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ABSTRACT

This paper investigates the hydro-climatic reasons behind the desiccation of the Hamun Lakes in the Iran-
Afghanistan border. We analyzed changes in the flow of the Hirmand River (90 percent of the total inflow
to the lakes) at the international border, and precipitation over this river's sub-basin during 1960-2016
by calculating standardized indices for precipitation (SPI) and discharge (SDI). We applied Normalized
Difference Spectral Indices using satellite images from 1987 to 2021 to observe monthly areal change
of the lakes. The results show that the major cause of desiccation is upstream water regulation which
severely reduced the Hirmand River inflow delivery to the lakes. Constructed reservoirs near the lakes
by Iran in 2008, compounded the effect of Afghanistan water regulation to aggravate the situation.
There is a discernible shift in the relation between the Hirmand River flow at the border and upstream
precipitation before and after 2004. In 1960-2003, high Hirmand River inflows were expected due to high
precipitation, while the flow declined after 2004 despite large amounts of upstream precipitation.
Although a long period of drought from 1998 to 2004 decreased the lakes’ area, the lake system is primar-
ily falling victim to anthropogenic flow reduction recently. Increased regulation of flows and use of water
for irrigation in Afghanistan and Iran underscores the necessity of bilateral dialogues between the two
countries to consider environmental flow for the lakes. The lakes’ shrinkage places socio-economic stress
on an already-vulnerable region with public health implications as the exposed lake beds turn into major

sources of dust storms.
© 2022 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction

Abou Zaki et al., 2020). For example, the shrinkage of water bodies
due to anthropogenic effects (e.g. agricultural activities), i.e., so-

The Hamun Lakes are the largest (>8000 km?) fresh body of
water in the Iran plateau and have been desiccated after 2005
(Pekel et al., 2016). Climatic variation is an important driver of
the change of water-land at large scales (Akbari et al., 2020;
Ehsani et al., 2020; Haghighi and Klgve, 2015; Milly and Dunne,
2016; Rahimi et al., 2020). However, there is growing concern that
human activities are a substantial, sometimes dominant reason for
decline of water bodies, triggering a host of environmental and
economic consequences (AghaKouchak et al.,, 2015; Chaudhari
et al., 2018; Torabi Haghighi et al., 2020; Khazaei et al., 2019;
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called Aral-Sea desiccation syndrome (AghaKouchak et al., 2015),
have been documented in Central Asia (Micklin, 1988) and north-
western Iran (Akbari et al., 2019; Alborzi et al., 2018).

The Hamun Lakes are crucial for the economy and environment
of the surrounding area (Rashki et al., 2012). The main rivers that
sustain the lakes originate in Afghanistan. Hirmand (or Helmand)
River, the most important river feeding the lake system and a cru-
cial water source for Afghan and Iranian farmers (Ahlers et al.,
2014), is shared based on a bilateral treaty in 1973 (Helmand
Commission, 1973). The 1973 agreement guarantees to supply Iran
with an average 22 m?/s plus 4 m?/s (for “goodwill and brotherly
relations”), providing a basis for monthly allocation of the Hirmand
River flow to Iran. Thus, Iran’s annual share of Hirmand River flow
is about 0.82 km?> (Fig. 1f). Monthly flow deliveries are based on
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Fig. 1. Study area: a) Helmand Basin, Hirmand River sub-basin and Hamun Lakes with the location of dams, inflow gauges and cities, b) DEM of Hamun Lakes and close water
bodies to Hamun Lakes, c) transverse profile of Hamun Lakes (HIWRI, 2017), d) Hirmand, Sistan and Paryan Rivers next to border between Iran and Afghanistan, CNRs, Head
Races and Feeder Canal, e) annual inflow of Hirmand River in the location of Iran-Afghanistan border from 1960 to 2016 (average flow shift in 1993) and f) guaranteed
monthly Hirmand River flow to reach Iran based on the bilateral treaty between Iran and Afghanistan in 1973 (ref: MoE, 2013).

“normal water years” (Article II), which is defined as a year with
total flows upstream of Kajaki Dam being more than 5.661 km?
between 1 October and the following 30 September (Article I).
Therefore, this treaty is flexible in dry years, i.e., water deliveries
are adjusted proportionally to deviations from predefined normal
years (Article IV). Also, Afghanistan must supply water of a quality
that can be treated, if necessary, for irrigation and domestic uses
(Art. VI). The 1973 treaty does not address the environmental
water right of the Hamun Lakes; thus, Iran utilizes 0.82 km? of
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water considered in the treaty for potable and agricultural uses.
DOE, estimated that annually 7.67 km? environmental flow is
needed for ecological restoration of the lakes (Iran Department of
Environment (DOE) (2014)). Other studies (Amini et al., 2021;
Thomas and Varzi, 2015), confirmed the inadequacies of the
1973 treaty for sustainable transboundary water resources
management in which the right of the lakes to environmental flow
is considered. Recent agricultural development and water
resources management in the region are giving rise to classic
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upstream-downstream water tensions that adversely affect the
socio-economically vulnerable residents in the border region,
including the Sistan and Baluchistan provinces of Iran (Ahlers
et al,, 2014).

The Hamun Lakes are a major dust source in southwest Asia
(Goudie and Middleton, 2006) due to strong winds (known as
“120-day wind”) in the region (Hossenzadeh, 1997). The communi-
ties around the lakes are affected by post-desiccation dust storms
(Rashki et al., 2012). Furthermore, the sand and dust storms affect
the whole Sistan region in Iran, southwest Afghanistan, and Pak-
istan (Alam et al.,, 2011; Goudie and Middleton, 2000; Rashki
et al., 2012). Zaranj City (Fig. 1-b) is the largest population center
(~160,000 people) in Afghanistan close to the lakes (Afganistan
Ministry of Urban Development Affairs, 2015). The population in
urban areas is larger on the Iranian side where Zahedan
(~670,000) and Zabol (~165,000) are located (Statistical Center
of Iran, 2016). In 2012 Zabol had the most polluted air in the world.
In this year, the concentration of mean annual particulate matter
with 10 and 2.5 pm or less in diameter (PM;o and PM, s5) in Zabol
reached 527 and 217 ug/m3, respectively (WHO, 2016), far exceed-
ing WHO's safe concentration thresholds for PMo (20 ug/m3) and
PM, s (10 pug/m3). Consequently, respiratory diseases are a com-
mon public health hazard in Zabol with medical costs exceeding
USD 73.5 million during 1999-2004 (Miri et al., 2007).

