)

Q;—Daily flow atday (i=1,2,3...)

Q—Mean annual flow at selected location.

The hydrologic drought is classified based on the SSI threshold. Any negative rank-
ing of the SSI indicates a drought situation. The SSI drought classification is shown in
Table 2 [35,36].
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Table 2. SSI Classification Chart.

Level SSI Classification
1 SSI>0 Wet
2 —-1<SSI<0 Mild Drought
3 —15<SSI< -1 Moderate Drought
4 —20<SSI<—-15 Severe Drought
5 SSI < —2.0 Extreme drought

One additional aspect is the effect of hydrologic droughts on peak flows. Vicente-
Serrano et al. [5] indicated that in basins with high seasonality, the hydrologic drought
can also affect the streamflow during high flow periods, thereby impacting the water
availability in reservoirs. This dimension is important for the KRB since it reflects the SSI
for the entire basin, considering the spatial and time-specifics of the flow periods. The
study results show how the proposed dams will address low flow intricacies and reduce
the stress due to seasonal and annual hydrologic droughts.

Low frequency analysis is used to analyze the probability of water availability in a
specific location under a specific threshold which can qualify the low flow as hydrologic
drought [37]. It provides information about the magnitude and frequency of flow dis-
charges based on records of the lowest annual discharges collected at stream gages. In this
study, the seven-day average for 2, 5, 10, 25, 50, and 100-year return periods were used as
the 70th percentile threshold.

Different scientific communities are using different types of distributions for flood and
low flow (drought) frequency analysis. Great Britain and China use the generalized extreme
value distribution and the log-normal distribution, respectively, while other countries
commonly use other distributions such as log-Pearson and Gumbel [38]. Some popular
distributions used to conduct frequency analyses are Generalized Extreme Value (GEV),
Weibull (W2), Gamma (G2), Log-Normal with two parameters probability distribution
functions (LN2), Weibull (W3), Gamma (G3), and Log-Normal with three parameters
probability distribution functions (LN3).

Additional studies have evaluated the suitability of selecting distributional alter-
natives for flood frequency analysis, including [39-43]. Given findings reported by the
World Meteorological Organization (WMO) (1989) wherein a survey was conducted and
concluded that log-normal distribution is one of the widely used distributions for flood
frequency analysis [44], this method was selected for flood frequency analyses in this study.

Based on the SWAT outputs, frequency analyses were conducted on low flows during
the dry season. The SSI and ACDV were determined by employing outputs from SWAT.
These findings were compared with flow outputs calculated for the post-reservoir scenarios
to analyze the benefits of these dams on increasing low flow in downstream areas. Finally,
mitigation measures to limit possible adverse effects of dams and limitations on water
intake for irrigation are discussed. Figure 2 shows the schematic approach of this study.
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Figure 2. Flowchart that visualizes the study of the KRB.

2.3. The Soil and Water Assessment Tool (SWAT)

The Soil and Water Assessment Tool (SWAT) developed by the Department of Agri-
culture of the United States is used to model hydrologic processes across the globe and, in
particular, in large river basins and data-poor regions [45,46]. SWAT is a semi-distributed
model using the Digital Elevation Model (D.E.M.) that can divide watersheds into smaller
sub-watersheds and then into Hydrologic Response Units (HRUs) based on unique combi-
nations of land use, soil type, and surface slope for further hydrologic analyses [47]. SWAT
provides a comprehensive picture of the watershed hydrologic cycle with the integration of
climate data, flow, sediment, and nutrient loading at each reach outlet and their spatial dis-
tributions over the watershed. The volume and spatial extent of snowpack and subsequent
snowmelt processes are considered in SWAT, which can be made to vary spatially using a
maximum of 10 elevation bands in a sub-basin [48]. These features of SWAT allowed its
use for simulating hydrologic processes in cold mountain areas such as the KRB.

2.4. Data Acquisition and Processing

Weather data including precipitation, temperature, solar radiation, wind speed, and
relative air moisture from 1979 to 2014 were obtained from the National Centers for
Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) for the
KRB. CFSR collects global, high-resolution climate data, coupled with the atmosphere—
ocean-land surface-sea—ice system [49]. The measured data from ten flow stations in
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the KRB from 2007 to 2015 were organized for calibration, while the global weather data
of the same period was also collected. Regression analyses between the simulated and
available measured climate data showed an average coefficient of determination of 0.71 for
precipitation and 0.76 for the temperature at the selected ten climate stations.

