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Satellite-based agricultural water consumption assessment in 
the ungauged and transboundary Helmand Basin between 
Iran and Afghanistan
Mahdi Akbari and Ali Torabi Haghighi

Water, Energy, and Environmental Engineering Research Unit, Faculty of Technology, University of Oulu, 
Oulu, Finland

ABSTRACT
Hamun Lake, the greatest (>8500 km2) freshwater in the Iran pla-
teau, has almost entirely dried over the last 20 years. The flow of the 
Hirmand (or Helmand) River, the most important feeding river, has 
decreased from 4.0 to 1.9 km3 in the border of Iran-Afghanistan. In 
this river basin, the annual water consumption for irrigation is over 
90% of the total consumed water. This study aims to calculate the 
increase in agricultural water consumption in the last two decades. 
Due to the lack of in-situ data across Afghanistan (including ∼80% 
of the studied area), this research utilizes remote-sensing. Using 
Google Earth Engine, land use maps for the years 2002, 2008, 2013, 
2017, and 2021 were developed by a supervised classification 
scheme. Since 2002, it was found that the cropland area has 
increased from 2008 to 5475 km2. Most cropland has been devel-
oped around the Kajaki dam. Based on the Penman-Monteith- 
Leuning Evapotranspiration version 2 (PML V2) actual evapotran-
spiration (AET) data (our model assumes the irrigation efficiency 
equal to 0.3), the annual consumed water has increased from 2 to 
over 6 km3 in the last two decades. The presented framework in this 
study can be recommended for other ungauged basins.
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1. Introduction

Managing water resources of large rivers flowing in a transboundary basin confront many 
challenges, and the main ones are expanding pressure from users, climate variability and 
change, and reconciling political borders and basin boundaries (Zeitoun, Goulden, and 
Tickner 2013). Moreover, data availability is crucial for managing water bodies shared 
among riparian countries (Skoulikaris and Zafirakou 2019). In many cases, for example, 
Indus (Akhter 2015), and Tigris and Euphrates (Haghighi et al. 2020), upstream river flow 
regulation and increased water consumption have changed the downstream flow regime, 
with effects on ecosystems, navigation, fisheries and agriculture.

Furthermore, due to population growth, the annual agricultural water demand 
increases from approximately 7,100 km3 globally to between 8,500 and 11,000 km3 to 
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meet projected food requirements in 2050 (Fraiture, Charlotte, and Wichelns 2010). 
Threats of water consumption increase make estimation of agricultural development 
and water consumption variation decisive to develop policies that meet the present’s 
needs without compromising the ability of future generations to meet their own needs 
(Omer 2008).

One way to mitigate the lack of in situ data in transboundary basins is to utilize global 
satellite remote-sensing data or reanalysis products (Rahimi, Tavakol-Davani, and Nasseri  
2021; Ehsani et al. 2021; Zaki et al. 2019; Akbari et al. 2020; Bhattacharjee et al. 2021; 
Ghajarnia et al. 2022). Using remote sensing has been proven to be a reliable method of 
monitoring water consumption caused by evapotranspiration from croplands (Tan et al.  
2018; Senay et al. 2016; Yongqiang et al. 2019).

Common legislative and technical frameworks are assets that foster the management 
of transboundary waters in an integrated and sustainable manner. For example, in Europe, 
a framework has been developed to incorporate cooperative and open access internet- 
based databases. This framework enhances cooperation and clarifies water-related con-
flicts among riparian countries (Skoulikaris and Zafirakou 2019). The Middle East, however, 
lacks such a framework. For example, Iran and Afghanistan share complex water bodies 
known as the Hamun Lake in the transboundary Helmand Basin which is the largest basin 
in Afghanistan (350,000 km2). However, common legislation to facilitate the sharing of 
relevant data does not exist between the two countries.

The Hamun Lake desiccated completely in 2000 (Pekel et al. 2016) (Figure 1b and 1d). 
The most important river (70% of the total inflow) flowing to these lakes is the Hirmand (or 
Helmand) River which is very crucial for Afghan and Iranian farmers (Ahlers et al. 2014). 
However, the annual flow of the Hirmand around the border (gauge shown in Figure 1a) 
has decreased from 4.0 to 1.9 km3 (Ministry of Energy (MoE) 2014) (more details in Figure 
S4 in supplementary materials). Afghanistan has suggested that a reduction in precipita-
tion has led to a reduction in the quantity of water flowing into Iran from the Hirmand 
River (A. Mianabadi et al. 2020). However, studies have shown that anthropogenic 
activities are the leading causes of the downstream flow reduction (Akbari et al. 2022). 
Desiccation of the lakes has substantial environmental and economic impacts on the 
surrounding inhabitants and ecology (Rashki et al. 2012). For example, in 2012, Zabol 
(population 160,000 people) the neighbouring city to the lakes in Iran, had the worst 
polluted air in the world (WHO 2016). Iran and Afghanistan signed a treaty in 1973 and 
Afghanistan government-guaranteed that 0.820 km3 of the Hirmand River inflow would 
enter Iran annually (Commission 1973). However, the treaty does not ensure the integrity 
of the downstream agro-ecological system (Thomas and Mahmoudzadeh Varzi 2015).