As mounting concerns about the drying of the Hamun Lakes
give rise to potential water conflicts in this transboundary basin
(Dehgan et al., 2014; Mianabadi et al., 2021), it is necessary to eval-
uate whether the shrinkage is governed by climatic conditions or if
the problem has emerged as a result of anthropogenic water regu-
lation. This understanding is an important precursor for effective
plans to protect the socio-ecological system based on binational
cooperation between Iran and Afghanistan. To this end, we inves-
tigate the climatic and hydrological drivers of the lakes’ desiccation
alongside a shift in water management paradigm that has
marginalized environmental flows. Our analysis covers water
resources management on both sides of the border, namely
upstream dams in Afghanistan, as well as water regulation of the
Hirmand River in Iran enabled by constructing reservoirs in the Sis-
tan region. We study hydrological and meteorological droughts in
the Hirmand River sub-basin from 1960 to 2016 to characterize the
Hirmand River flow alteration at the international border.
Notwithstanding the hydro-political complexity of the trans-
boundary region, our hydro-climatological investigation of the
connected lakes provides useful insights into the mechanism of
desiccation and potential reasons behind the decline of the con-
nected lakes.

Materials and methods
Study area

Hamun Lakes are in the Iran-Afghanistan border zone in the Sis-
tan region (Fig. 1-a) within the transboundary Helmand Basin. The
lake system is a Ramsar site (The Convention on Wetlands, 1975).
Helmand Basin (area: ~350,000 km?) is the largest basin in Afgha-
nistan, covering 43% of the country. Most of this transboundary
basin (~80%) is in Afghanistan, less than 5% in Pakistan and the rest
in Iran (Fig. 1a). Hirmand River sub-basin is a part of the Helmand
Basin as shown in Fig. 1a. As the terminal point of an endorheic
basin, the Hamun Lake system is primarily fed by rivers that orig-
inate in the Hindu Kush mountain range. Other major tributaries
besides the Hirmand (or Helmand) River (mean annual flow:
~ 6 km?) include Farah, Khash, Khospas and Adraskan (or Harut)
(Fig. 1a). Total inflow from Farah, Khash, Khospas, Adraskan and
other minor tributaries is 0.54 km? (Iran Department of
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Environment (DOE), 2014). Thus, over 90 percent of total inflow
to the lakes is provided by the Hirmand River. Two of the largest
dams in Afghanistan, namely Kajaki (capacity 2.5 km?®) and
Arghandab (or Dahla, capacity 0.5 km?), were built in this basin
in 1952 (Lehner et al., 2011). Based on data from 1960 to 1980,
the maximum monthly inflow to these dams occurred in April,
averaging about 1.5 and 0.6 km?, respectively (Williams-Sether,
2008). Also, the Kamal-Khan Dam with current capacity equal to
0.05 km? is the largest hydraulic structure on the Hirmand River
after the Kajaki Dam (Fig. 1a). Construction of the Kamal-Khan
Dam began in 1996, but it was halted due to the civil war in Afgha-
nistan. The project recommenced in 2011 and phase Il was com-
pleted in 2015. Work on phase III began in 2017, and the dam
went into operation in 2021. The objective has been to provide
water for irrigation of agricultural land in Afghanistan, flood pro-
tection, drinking water and generation of 9 MW of electricity.

According to the Képpen-Geiger climate classification (Kottek
et al., 2006), the Helmand Basin’s climate varies from highlands
to downstream areas, ranging from snow climate with dry sum-
mers (Ds) in the Hindu Kush mountain range to warm temperate
climate with dry summer (Cs) in the foothills of the Hindu Kush
mountains and steppe climate (BS) and desert climate (BW) down-
stream of Kajaki and Arghandab Dams (Electronic Supplemenatry
Material (ESM) Appendix A, Fig. S1a). Based on the Global Precipi-
tation Climatology Centre (GPCC) dataset (Schneider et al., 2011),
the basin’s annual precipitation varies from more than 1200 mm
in the Hindu Kush highlands to less than 60 mm in the lowlands
near the Hamun Lakes (see ESM Appendix B). Also, in the Sistan
region, “120-Day winds” are frequent and intensive, especially
during the summer (Goudie and Middleton, 2000), and their speed
reaches over 100 km/s (Meteorological Department of Sistan and
Baluchestan, 2020).

The Hamun Lakes consist of three connected Lakes above Shile
Canal (Fig. 1b), namely Hamun-i Puzak (maxarea = 1500 km?),
Hamun-i Saburi (maxarea = 1500 km?) and Hamun-i Hirmand
(max area = 2000 km?), and a deeper terminal lake named Gaud-
i Zirreh (maxarea = 3000 km?) (Fig. 1a). Hamun-i Puzak with an
elevation of 480 m (m) above mean sea level (AMSL) at the outlet
of the Paryan River (Fig. 1c) is the first lake in this cascading lake
system. The lowest bed elevation at Hamun-i Puzak is 475.5 m
AMSL, and excess flow after filling this lake spills into Hamun-i
Saburi at 477 m AMSL, which discharges into the downstream
Hamun-i Hirmand at 474.5 m AMSL (Fig. 1c). Finally, the last lake
is Gaud-i Zirreh, which is fed by Shile Canal in the south of Hamun-
i Hirmand (Fig. 1b). Mean depth of the first three lakes (Hamun-i
Puzak, Hamun-i Saburi and Hamun-i Hirmand) is one meter
(ModaresiRad et al., 2022), while Gaud-i Zirreh is the deepest lake
with a mean depth of 10 m. Mean annual flow for Shile Canal (in-
flow to Gaud-i Zirreh) at Pol-Shile station is about 3 km? (1990-
1998), which decreased to almost zero after 1999 (Hamoon
International Wetland Research Institute of Zabol University
(HIWRI) (2017)).