The GCM (General Circulation Models) dataset is recommended for climate change-
related studies as per the United Nations Intergovernmental Panel on Climate Change
(IPCC) Panel in its Fifth Assessment Report [50]. These climate models were initially statis-
tically downscaled using the Bias-Correction Spatial Disaggregation (BCSD) method, and
gridded historical climate data by NASA Earth Exchange, NASA Ames Earth Center [51].
The performance of NEX-NASA BCSD GCMs is useful for the basins of southeast Asia
such as the Lower Mekong, China, India, Africa and many other countries/regions [51-53].
Hence, high-accuracy projections of future climates are available for the KRB with the use
of high-resolution GCMs, such as CANEM2 NEX CMIP5, CCSM4 NEX CMIP5, CNRM-
CM5 NEX CMIP5, CSIRO-MK3-6-0 NEX CMIP5, GFDL-CM3 NEX CMIP5, and MRI-CGC
M3 NEX CMIP5 Climate Projection. The datasets used in the study and their spatial and
temporal resolution are shown in Table 3.

Table 3. Datasets and their resolution employed in the study.

No. Dataset Name Resolution

1 CANESM?2 global downscaled NEX CMIP5 Climate Projection (025%) GCMs from the Sth Coupled Model

Inter-comparison Project (CMIP5)
. — (0.25°) GCMs from the 5th Coupled Model

2 CCSM4 global downscaled NEX CMIP5 Climate Projection Tnter-comparison Project (CMIP5)

3 CNRM-CMS5 global downscaled NEX CMIP5 Climate Projection (025%) GCMs from the Sth Coupled Model
Inter-comparison Project (CMIP5)

4 CSIRO-MK 3-6-0 global downscaled NEX CMIP5 Climate Projection (020, ) GEMS from the 5th Coupled Model
Inter-comparison Project (CMIP5)

5 GFDL-CM3 global downscaled NEX CMIP5 Climate Projection (025%) GCMs f“’m the 5&} Coupled Model
Inter-comparison Project (CMIP5)

6 MRI- C GCM3 global downscaled NEX CMIP5 Climate Projection (025%) GCMs from the Sth Coupled Model
Inter-comparison Project (CMIP5)

7 Motonal Centers for Pnvironmenta) Predicion (NGEP) CHIAte 3 o (1362) with 64 levels 0.5 Resolution

8 DEM Geospatial data from USGD National Elevation Datasets (NED) 30m

9 Land Use Data from National Land Cover Database (NLCD) 30 m

10 User Soil from National Land Cover Database (NLCD) 30 m

The selection of a particular GCM climate model depends on a number of factors
such calibration results between the baseline data and the simulated data, as well as the
comparative analysis with other studies in a particular watershed. Examples of different
studies which used different datasets for the same basin are: CCSM4, MIROL4, and BCC-
CSM.1 by [54]; BCC-CSML1 by [55]; BCC-CSM1, CESM1-BGC, and BNU-GDDP (Global
Daily Downscaling Projections) NEX_GDDP models by [56]; GFDL and CanESM by [57].
This study, enlightened from all prior recommendations and experience, used six datasets
for analyses. Datasets of all six models were compared against the baseline datasets for
the KRB. The analysis included the average increase or decrease in percentages of both
precipitation and temperature. Analyses also included the seasonal change of the models
with the baseline data and with the findings of similar climate change studies reported in
prior works [13,18,54,55,58-63].

Datasets in this study employed the daily time-series historical data of six GCMs
during 1990-2014 as historical data and data of future periods (2025-2049; 2050-2074;
2075-2099). Further analyses included the change in precipitation rates and temperatures
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based on both the year and season. Comparing the results of several climate models with
some existing studies for the KRB, the climate data from the CCSM4 were identified to
be more representative under the KRB conditions and hence were used to investigate the
climate change impacts of flow regimes in the KRB.

To use SWAT for the KRB, geospatial data were obtained, including a 30 m resolution
DEM (Digital Elevation Map), soil data, and land use data. Global Information System
(GIS) data of stream network, basin boundary, location of climate, flow monitoring stations,
and existing and potential dam sites were collected. In addition, the existing and future
amounts of water used for irrigation and municipal supply in the KRB were estimated
based on literature values. Additionally, the hydraulic and geometric features of future
dams were determined based on the reports from the Ministry of Energy and Water of
Afghanistan (MoEW) and the World Bank.

2.5. Existing and Future Irrigated Land and Its Water Demand

Over 80% of the KRB irrigated area is supplied by surface water resources. This study
assumed the irrigated land expansion based on WB reports and past trends, where 20%,
30%, and 50% increases per quarter century of irrigated lands were considered in cases
where new reservoirs are constructed. However, increases in irrigation areas may still
happen even if proposed reservoirs are not constructed. This increase was assumed to
be 50%, 30%, and 20% less than the assumed increase, respectively. This means that the
agricultural land expansion will happen regardless, but with no storage sites the pace of
expansion will be reduced.