Hirmand River bifurcates into two rivers after entering Iran, the
Sistan and Paryan Rivers (Fig. 1d). Paryan River flows to Hamun-i
Puzak, and Sistan River finally ends in Hamun-i Saburi and
Hamun-i Hirmand (Fig. 1b). Based on long-term flow data (gauges
shown in Fig. 1d), 47% of the total inflow of the Hirmand River is
observed in Choto gauge on the Paryan River while the rest is
recorded by Kahak gauge on the Sistan River (MoE (2014)). Some
parts of the Sistan River flow were diverted by Kahak diversion
dam (Fig. 1d) to four reservoirs named Chah Nimeh Reservoirs
(CNR1 through 4) by the Feeder Canal (shown as FC in Fig. 1d with
capacity = 600 m3/sec). CNR1 (Cap: 0.220 km3), CNR2 (Cap:
0.090 km?), and CNR3 (0.320 km?) were constructed in 1983. The
last and largest reservoir, i.e. CNR4 (Cap: 0.810 km?) was commis-
sioned in 2008 but initial filling began sooner (Absaran Consulting
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Company, 2015). The main purposes of CNRs in Iran are to meet
agricultural (0.4 km?/yr), domestic (0.11 km3/yr), and industrial
(0.03 km?/yr) demands of the Sistan region based on the current
status of the basin, totaling 0.54 km?3/yr (MoE (2014)). CNRs are
connected, each spilling to the next at 480 m AMSL. Feeder Canal
discharges into CNR1, and then into CNR2 until all CNRs are
sequentially filled. When all CNRs are full, the overflow is directed
to the Sistan River from the north of CNR1 and west of CNR4 by
two canals known as Head Race (HR shown in Fig. 1d). Both HRs
have been equipped with floodgate to regulate outflow. Near CNRs
pan evaporation is reported to be 4,836 mm/yr and annual poten-
tial evaporation from water surface in the Sistan region is esti-
mated to be 2585 mm (Iran Department of Environment (DOE),
2014). Also, the annual volume of actual evaporation from the
CNRs water surface is 0.306 km> (MoE (2014)).

Data

The spatiotemporal scope of the study was determined based
on data availability and predominant inflow into the lakes. We lim-
ited our investigation to Hirmand River sub-basin (Fig. 1a) for
1960-2016 because over 90 percent of the total flow to the lakes
is provided by this river. The annual flow data (Fig. 1e) from
1960 to 2016 for Choto and Kahak gauges on Sistan and Paryan
Rivers next to the border on the Iranian side (Fig. 1d) were
obtained from Iran Ministry of Energy (Iran Ministry of Enegry
(MoE) (2013)). Also, the USGS data-base (Williams-Sether, 2008)
provides flow data for period 1955-1980 at gauges located in
Afghanistan (Fig. S1).

We calculated annual precipitation and inflow based on the
defined water year in the 1973 treaty (i.e., from the first of October
to the end of following year September). Available rain gauge data
in the study area in Afghanistan and Iran do not have good spatial
and temporal coverage. Thus, we used widely-applied satellite-
based rainfall products, namely GPCC (Schneider et al.,, 2011),
PERSIANN-CDR (Ashouri et al., 2015) and TRMM-3B43 (Huffman
et al., 2007). All of these products show high amount of precipita-
tion in the region in the 2010-2016 period (more detail in ESM
Appendix B). We utilized different sources of precipitation prod-
ucts to ensure that the increasing trend of precipitation is recorded
by various data sources. A comprehensive evaluation of currently
available precipitation datasets over Iran at monthly (44 datasets)
and daily (34 datasets) time scales (Saemian et al., 2021) as well as
European Centre for Medium-Range Weather Forecasts Reanalysis
(ERA) precipitation product (Ghajarnia et al., 2021) have shown
that the GPCC overall matches the rain gauges network records
better than other products over eastern basins of Iran. Therefore,
we used the GPCC to estimate precipitation over the Hirmand River
sub-basin from 1960 to 2016. Also, satellite images from MODIS
and Landsat were used to monitor water bodies area change. Dig-
ital elevation model (DEM) data are from ALOS World 3D-30 m
(AW3D30) (Tadono et al., 2016).

Methodology

Water body detection

The Normalized Difference Spectral Indices (NDSIs) are com-
monly used for surface water detection (Boschetti et al., 2014).
Among different NDSIs, those using visible bands (such as red,
green, etc.), near-infrared band and short wave near infrared band
have been shown to outperform others (Boschetti et al., 2014). The
Normalized Difference Vegetation Index (NDVI) and the Normal-
ized Difference Water Index (NDWI) are two examples of this class
of NDSIs, which facilitate water detection (Chipman and Lillesand,
2007; Ouma and Tateishi, 2006; Pekel et al., 2016; Rokni et al.,
2014; Rouse, 1973; Abou Zaki et al., 2018). Both indices are based

879

Journal of Great Lakes Research 48 (2022) 876-889

on normalized difference of bands in the electromagnetic spectrum
and vary between —1.0 to 1.0:

NDWI = (NIR — SWIR)/(NIR + SWIR) (1)

(2)

where NIR, RED and SWIR are reflections in the near-infrared, red
visible and short wave near infrared.