There is a total of 292,680 ha of existing irrigated land in the KRB (Afghanistan) and
~59,330 ha of potential irrigated land that may be added to the current area of irrigation [30].
The agricultural land expansion is an unpredicted process in most developing countries.
Studies by Sidiqi [56] and Najmuddin [61] indicate an increase in agricultural land ex-
pansion beyond the predicted threshold in the KRB over the next 25 years. Since most
studies predict that there will be up to 25% irrigated land area increases in KRB, in this
study irrigated land areas in the model were increased by another 30% (compares to the
15-25% increase proposed by the WB) to account for unplanned agricultural land expan-
sion, making it 77,129 ha. A similar trend was used in the Pakistan side of the KRB. After
deducting the rain-fed and groundwater-fed irrigated lands, the potential and existing
337,309 ha of irrigated land will require an additional ~1100 Mm? of water from the KRB
flows (Table 3) in Afghanistan and Pakistan in addition to the currently utilized irrigation
water of 4055 Mm?®. This constitutes 4% of the total mean annual average flow volume of
the KRB flow. Existing and future irrigation water demands in the KRB (Afghanistan and
Pakistan) are shown in Table 4.

Table 4. Existing and future irrigation water demands in the KRB (Afghanistan and Pakistan).

. . Existing Irrigation . . Potential Total Irrigation
KRB Regions EXISE:I% dlflilag)ated Water Demand Pote;talra:ill(rligated Irrigation Water Water Demand
(Mm3/y) Demand (Mm3/y) (Mm3/y)
Afghanistan 292,680 2672 77,129 704 3377
Pakistan 151,488 1383 43,326 396 1779

This study considered the increase in agricultural land beyond the official predictions
as aforementioned. The potential future agricultural land irrigated from the Kabul River
in Pakistan is calculated based on the total area of the Khyber Pakhtunkhwa province,
total cultivated land in the province, and the land irrigated by surface water from the
Kabul River as shown in (Table 3) The total irrigated land increase is assumed to be 22%
of the existing irrigated land in Pakistan. However, this KRB-related study is under the
influence of various uncertainties related to precipitation, temperature variability, and other
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knowledge gaps in technical information, management practices, and political uncertainties
that should be considered in future studies.

2.6. The SWAT Model of the KRB Flows

The SWAT model used in this study (also referred to as ‘the model’) considered only
the KRB (Afghanistan) portion and Konar (Pakistan) with the joint outlet located at Dakah,
Nangarhar. The model delineated the main river channels in the KRB, which resulted in
301 sub-basins. With a land-use area threshold value of 10%, soil area threshold value of
10%, and four slope classes (0-4%, 4-12%, 12-33%, and >33%), a total of 1949 Hydrologic
Response Units (HRUs) were created for the model with an average HRU area of 39.5 km?.
Five elevation bands were created in each sub-basin based on the DEM to account for the
variations of climate in the mountains. Water intakes in the model were assumed as per
existing conditions and a future 14 reservoir conditions [29].

Irrigation demand is high during April to August (12.7%, 17.1%, 25.1%, and 15.6% of
annual water demand, respectively), followed by decreased demands from September to
March (3.1%, 2.8%, 3.0%, 3.1%, 2.9%, and 5.3% of annual water demand, respectively) [24].
This temporal distribution was used to calculate the irrigation water requirements for
existing agricultural lands in the Afghanistan portion of the KRB [10]. During the model
setup, based on the available information, 80% of irrigation water was assumed from
surface water (dams), while 20% was assumed from groundwater and precipitation.

Due to data limitations and the poor quality of available observed climate data in
the KRB, additional data were needed. Hence, data from the Global Weather Data (GWD)
including precipitation, temperature, solar radiation, wind speed, and relative air moisture
from 1979 to 2014 were obtained from NCEP CFSR for the model calibration and reservoir
assessment. Daily flow data from the Dakah station were used for comparison with the
simulated daily flow.