Positive NDWI and negative NDVI values represent water.
Specific thresholds are needed to determine water surfaces from
other land cover types. We have access to multispectral remotely
sensed products from different satellites, such as Sentinel, Landsat,
and MODIS. We utilized MODIS images available after year 2001
because daily temporal resolution of this product helps resolve
the common cloud cover issue by providing more images in each
month. Furthermore, we used Landsat images available for the
study area from 1987 to 2001 to expand our temporal coverage.
We used MODSI NDWI and Landsat NDVI products due to their
good quality (i.e., less noise) in the study region to determine the
monthly variation of the water bodies’ area. Using Google Earth
Engine Java Script API (Gorelick et al., 2017) (the source code is
available at the end of manuscript-Data availability section),
appropriate thresholds for NDVI and NDWI are suggested as
0.03-0.04 and 0.1-0.17 respectively. All Google Earth Engine
Java Script API source codes are available for monthly and annual
water surface detection from 1987 to present (https://code.
earthengine.google.com/3da29654956ce83cdd8db500770b7caf?
noload = true%20) and for precipitation calculation (https://code.
earthengine.google.com/5e14fcbbff9e0828b698340f58eb9628?
noload = true)

NDVI = (NIR — Red)/(NIR + Red)

Hamun Lakes rate of desiccation

We quantified the monthly rate of desiccation (i.e.,
d(area)/d(time)) for Hamun Lakes when they receive no inflow.
The monthly flow of Hirmand River at the border was zero from
March 1999 to August 2002, providing a suitable timeframe for
the analysis. We used the monthly area of all Hamun Lakes from
Landsat and MODIS satellites during this period to estimate how
fast Hamun Lakes desiccate after the inflow is cut. Quantifying
the rates of desiccation can show how fast each lake desiccates.
This rate is affected by the depth of each water body because evap-
oration rate is faster in shallower lakes.

Sensitivity of the Hamun lakes area to monthly inflow

The relationship between Hirmand inflow and the lakes’ area
was investigated based on monthly area and inflow of Hirmand
River to Iran from Jan. 1987 to Aug. 2013, i.e., the period with avail-
able monthly flow data. We defined three classes of monthly
inflow: 1) inflow less than 0.5 km? (275 cases), 2) inflow between
0.5 and 1 km? (30 cases) and 3) inflow more than 1 km? (15 cases).
We chose 0.5 km? as a threshold of runoff classes because this is
approximately equal to the active capacity of CNR4. This approach
allowed an investigation of how the new water regulation capacity
of CNR4 can affect the area of the lakes.

Drought indices (SPI and SDI)

Using annual (Oct. to Sep.) precipitation and runoff, we calcu-
lated Standardized Precipitation Index (SPI) and Standardized Dis-
charge Index (SDI). To analyze the temporal hydro-climatological
status of the Hirmand River sub-basin, the trend, the variation,
and the average value of rainfall and discharge were calculated.
Temporal climate variability was characterized using SPI, which
is designed to evaluate metrological drought (McKee, 1995) and
has been widely used for evaluating climate variability (Hao
et al., 2014; Irannezhad et al., 2015). SPI requires fitting a probabil-
ity density function (McKee, 1995; Thom, 1966) to the frequency
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distribution of precipitation at a given station for a particular time-
scale (e.g. 3 months and 6 months). In this study, annual SPI was
estimated as (Farahmand and AghaKouchak, 2015):

SPl = &' (p) 3)

where ¢ is the standardized normal distribution function and p is
the corresponding empirical probability when the precipitation in
Hirmand River sub-basin is sorted in ascending order. Based on
SPI, climate conditions can be divided into eight categories as clas-
sified in Table 1.

SDI is calculated using the same approach as SPI but using the
recorded annual river flow of Hirmand River at the Iran-
Afghanistan border instead of precipitation. SPI and SDI are used
to describe various drought categories. Over time, increased water
consumption typically occurs in the upstream part of many basins.
Increasing upstream water withdrawal or land-use change which
can significantly alter river flow, and subsequently downstream
water delivery. Comparison between SPI and SDI can reveal how
the association between upstream precipitation and downstream
flow is impacted by climatic or anthropogenic drivers in the long
term (Shukla and Wood, 2008). Also, we compared results of SPI
with Standardized Precipitation Evapotranspiration Index (SPEI)
to consider the effect of evapotranspiration. It was found that SPI
and SPEI are consistent in terms of categorizing years based on
drought condition (more detail in ESM Appendix D).

Limitations and data uncertainty

Lack of information and data is a major barrier for Afghanistan’s
engagement with riparian neighbors on transboundary issues.
Since 1979, no hydrologic data has been published publicly in this
country (Ahlers et al. 2014; Williams-Sether 2008) thereby
increasing uncertainties. For example, an accurate estimation of
the magnitude of discharge into the Hamun Lakes is not possible
(MoE (2015)), primarily due to the lack of river flow data in Afgha-
nistan, especially on the northern tributaries. Using the main river
flow data is recommended in the literature to characterize the
hydrologic conditions to the extent possible despite lack of data
on other feeding tributaries (Akbari et al.,, 2020; Chen et al,,
2017). We used flow data at the border available from Iran. How-
ever, the amount of water diversions from the Hirmand River
between the border and the water bodies is not available. Addi-
tionally, due to lack of water level data for the lakes, the best
thresholds to detect water by NDVI and NDWI were selected by
comparing different thresholds’ results with Pekel et al. (2016)
study (more detail in ESM Appendix E). Also, based the evaporation
pan records in the Zabol synoptic station, the trend of monthly
evaporation throughout the year is zero or negative in the majority
of months during 1993-2017 period (ESM Appendix D Fig. S7).
While we did not explicitly consider the effect of evaporation,
the trend suggests that this climatic parameter does not aggravate
the situation for the lakes.

Table 1
Different categories of climatological conditions based on the SPI and SDI values.

Category Range of drought indices (SPI/SDI)
Extremely wet More than 2.00"

Very wet 1.50-1.99*

Moderately wet 1.00-1.49*

Mildly wet 0.00-0.99*

Mild drought -0.99 to 0.00%, ~

Moderate drought -1.49 to — 1.00%,

Severe drought -2.00 to — 1.50%,

Extreme drought <-2.00%,

" Lloyd-Hughes and Saunders (2002).
" McKee et al. (1993).
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Results
Areal change of the lakes and CNRs in the Sistan region

The monthly area of CNRs (Fig. 2e-h) shows that these reser-
voirs did not experience complete desiccation for all operating
years except at the beginning of the 2000s due to extremely dry
conditions (Table 1). However, monthly area variation in the
Hamun Lakes is high. Sometimes the area approaches zero, i.e.,
complete desiccation (boxplot in Fig. 2a-d). The CNRs exhibited
low variation in monthly average area in all years of operation
(boxplots in Fig. 2e-h). Therefore, coefficients of variation for
monthly areas are 8.4%, 8.8%, 3.8% and 26.4% for CNR1 to CNR4
respectively.