3. Results
3.1. SWAT Calibration and Sensitivity Analyses

The SWAT Calibration and Uncertainty Procedures (SWAT-CUP) developed by Ab-
baspour et al. were used for parameter sensitivity analyses and model calibration of
the model [62]. SWAT-CUP is an application that links various procedures to perform
calibration and uncertainty analyses for the SWAT model. In this study, the sequential
uncertainty fitting (SUFI2) algorithm was used for calibration. With global sensitivity
analyses of 100 SWAT-CUP runs, the Nash-Sutcliffe Efficiency (NSE) was used as the
objective function [64,65]. Twenty-nine major runoff and flow parameters (Table 2) were
selected for the KRB SWAT model sensitivity analyses. ALPHA_BF, SMFMN, SOL_BD,
SMTMP, TIMP, and TLAPS are the most sensitive parameters with p-values < 0.003 and
absolute t-stat (relative significance of each parameter) values >3. In contrast, parameters of
CANMX, OV_N, PLAPS, and GWQMN are less sensitive, with p-values > 0.8 and absolute
t-stat values <0.2. These findings are in line with the sensitive parameters reported for
similar watersheds [65,66]. Parameter values used in the model after the SWAT-CUP model
calibration are listed in Table 5.

Three criteria, model bias, the NSE, and the determination coefficient (R?), were
used to statistically evaluate the model performance at flow monitoring stations. Model
performance was good at mainstream stations with daily NSE ranging from 0.28 to 0.69
and R? from 0.35 to 0.75. Figure 3 shows the measured and simulated monthly flow at the
Dakah station from 2008 to 2014 over the calibration period with the bias of 3.4%, NSE of
0.74, and R? of 0.80, meaning the calibrated SWAT model predicted daily and monthly flow
adequately at the Dakah station near the KRB Afghanistan outlet. This means it is feasible
to further assess the impact of dams on flow regimes in downstream rivers.

The modelling results showed an annual mean precipitation of 459 mm in the KRB
(Afghanistan) throughout 1980-2014, including 248 mm of snowfall and 217 mm rainfall.
The simulated average surface runoff was 216 mm/yr with a surface runoff coefficient
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of 0.46. The simulated average groundwater flow was 90 mm/yr with a baseflow runoff
coefficient of 0.19. The simulated average actual evapotranspiration (AET) varied from
0 mm/yr in the high northeastern mountains to 450 mm/yr in the downstream sub-basins
close to the outlet, which resulted in an average AET of about 159 mm/yr over the KRB
(Afghanistan). The simulated yearly average flow at the Dakah station was 653 m3/s
(306 mm /yr) from 1980 to 2014. In other words, about 20.6 km?/yr of water were provided
to the Indus River from the KRB (Afghanistan). The simulated historic daily flows are
shown in Figure 4.

Table 5. Major runoff and flow parameters in the KRB SWAT model.

No Parameter Description Best Value
1 SFTMP Snowfall temperature (°C) —1.85
2 SMTMP Snow melt base temperature (°C) 2.75
3 SMFMX Maximum melt rate for snow during year (mm/°C/day) 5.70
4 SMFMN Minimum melt rate for snow during the year (mm/°C/day) 2.75
5 TIMP Snowpack temperature lag factor 0.05
6 PLAPS Precipitation lapse rate (mm/km) 7.10
7 TLAPS Temperature lapse rate (°C/km) 6.25
8 SNO_SUB Initial snow water content (mm) 20.0
9 ALPHA_BF Baseflow alpha-factor (days) 0.35

10 GW_DELAY Groundwater delay (days) 265

11 GWQMN Threshold depth of water required for return flow (mm) 3050

12 REVAPMN Threshold depth of water for “revap” to occur (mm) 450

13 GW_REVAP Groundwater “revap” coefficient 0.10

14 RCHRG_DP Deep aquifer percolation fraction 0.05
15 SOL_Z Depth from soil surface to bottom of layer (mm) —0.05*
16 SOL_BD Moist bulk density (m3/m?) 0.10*
17 SOL_AWC Available water capacity of the soil layer (mm) 0.03 *
18 SOL_K Saturated hydraulic conductivity (mm/hr) 0.06 *
19 SOL_ALB Moist soil albedo 0.15*

20 SOL_CRK Crack volume potential of soil 0.05

21 CANMX Maximum canopy storage (mm) 9.65*

22 ESCO Soil evaporation compensation factor 0.75

23 EPCO Plant uptake compensation factor 0.65

24 SURLAG Surface runoff lag time (days) 2.50

25 OV_N Manning’s “n” value for overland flow —0.10 %

26 SLSUBBSN Average slope length (m) —0.05*

27 CN2 SCS runoff curve number —0.11*

28 CH_N2 Manning’s “n” value for the main channel 0.055

29 CH_K2 Effective hydraulic conductivity in the main channel (mm/hr) 15.5

The * symbol indicates relative change from threshold.
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Figure 3. Measured and simulated monthly flow at the Dakah station from 2008 to 2014 (bias of 3.4%, NSE of 0.74, and R?
of 0.80).
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Figure 4. Simulated daily flow at the outlet of KRB (Afghanistan) with and without future dams.

3.2. Low Flow Frequency Analysis with and without Large Dams

Constructing future dams is expected to increase low flows and mitigate hydrologic
drought (less severe). For that reason, annual minimum flow frequency analyses were
conducted based on simulated annual minimum daily flows (normally in December and
January) at the KRB outlet throughout 1980-2014. The seven-day average results showed
that the post-reservoir discharge during the low flow periods would increase by 58.0%
for a 10-yr return period storm event, 73.8% for a 20-yr return period event, 97.0% for a
50-yr return period event, and 117% for a 100-yr return period event, as shown in Table 4.
The low flow analyses were conducted based on results from a 35-year model simulation
period (1980 to 2014), while the 50-yr and 100-yr return period estimates were obtained
from the extended frequency regression lines (Table 6). The release of up to 50% of the
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Figure 5. Mean monthly flow (left) and cumulative flow volume (right) at the Dakah Station for sample wet year (1991)

reservoir active storage water as part of the reservoir-induced flow augmentation during
the months with lowest flows will increase the low river flows by an additional 25% in a
10-year return period and 34% in a 20-year return period. Since KRB hydrologic droughts
are not likely to be prolonged droughts, it is estimated that reservoirs will enable meeting
some of the water demands during hydrologic droughts.

Table 6. Seven-day average low flow statistics with and without the proposed new large dams.

Return Period Without Dams With Dams
(Years) Low Flows (m3/s) Low Flows (m?/s)

2 137 173
5 89 128
10 64 102
20 46 81

50 30 60

100 22 47

Reservoir management and operation during droughts are complex but essential tasks.
The reservoir active storage volume, the dynamics of reservoir inflow and reservoir water
releases are based on the drought duration and severity, which make this a complex and
nonlinear problem [66].

The World Bank (2010) report identified the monthly water demand for the agricultural
land in KRB [29]. The KRB low flow seasons are October to March where the water
demand for agricultural lands is also low in the Afghanistan side of the KRB. The proposed
reservoirs/dams are based on the variables (a) irrigation water demand, (b) hydropower
water demand, (c) flood mitigation, and (d) environmental water demand. The SWAT
modelling considered the reservoir operation schedule based on the above variables and
has estimated the percentage of the reservoir’s water release and flood routing based on
Reservoir Operation Volume targets. The proposed reservoirs being considered will have a
total capacity of 7140 Mm? [29], of which 50% is assumed to be “active’ storage and hence,
water in the active storage for each reservoir is released by April, ahead of the flood season
(as shown in Figure 5). The period of the water storage season is from April to August. The
SWAT database was assigned with the target release percentage at each month based on the
above variables. The modeling also considered that the minimum flow will always be equal
or more compared to the historical low flows for recreational and environmental purposes.

35
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Afghanistan is recovering from a long series of wars and technical institutions are
in their infant stages. In order to catch up the late development, a simple method of
quantifying the flow regimes under various climate and anthropogenic scenarios was
used to make it accessible for a broader audience in Afghanistan and the region. Tennant
(1976) developed a method to evaluate the minimum flows to sustain the ecological life
for species and recreational uses [67]. This method was further used by the Fisheries and
Oceans Canada (FOC) and the Canadian Science Advisory Secretariat (CSAS) to assess
environmental flows. The Tennant method assumes that at least 30% to 40% of the average
annual flow is required to sustain the biological integrity of a river ecosystem [67]. Figure 5
shows the mean monthly flows for the wet year of 1991 and a drought year, 2002.

For the purposes of analyzing a drought year, streamflow is assumed to drop below
10% of the Mean Annual Flow (MAF) for almost 5 months under existing reservoirs and
future climate periods. Therefore, the future climate scenarios with existing reservoir
conditions do not meet the Instream Flow Need (IFN). The future climate scenarios under
the reservoir flow scenario described herein demonstrate a significant improvement during
the drought periods. However, to meet the 10% and 30% IFN thresholds and the reservoir
water release management, strict restrictions on agricultural irrigation water intakes must
be considered. The average KRB flow volume is ~4500 Mm? during the low flow season
(October to March) and ~16,500 Mm? during the high flow season (April to September).
The total capacity of the 17 dams is ~7140 Mm?3. As part of the reservoir management
and preparation for the next season’s peak flows, up to ~3500 Mm3 (50%) of the dams’
active storage during the lowest season would be released during the low flow season. The
proposed reservoir operation procedures were assumed based on the monthly reservoir
operation targets. The reservoir routing in the SWAT model was conducted based on the
storage assigned for different months in flood and non-flood seasons. The reservoir water
release was also synchronized in the model based on the monthly water demand as per the
2010 WB report.