Monthly area of the Hamun Lakes (Fig. 2a-d) starts to decrease
after April-May when flow diminishes in the region (Fig. 5d). How-
ever, Gaud-i Zirreh has completely desiccated (Fig. 2d) because
inflow to Shile Canal has approached zero since 1999. The monthly
areal change of this water body has different pattern than the other
lakes (boxplot of Fig. 2d). CNR1, CNR2 and CNR3 also reached max-
imum area in April-May (boxplots in Fig. 2e-g) when Hirmand
River deliveries to Iran increased (Fig. 5d). CNR4 is Iran’s last
man-made reservoir in the series, receiving overflow from CNR1,
2 and 3 when these reservoirs are filled in April-May by spring
flow. Thus, the area of CNR4 starts to increase after April-May.
Based on the falling limb of the boxplots in Fig. 2e-g, the area of
CNR1, 2 and 3 decreased in October, November and December
because of conveying water to CNR4 (i.e., the rising limb of the
boxplot shown in Fig. 2h). This operational strategy prepares
CNRT1, CNR2 and CNR3 to capture inflow in April-May by lowering
the water level in CNR1 to maximize the discharge of the Feeder
Canal (Fig. 1d), which is why the area of CNR4 is the highest during
this period.

After April-May, the lakes gradually decreased to less than 5% of
maximum area due to low inflow (falling limb of monthly inflow
hydrograph in Fig. 5d) and high evaporation rate in the desert cli-
mate. Based on available images from Landsat and MODIS satellites
from 1987 to 2020 (Fig. 2), between 1990 and 1999, all the Hamun
Lakes had a large area. The highest inflow of Hirmand River to Iran
since 1960 occurred in 1990 (Fig. 1e). After the onset of a severe
drought period in 1999 (SDI = —1.5) and 2000 (SDI < —2), shown
in Fig. 5a, the annual maximum area of Hamun-i Puzak, Hamun-i
Saburi has not change considerably, but the duration of complete
desiccation is longer recently compared to before the dry years
in the beginning of 2000s (Fig. 2a and b). On the other hand,
Hamun-i Hirmand almost dried up (lower maximum annual area
and longer complete desiccation in Fig. 2¢). Gaud-i Zirreh (depth:
~10 m), which is more than 10 times deeper than the other lakes,
is the only water body in this system that did not completely des-
iccate immediately after the severe drought of 1999-2000 and
2001-2002 (SDI close to —2).

Rate of desiccation of Hamun lakes

In the beginning of March 1999, Hamun-i Hirmand was
950 km?, i.e. half of the maximum area based on available satellite
images since 1987. Hamun-i Hirmand dried up over the next eight
months when inflow to Hamun Lakes was zero (Fig. 3). The slope of
the desiccation line was lower when the lake’s area was between
950 and 700 km? compared with when the area ranged 700-
0 km?, which means the shrinkage process accelerates as the water
body becomes smaller (Fig. 3). Seventeen months after the lake’s
inflow was completely halted (started in March 1999), Hamun-i
Puzak and Hamun-i Saburi dried up completely. The rates of desic-
cation (i.e., slope of the lines in Fig. 3) for Hamun-i Puzak, Hamun-i
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Saburi, and Gaud-i Zirreh are steeper in the beginning. Gaud-i Zir-
reh is more resistant to inflow cut—Shile Canal inflow was zero
after 1999—and its complete desiccation takes about 6 years
(70 months) due to higher depth of this lake compared to the other
lakes.

Water flow through Hamun lakes

We chose the 1988-1991 period to demonstrate how Hamun
Lakes fill up and connect to each other (Fig. 4); since, in this period
the lakes change from almost completely dry to full as captured by
satellite images. The year 1988 (SDI = 0.7) was a transition year
from the 1983-1987 dry period (SDI <0 except 1985 when
SDI = 0.2) to a very wet year in 1989 (SDI = 1.1) and an extremely
wet year in 1990 (SDI > 2).

In the first months of 1988 (mildly wet based on Table 1), the
Hamun Lakes were nearly empty due to the preceding drought per-
iod. The water area in the Northern Hamun Lakes started to
increase in January to May by inflow in the same month but
Gaud-i Zirreh kept shrinking because the level of water in northern
Hamuns was not enough to feed the Shile Canal (compare Fig. 4,
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1988-03 and 1988-05; also overflow between northern Hamuns
is observable). All the Hamun Lakes shrank (Fig. 4, compare
1998-05 and 1988-07) during May-November 1988 due to
reduced inflow in May (to almost zero) and water loss to evapora-
tion. Inflow in December 1988 and January 1989 raised the water
area in the northern lakes (Fig. 4, compare 1988-12 and 1989-02)
immediately. A similar pattern is observed in 1989 (very wet year)
when inflow was enough to reach Hamun-i Hirmand, although the
Shile Canal and consequently Gaud-i Zirreh were not fed (Fig. 4,
1989-04). In 1990 (extremely wet year), inflow was the highest
since 1960 and Shile Canal delivery increased the water area in
Gaud-i Zirreh (Fig. 4, 1990-01). When inflow decreased in May
1990, the shallow lakes upstream of the Shile Canal, lost consider-
able area immediately. It took longer for deeper portions of the cas-
cading lakes to desiccate in response to decreased inflow.

In March 1991 maximum recorded monthly inflow (4.5 km?) of
the Hirmand River entered Iran. Maximum area for Hamun-i Puzak
(1,300 km?) and Hamun-i Saburi (1,500 km?) was observed in this
month but the maximum area of Hamun-i Hirmand (1,800 km?)
occurred one month later (April 1991). The area of Hamun-i Hir-
mand in March 1991 was 1,700 km?. The largest area for Gaud-i
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Fig. 3. Desiccation of Hamun Lakes rate based on number of months passing from March 1999 when inflow became zero to each of lake.