3.3. Effect of Climate Change on Low Flows

The low flow frequency analyses were conducted based on simulated annual mini-
mum 7-day average low flows at the KRB outlet for both the RCP4.5 and RCP8.5 climate
scenarios compared to historical records. The base model represents the existing climate
conditions with three existing dams in operation. The SWAT model was run considering
the operation of the existing dams over the simulation period of 1980-2014. The ‘future
reservoir scenario’ represents all 17 large dams in operation (three existing dams and
14 future dams on the Afghanistan side of the KRB). The SWAT targeting storage method
and the Tennant Ecological flow method were used to manage the reservoir water collection
and release during drought periods. The results presented in Table 5 indicate that the
low flow will further decrease by 17% under baseline (existing reservoirs) conditions for
25 years return period, while under the same climate period, the low flows will increase by
110% under the proposed new reservoirs scenario for RCP 4.5 (Table 7). This is caused by
the combined effects of decreased winter precipitation, increased winter temperature, and
increased winter water demands in the KRB.
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Table 7. Simulated low flows of future climate compared to the historical with and without reservoirs.

RCP Return Period (Year) S0 (m3/s) S1 (m?/s) S2 (m3/s)

4.5 2 137 75 143
5 89 55 106

10 64 44 87

25 46 38 80

50 30 34 75

100 22 31 70

8.5 2 137 72 141
5 89 59 98

10 64 51 86

25 46 42 73

50 30 36 64

100 22 31 56

Note: Scenario SO—simulated 7-day average low flows based on historical climate and existing reservoir condition; Scenario S1—simulated
7-day average low flows based on CCSM4 future climate data, existing reservoirs, and associated future water demands; Scenario
S2—simulated 7-day average low flows based on CCSM4 future climate data, proposed reservoirs, and associated water demands.

3.4. Hydrologic Drought Duration and Standardized Streamflow Index

The SSI concept by Vicente-Serrano is based on other drought indices such as the SPI,
Standardized Precipitation, and Evapotranspiration Index (SPEI) [5,33]. In this study the
time-series SSI were developed to investigate if the drought is long-term or short-term as
well as whether the low flow increase will impact the SSI plot trend line anomaly [66,68].
The SSI graph in Figure 6 highlights the severity of droughts for existing conditions.
The release of water from future reservoirs will offset the drought status as per the SSI
classification chart. The proposed water release from future dams can improve the SSI in
all scenarios.

The KRB average annual temperature is around 8 °C. It is below the average in the
surrounding basins. Most of the study area is mountainous with a higher snow storage
capacity, higher runoff coefficient, and higher curve number. The milder drought graph
can be explained by the above terrain and climatic conditions. However, in the steeper
areas (eastern provinces of Afghanistan and in the KRB Pakistan), drought longevity is a
serious matter. The results show that the KRB is not experiencing a +2 and ~—2 drought
severity index, which are severe drought or wet climate. The KRB is more associated
with mild and moderate drought that is hydrologic and seasonal in nature. This type of
drought can deplete agricultural products in the economically weak regions. In areas with
severe poverty and lack of access to services and resources, this type of drought can have
devastating effects on the population.
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Figure 6. The Standardized Streamflow Index (SSI) for KRB flows at the Dakah Station without (top figure) and with
(bottom figure) the low flow augmentation benefits of the proposed series of large dams.

4. Discussion
4.1. Transboundary KRB Water Sharing Risks and Benefits

The United Nations Convention on the Law of the non-navigational Uses of Interna-
tional Water Source (Doc A /151869, April 1997) stipulates that each state has the right to
control territorial waters such as rivers, lakes, and aquifers equitably and reasonably. There
is, however, no clear explanation of what ‘fair” and ‘reasonable’ means [69]. Numerous inter-
national precedents interpret this law in different ways. There have been various solutions
in cross-boundary water conflict resolution in other countries [70]. These include setting
up regional water governance regimes [71], economic regulation of water services [72], and
other measures to retain attention from riparian partners during negotiations.

The model considered the planned dams as proposed by the World Bank Scoping
document in 2010. The SWAT model outputs show a flow volume reduction of 7.1% if
all planned storage sites are constructed. This reduction is not large compared to the
~40% annual decrease in streamflow in the Tigris and Euphrates River basins [73] and
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the 20% decrease in streamflow in the Yellow River [74]. However, in developmental and
economic terms, the significant reduction in peak flow is a substantial incentive available
from reservoir augmentation. While reservoir augmentation in the KRB is seasonal, based
on the historical and future dam scenarios, the KRB hydrologic drought also has short-term
characteristics. Increases in low flow as indicated in the model will significantly reduce
the negative impacts of droughts. Yet, this is not sufficient, and the governments should
implement stricter regulatory measures to control agricultural land expansion, water intake,
and crop selection. The construction of the planned dams will impact the natural and
social environment in the KRB vicinity, which means the level of impact is multifaceted.
While a separate Environmental Impact Assessment (EIA) is recommended for each site, a
risk/benefits chart is presented in Table 8 indicating relevant points for parties to consider
during their bilateral cooperation negotiations.

Table 8. KRB Risk/Benefit Chart for Afghanistan and Pakistan.

Afghanistan’s Perspective

Pakistan’s Perspective

food production and trade

e  Dam construction costs (7.7 billion USD) Environmental risks
e  Maintaining the security of the dams Flow regime change
2 e  Environmental risks Possible energy dependency-Afghanistan may control
I ° Human displacement the transmission of electricity and therefore be in the
-mc e  Hazard creep and dam breach inundation ruling position
g e  Seismic hazards for dam safety Dam failure and downstream flooding
g e Dam maintenance and decommission costs Use of dams as a political pressure instrument
5} e Institutional weakness in dam management Weak reservoir management mechanisms (inadequate
= e  Retaliatory measures by Pakistan if the bilateral reservoir operation capacities in Afghanistan)
cooperation is not reached (transit, trade, ° Inadequate reservoir management oversight
visa restrictions) mechanisms (due to weak diplomatic relations)
- O Water retention and conservation (3000 Mm? of O Water retention and conservation (3000 Mm? of
& floodwaters stored and used in the dry season) floodwaters stored and used in the dry season)
g O  FHood risk reduction from 2-yr event to 10-yr event. O  Flood risk reduction from 2-yr event to 10-yr event.
/Q O  Hydropower generation (1400 MWh) O  Hydropower available for import (700 MWh)
b5 O  Food production from new irrigated land (~USD O  Food production from new irrigated land (~USD
':'E 130 Min. of Crop Yield) 74 million of Crop Yield)
g O  Food exchange O  Food exchange
& O  Bilateral relations improvement O  Bilateral relations improvement
E O  Transit and trade improvement O  Transit and trade improvement
2 O  Data exchange and joint water management O  Data exchange and joint management
& O Investment funds attraction for dam construction, O  Investment funds attraction for dam construction,

food production and trade

Table 8 is categorized as perceived risks to both sides, real potential risks to one or both
sides, and benefits to both sides that should be evaluated and discussed during bilateral
cooperation. The perceived and potential risks can be categorized into three groups:

(a) Allissues related to reservoir management, oversight, maintenance, and decommissioning.
(b) Flow dependency, energy dependency, and use of dams as a proxy tool for geopolitical games.
(c) Construction costs, environmental risks, displacement, and flow regime change.

Among all scenarios as presented in Table 8, issues related to reservoir management,
oversight by parties, maintenance, and decommissioning may grow into potential risks.
Afghanistan is recovering from several long wars, and institutional rebuilding for this
country will be a long and painful process. It is envisaged that (a) donor(s) can contribute to
the reservoir design, and construction will entail the capacity building to properly manage
this enterprise. Bilateral cooperation may also result in better reservoir management and
flow control. For Pakistan, the flow dependency, hydropower dependency, use of dams as a
hegemony, and counter hegemony mediums may be categorized as perceived risks that can
easily be mitigated. For all other perceived risks such as construction costs, environmental
risks, and displacement, Environmental Impact Assessments (EIAs), and economic mod-
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elling studies need to be conducted to justify the monetary value and the environmental
relevance of each project. Hydrology and water resources management scholarships have
created roadmaps and recommendations for the Kabul water treaty [10,14,75,76]. The
recommendation includes conflict transformation, agricultural co-dependence, flood man-
agement, drought management, and technical cooperation. The construction of dams has
been highlighted as the best management practice for water resource management in this
semi-arid region, where seasonal fluctuations heavily impact their inhabitants’ productivity.
Several other cross-boundary issues may hinder the trustful water cooperation that should
be carefully considered during a full-fledged water diplomacy.

4.2. Drought Management—A Transboundary Cooperation Framework

The United Nations Food Program (FAQO) developed a drought risk management
strategy that includes the following pillars:

(a) improving risk assessment capacities;
(b) strengthening drought risk governance;
(c) improving investments in drought risk management and response.