Zirreh in 1991 was 2,600 km? observed four months later in July.
Therefore, the time lags for water conveyance from Hamun-i Puzak
and Hamun-i Saburi to Hamun-i Hirmand and finally to Gaud-i Zir-
reh were almost one and four months, respectively. Additionally,
the maximum area of Gaud-i Zirreh was 3,000 km?, which occurred
more than 25 months later (in June 1993) because of accumulating
inflows in the preceding years.

Drought in the Hirmand River sub-basin

The large gap between SPI and SDI occurs after 2004. The corre-
lation coefficients before and after this year are 0.70 and 0.13,
respectively reveal a drastic change in the relationship between
upstream precipitation and downstream (in the border) inflow.
This gap between precipitation and inflow continues until the
SPI-SDI correlation becomes negative (i.e., —0.63 after 2010).
Before 1990, SDI values were almost always (except 1962 and
1984) larger than SPI (on average 0.65 larger) (Fig. 5a). However,
after 1990, the SDI was lower than SPI (except 1994, 1998, 1999
and 2005). The average difference between SDI and SPI was —0.9,
—1.6 and —2.2 after 1990, 2004 and 2010 respectively (Fig. 5a).
Based on Table 1, these gaps between the two indices will consid-
erably affect the dry or wet classification of the year. For example,
in water year 2014-2015, SPI has the highest value indicating an
extremely wet year in terms of upstream precipitation. However,
in this year and based on inflow at the border, SDI is less than
—1 which implies a moderately dry year.

The mean annual precipitation in the whole Hirmand sub-basin
(Fig. 1a) has the highest correlation with the precipitation
upstream of Kajaki Dam (=~ 0.97, ESM Fig. S4). The mean precipita-
tion in the Hindu Kush mountainous region is higher than other
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parts of the basin (ESM Fig. S3b); however, the correlation between
precipitation in mountainous parts of the basin and lower regions
downstream of Kajaki Dam is low (~ 40%). In other words, accord-
ing to SPI, the wet and dry cycles in the Hirmand sub-basin are
governed by precipitation amounts in the upper parts of the sub-
basin rather than downstream of Kajaki Dam (ESM Appendix B).
This means that wet conditions may be observed upstream of
Kajaki Dam while downstream portions of Hirmand River may be
characterized by dry condition based on precipitation. High cli-
matic variation of the Helmand Basin is important because the run-
off in the upstream wet snow climate (Ds) and warm temperate
climate (Cs) is a major contributor to the area of Hamun Lakes in
the lower desert climate (BW). Also, the monthly distribution of
precipitation in the Helmand Basin shows that March is often the
wettest month of the year (Fig. 5d) even though the highest inflow
of the river at the border occurs more frequently with some time
lag in April or May (more detail in ESM Appendix C).

Investigation of the lakes area in similar years in terms of
inflow

After a long drought period between 1998 and 2004 (Fig. 5a),
the Hamun Lakes changed from permanent waterbody to seasonal
(Fig. 2a-d). Therefore, the lakes area in similar years in terms of
inflow before and after the drought period has changed signifi-
cantly (Fig. 6). Also, in year 2008, CNR4 is inaugurated. The capac-
ity of this reservoir is more than 0.8 km?, i.e. 40% of annual
Hirmand River flow into Iran in the last 10 years. This reservoir
has increased the water regulation capacity in the region by from
0.65 to 1.45 km3, which can affect the area of the Hamun Lakes.
In this regard, we compared the state of the lakes’ area in similar
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hydrological conditions in terms of Hirmand River deliveries to
Iran before and after drought period, i.e., 1992/2016, 1996/2009
and 1993/2011 (Fig. 6 to c).

In 1992 (inflow ~4 km?), the area of Hamun-i Hirmand,
Hamun-i Saburi and Hamun-i Puzak were 1,600, 1,500 and
1,000 km?, respectively, which decreased by 55, 43 and 87% in a
similar condition in 2016 (Fig. 6a). In 2009 (inflow ~ 2.5 km?)
Hamun-i Hirmand lost 86% of its area compared to 1996
(Fig. 6b). The areal loss of this lake in 2011 (inflow ~ 2 km?) was
95% compared to 1993 (Fig. 6¢). Likewise, the area of Hamun-i
Puzak and Hamun-i Saburi decreased 57 and 45% in 2011 com-
pared to similar conditions in 1993 (Fig. 6¢). However, the gap
between area of Hamun-i Saburi and Hamun-i Puzak in 1996 and
2009 decreases. In 2009, only 19 and 11% of these lake’s areas,
respectively, were lost compared to 1996 (Fig. 6b). There are no

884

streamflow data available for other rivers that feed the Hamun
Lakes, but water presence in a wetland in the northeast of
Hamun-i Puzak (Fig. 6b) shows considerable inflow from Khash
River and likely other rivers in the north (Fig. 1b). In 2009, more
than 70% of this wetland was full (even more than its area in
1996). However, the wetland was dry in all other years after
CNR4 operation (i.e., 2009 is an exceptional year).

The Hamun Lakes have changed from permanent to seasonal
water bodies. Therefore, the initial area of the lakes is very impor-
tant when comparing the effect of Iran’s regulations between the
international border and the lakes in similar years in terms of
inflow. In 1986 and 2011, the recorded Hirmand River inflow by
the border gauge is about 2 km? (Fig. 1e), and the monthly distri-
bution of the flow is similar in both years (ESM Fig. S5c). Also,
the area of northern Hamun Lakes (i.e., Saburi, Puzak and Hirmand)
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and after long dry period (1998-2004) are shown in each bar plot.

in the beginning of these years is about 200 km?. Therefore, the
comparison between these two years can be a good indicator of
recent anthropogenic changes between the border and the lakes
on the Iranian side (e.g., agricultural development, CNR4 effect,
etc.). In 1986, the area of northern Hamun Lakes increased to
2,300 km? in May. However, in 2011, the area reached 1,200 km?
in the same month, a 48-percent decrease compared to 1986.