The three areas of transboundary drought management strategy are important pillars
in mitigating the long-term hydrologic drought implications. The first pillar is related to the
science-based drought management framework development using computer modeling
and statistical analysis to provide the essential information for an open and transparent
transboundary management. The drought risk assessment capacities can only work if there
are mechanisms for data exchange, mutual trust in cooperation, and providing long-term
economic and social incentives to make the process of risk assessment a durable and
sustainable endeavor.

These principles are part of the sustainable development strategy in Afghanistan
and Pakistan. It is important to develop joint drought risk management strategies at the
basin level similar to flood risk management. Therefore, a joint drought commission from
Afghanistan and Pakistan is proposed to alleviate the impacts of hydrologic drought and
the safe passage of food during the drought periods (Table 9).

Table 9. Proposed Joint Drought Commission Action Plan Roadmap.

Action Plan

Institutional Arrangements Participants

Institutional arrangement

Develop a collective strategic framework

Develop drought warning mechanisms

Develop drought hazard exposure maps in KRB Afghanistan and Pakistan
Statistical analysis and predictions of Drought Joint Drought commission
Statistical analysis of the drought recovery

Drought vulnerability in the provinces adjacent to DBL

Drought Recovery Fund

O

Establish transboundary drought recovery fund with
donor support

Develop agricultural sector drought financial
support mechanisms

Government quota for drought-affected agribusiness

Afghanistan/Pakistan/
Donor Agencies

O

Low Flow and Drought

Identify drought extensive regions and periods

Reservoir flow management based on SSI and ACDV Afghanistan

Food exchange and Drought

O|® ® O

Supplementary food exchange to areas with higher ACDV

and longer SSI

O  Provision of food exchange support and establish tariff-free
drought regions.

O  Increase agricultural water productivity through efficient

irrigation systems

Afghanistan and Pakistan
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5. Conclusions

The Kabul River is a transboundary river that has experienced rapid population growth
and is desperately in need of fresh water for food production and domestic/industrial uses.
This research assessed how much the future reservoir waters will mitigate hydrologic
droughts, which are common natural disasters in this region. A joint Afghanistan and
Pakistan Drought Commission (APDC) is proposed to set limits on agricultural land
expansion, water intake, and regulating the flow regimes on both sides of the border. This
study analyzed the potential of mitigating hydrologic droughts and provides guidance for
safer access to citizens of the KRB from three major aspects: low flow analysis, irrigation
water demand, and risk mitigation. The key findings are:

(1) Low Flow Analysis: during a modeled seven-day average 20-year return period, the
post-reservoir low flow at the KRB Afghanistan outlet would increase by ~73%. This
is a significant improvement with the downstream irrigation water needs, enabling
more water for the agricultural plains of Upper Logar, Jalalabad, Nowshera, and
Charsaddah. This is proof that low flow augmentation (intentionally emptying the
dams halfway) can be considered regularly to increase flows during the dry seasons
and prepare the dams to receive the next season floodwaters.

(2) Irrigation water demands: the potential increase in the KRB (Afghanistan) irrigated
land will require ~1100 Mm? of mean annual flow. While the post-reservoir flow
augmentation will significantly improve the downstream streamflow during the dry
season, the drought severity is expected to increase in the last quarter century under
both RCP 4.5 and RCP 8.5 scenarios. It is indicated that agricultural land expansion
must be regulated in the KRB in its entirety by a joint KRB commission. Any future
developed agricultural lands on both sides of the DBL beyond the total of 25% of
the current agricultural land per quarter century must be mutually agreed upon by
both sides. Any water intake greater than 50 m3/d from the KRB should be subject to
regulatory approvals and require permits to take water.

(3) Risk Mitigation: the planning and construction of new dams in the headwaters
will create perceivable potential risks for both riparian countries. Potential risks
such as weak capacities in the Afghanistan side in reservoir management, oversight,
maintenance, and decommissioning may be expected. Any funding and planning
initiative must consider the capacity to build associated water resource management
institutions. Other mentioned risks are mostly due to natural causes and may be
solved during the design and implementation of the projects.

This study proposes a joint international drought commission to set limits on agricul-
tural land expansion, water intake levels, and the need to regulate the flow regimes on
both sides of the border. While the findings may promise some value for investment in
both Afghanistan and Pakistan, it is important for policymakers to consider the adverse
effects of reservoir construction, including potential risks to both countries, the natural
environment, and the social fabric of communities. This research is significant because the
proposed series of large dams planned by the Government of Afghanistan, while a contro-
versial move, can potentially serve as an opportunity in resource utilization and the start
of a new era of bilateral co-operation. Findings from this research can serve as a support
document for policymakers, government institutions, and the donor community to develop
a blueprint for trans-boundary collaboration in the KRB water resources management.
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