Monthly response of Hamun lakes area to Hirmand River flow

Monthly inflow can largely affect the area of Hamun-i Puzak
and Hamun-i Saburi in the same month (Fig. 7a and b) because
water retention time in connected Hamun Lakes above Shile Canal
is small due to their low depth (shown in Figs. 3 and 4). When
monthly Hirmand flow at the border is less than 0.5 km?, the area
of Hamun-i Puzak is most likely to be less than 500 km? (Fig. 7a).
Also, when inflow increases from 0.5 to between 0.5 and 1 km?, the
area is more likely to exceed 500 km?. Also, Hamun-i Saburi is
expected to be larger than 500 km? when inflow in border rises
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from below 0.5 to above 0.5 km> (Fig. 7b). The area of this lake
increases to more than 1250 km? when the Hirmand River delivery
to Iran exceeds 1 km?>. Likewise, areas greater than 500 km? are
expected for Hamun-i Hirmand when inflow increases (Fig. 7c).
Boxplots of Hamun-i Hirmand and Gaud-i Zirreh have a consider-
able overlap (Fig. 7c and d) so there is no specific relation between
Hirmand River inflow in border and their area in the same month.
The areas of Hamun-i Hirmand and, especially Gaud-i Zirreh were
very low after 2000 (Fig. 2c and d), indicating that Hirmand River
inflow does not reach these lakes, and such comparison is not pos-
sible. Gaud-i Zirreh has higher water retention time which resulted
in higher dependence of this lake’s area to water accumulation in
the preceding months.

Discussion

Hamun Lakes are responding to a shift in water management
paradigm in a hydro politically complex transboundary basin
where competition over limited water resources is rising. The



M. Akbari, A. Mirchi, A. Roozbahani et al.

R1:Inflow<0.5 km?3

1000 - ‘

Area(km?

500 - |

1500~

Area(km?)

|

1000~
500~ 1
\

\

O -
R1 R2 R3

E-R2:0.5 <Inflow<1 km?

Journal of Great Lakes Research 48 (2022) 876-889

FR3:Inflow>1 km?

1500~ )

1000~

500 - ‘

2000~

1000 -

R1 R2 R3

Fig. 7. Consequence of incrementally increasing Hirmand River monthly inflow by 0.5 km® on area of a) Hamun-i Puzak, b) Hamun-i Saburi, c) Hamun-i Hirmand, and d)

Gaud-i Zirreh.

new paradigm is intensified after 2004 which has marginalized
environmental flows to the lake as detected by large gap between
SDI and SPI. The lakes are experiencing increased environmental
flow stress mainly due to human modifications and flow regula-
tion. The continuation of this trajectory is expected to amplify
adverse environmental, socio-economic, and public health impacts
associated with more frequent and prolonged desiccation of the
lakes. It is urgent to recognize environmental water security as
an important element of region’s sustainability and plan practical
steps to increase binational cooperation to prevent extensive
socio-ecological impacts.

The high correlation between SPI and SDI from 1960 to 2003
shows that high precipitation naturally will lead to high runoff in
the Hirmand River sub-basin. The large discrepancy between SPI
and SDI after 2004 is a strong evidence about the effects of recent
anthropogenic modifications on the Hamun Lakes. Water regula-
tion upstream of the Hirmand River in Afghanistan has become
more intensive, decreasing the deliveries to Iran as a new phe-
nomenon in the basin. As an example, before 2010, the maximum
recorded annual precipitation of the Hirmand River sub-basin was
330 mm in water year 1989-1990, which led to the maximum flow
into Iran since 1960 (i.e., 12 km?). While the annual precipitation
water year 2014-2015 (473 mm) was 40% larger than the 1990
rainfall, the Hirmand River inflow in the border in this year was
30% of the flow delivered in 1990 (i.e., less than 4 km?), indicating
greater upstream regulation in Afghanistan. Reduction of the Hir-
mand River flow to Iran has been attributed by Afghanistan to a
reduction in precipitation (Mianabadi et al., 2020). We show in this
study that annual precipitation over the basin increased signifi-
cantly after 2000 (Fig. 5a and ESM Fig. S2). Likewise, using remote
sensing data for 34 years, Mianabadi et al. (2020) showed that the
frequency and amount of heavy precipitation have been increasing
over the mountainous areas which are the main source of the Hir-
mand River flow. Also, the total irrigated area in the Hirmand River

sub-basin between the Kajaki Dam and the border has increased
62% from 1990 to 2011 (Hajihosseini et al., 2020), significantly
increasing the upstream agricultural water demand.

Increased regulation of Hirmand River flow in this transbound-
ary basin has weakened the hydrologic conditions to sustain the
lakes. Based on the inflow of Hirmand to Iran, three major hydro-
logical droughts occurred in the 1970s, 1980s and 2000s
(Fig. 1e). These droughts prompted the Iranian government to sign
a treaty with Afghanistan in 1973 to share Hirmand River flow,
construct CNR1-3 in 1983, and CNR4 in 2008 to store water to
meet regional demand, i.e., domestic and agricultural uses. The
cumulative capacity of CNRs (~1.5 km?) plus 0.3 km? of annual
evaporation from their surfaces amounts to about 95% of the
annual average inflow of Hirmand River to Iran from 1995 to
2016 (~1.9 km> shown in Fig. 1e). While CNRs have been effective
in helping meet the water demand in the Sistan region, they have
created a tradeoff by causing the area of the Hamun Lakes to
decline. The large area of CNRs (Fig. 2e-h) in all years (except
extremely dry years in 2000 and 2001), regardless of the SDI value,
is an artifact of the priority given to filling the CNRs as much as
possible to meet water demands in Iran. Once CNRs are full, the
overflow is conveyed to Hamun Lakes. Low monthly areal variation
of CNRs compared to Hamun Lakes denotes their importance for
water supply, which is an impetus for more than doubling the
capacity of the them in 2008 by adding CNR4. Quantifying the
explicit effect of CNR4 on the lakes is complicated by the lack of
flow data from all the tributaries as previously mentioned above.
However, the surface areas of Hamun-i Puzak and Saburi are quite
sensitive to monthly inflow variation of 0.5 km? (60% of CNR capac-
ity). For example, the average area of Hamun Puzak and Saburi can
be doubled if monthly flow of the Hirmand River increases from
below 0.5 to between 0.5 and 1 km? (Fig. 7a and b). This illustrates
the environmental water stress caused by diverting up to 0.81 km>
to be stored in CNR4. The comparison between similar years in
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terms of inflow and initial area of the lakes in January before and
after CNR4 (i.e., 1986 and 2011) showed that the area of the north-
ern Hamun Lakes (Puzak, Saburi and Hirmand) in 1986 was almost
two times larger than the corresponding area in 2011. A study
reported that, from 2010 to 2019, when all the anthropogenic pres-
sures in the basin were in full effect, the average surface area of the
Hamun Lakes could be 112% larger without water diversion by
CNR4 (ModaresiRad et al., 2022).

The effects of increased water regulation propagate back into
Afghanistan in the lower elevation downstream most sections of
the basin. Gaud-i Zirreh, which is more resistant to desiccation
than other lakes, nearly dried out after 2005 prior to the operation
of CNR4. For example, although inflow in 1993 is less than 1992,
Gaud-i Zirreh area is highest in 1993 (~3000 km?) because of accu-
mulated water from extremely wet (1990: inflow ~ 12 km?) and
mildly wet (1991: inflow ~ 5 km>? and 1992: ,~4 km?) years.
Therefore, the desiccation of Gaud-i Zirreh should mainly be attrib-
uted to Hirmand River regulation in Afghanistan (annual inflow
decreased from 4 to 1.9 km? shown in Fig. 1e) which is worsened
by reservoir construction in Iran (CNR4) and Afghanistan (Kamal-
Khan dam) next to border.

More than 1700 km? of cropland development is planned to be
irrigated by the Kamal-Khan Dam in the future (Mianabadi et al.,
2021). Therefore, the agricultural water needs will further increase
on the Afghanistan side over time. Eight reservoirs in the basin
(Fig. 1a) with a collective water storage capacity of more than
4.5 km® (share of Afghanistan 67%) regulate flow intensively. The
lakes are desiccating despite the fact that the Hirmand River inflow
at the international border has averaged 1.9 km> (1995-2016),
twice the designated flow in the 1973 treaty. This indicates that
the designated amount of water delivery in the treaty from Afgha-
nistan and frequency and timing of deliveries do not suffice to
meet both human water demands on the Iranian side while provid-
ing environmental flows to the lakes. The inauguration of Kamal-
Khan dam in March 2021 adds another control on the magnitude
and timing of flow deliveries to Iran, which could increase down-
stream stress and aggravate the condition of the lakes. It is time
to clarify the environmental dimensions of the 1973 treaty in light
of changing water supply and demand conditions on both sides of
the border.

The 1999-2004 drought was the most severe on record going
back to 1830 (Williams-Sether, 2008). After this dry period, the fre-
quency and severity of dust storms has significantly increased
(Rashki et al., 2012). This affects the livelihood of more than 1.1
million people who rely on Hirmand River inflow and Hamun Lakes
in the Sistan region (Rashki et al., 2013). More than 25% of the pop-
ulation migrated from Sistan region due to environmental and eco-
nomic situation after Hamun Lakes desiccation (ICANA, 2015). In
1977 more than 55% of Sistan inhabitants in Iran worked in the
agricultural sector but this ratio has reduced to less than 22% in
2015 due to water scarcity and droughts (Ministry of
Cooperatives Labour and Social Welfare Iran, 2017). Drought has
negatively impacted fisheries which have been brought to a halt
(Rashki et al., 2012) and caused high unemployment (Iranian
Consultative Assembly News Aagency (ICANA) (2012)). The unem-
ployment and declining quality of life can undermine border secu-
rity due to potential links to unlawful economic activities, and in
some cases terrorism (Bagchi and Paul, 2018). The desiccation of
the Hamun Lakes has hydro-political, ecological, climatic, socio-
economic, and legal complexities that go far beyond a hydrological
assessment. Nonetheless, the results of this investigation shed light
on the hydroclimatic aspects of this vulnerable socio-ecological
system, calling for action and further interdisciplinary research to
understand the root causes and potential consequences of the des-
iccation of the Hamun Lakes to inform mitigation efforts.
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Conclusions

Hamun Lakes are consist of three connected Lakes (Hamun-i
Puzak, Hamun-i Saburi and Hamun-i Hirmand) above Shile Canal
and a deeper terminal lake (Gaud-i Zirreh). The first three cascad-
ing lakes are very shallow, and they respond rapidly to monthly
Hirmand River inflow variation. A shift in upstream regulations
of the Hirmand River in Afghanistan has changed post-2004 water
deliveries at the international border. From 1960 to 2003, Stan-
dardized Discharge Index (SDI) and Standardized Precipitation
Index (SPI) were highly correlated (70%), meaning high river flow
was expected to feed the lakes due to high precipitation over the
Hirmand River sub-basin. However, the correlation changed to
0.13 in the periods 2004-2016 indicating a drastic decline in the
Hirmand River flow downstream despite large amounts of
upstream precipitation over its sub-basin. This gap kept increasing
and SPI-SDI correlation became negative (~ —0.63) between 2010
and 2016. Upstream regulations are the main cause of inflow deliv-
ery reduction to the lakes. The construction of Chah Nimeh Reser-
voir 4 (capacity of 0.81 km? for domestic and agricultural use in a
socio-economically disadvantaged region of Iran) and Kamal-Khan
Dam (capacity 0.05 km?) has aggravated the situation. The decline
of the socio-ecological system due to unsustainable water
management in this transboundary region is expected to have
detrimental impacts on the condition of the residents (e.g., dust
storms). Therefore, revisiting the 1973 treaty between riparian
countries to share the Hirmand River inflow considering the
environmental right of the lakes is recommended to improve the
condition of the region.
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