Agricultural development and dam operation in upstream of the Helmand Basin is 
perceived by Iran as significant security threat to water resources and the environment. 
Accelerating water scarcity and environmental degradation could result in further ten-
sion. However, the lack of information and data is a severe barrier to Afghanistan’s 
engagement with riparian neighbours on transboundary issues (e.g., Iran with the 
Hirmand River). Since 1979, Afghanistan has published no hydrologic data publicly 
(Ahlers et al. 2014; Williams-Sether 2008). Also, there is a lack of data with a proper spatial 
and temporal coverage/resolution of water consumption in the agricultural sector in Iran 
(Akbari et al. 2019).
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Due to the importance of the Hamun Lake and the consequences of its desiccation, it is 
essential to address the lake’s decreasing inflow. The annual water consumption for 
irrigation in Afghanistan and Iran is 99 (Qureshi 2002) and 93% (Keshavarz et al. 2005) 
of the total available water, respectively; therefore, variation in the amount of water used 
for irrigation may be the main reason for the drying of water bodies. This study, using 
remote sensing, aimed to estimate the agricultural water consumption within the 
Helmand Basin which can benefit both countries to update the 1973 bilateral treaty 
and consider new users and environmental flow to the lakes as the symbol of sustainable 
developments in the region.

2. Material and methods

In this study, we used Google Earth Engine (GEE) Java Script API (Gorelick et al. 2017) to 
access satellite images. We 1) determined croplands change using Random Forest classi-
fier in GEE to address agricultural development in the upstream section of the Hamun 
Lake; 2) quantified actual evapotranspiration (AET) over croplands of the basin to estimate 
water consumption in the agricultural sector by considering irrigation efficiency, and 3) 
calculated the variation of potential evapotranspiration (PET) to answer whether the 
climatic condition is responsible for AET change or not. All links for the JavaScript codes 
to the online platform of GEE are provided in the ‘Data availability’ section at the end of 
manuscript.

2.1. Study area

The Hamun Lake, consisting of four connected water bodies, was the greatest (>8500  
km2) freshwater bodies in Iran plateau (Figure 1a). To estimate spatio-temporal water 
consumption in the studied area, the basin area was divided into 11 sub-basins (Figure 
1a). The sub-basins were chosen based on: i) political border: IRB (known as the Sistan 
region), i.e., Iran part of the basin, ii) main rivers’ sub-basin: ADR (Adraskhan River), FRH 
(Farah River), KHSP (Khospas River), and KHS (Khash River), iii) location of main dams: 
KAJU, (upstream of Kajaki dam), ARGU (upstream of Arghandab dam), and HM (Helmand 
mid-basin, the area downstream of Kajaki and Arghandab Dam before Iran-Afghanistan 
border), and iv) other features: EU (eastern part of the basin upstream), HMD, (Helmand 
mid dry region, an area with ephemeral stream), and HEN (an isolated closed sub-basin in 
the high elevation of the Hindukesh mountain range).

2.2. Cropland change

In this study, Random Forest algorithm was used to produce land use maps to detect 
croplands in 2002, 2008, 2013, 2017 and 2021. We selected Random Forest, because this 
classifier had the most accurate results among others available classifiers in GEE. This 
method was first introduced by (Breiman 2001) as a supervised learning algorithm. This 
method is based on random combinations of tree predictors such that each tree depends 
on the values of a random vector sampled independently and with the same distribution 
for all trees in the forest. In supervised machine-learning-based method for land use 
classification, at least 50–100 samples per class (as a good rule of thumb) are needed. The 
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sample size can be less if a specific class area is small in studied area (Jensen 2015). To 
build training and test set of Random Forest classifier, we utilized true-colour images of 
Landsat 5 and 8 Surface Reflectance in each year. Also, Digital Elevation Model (DEM), 
surface reflectance bands, land surface temperature, Leaf Area Index (LAI), and 
Normalized Difference Vegetation Index (NDVI) from Landsat were used as features of 
classification.

Furthermore, NDVI is recommended in the literature to estimate seasonal changes of 
crop and the amount of surface vegetation and growth activity (Ray and Dadhwal 2001; 
Hunsaker et al. 2003). NDVI varied from −1.0 to 1.0 and is generated from the Near- 
Infrared (NIR) and Red bands of each scene as NIR � Redð Þ= NIRþ Redð Þ. The croplands 
area can be estimated by examining different thresholds NDVI> thresholdð Þ: This method 
is simple and does not require high computational skill. Therefore, we compared Random 
Forest (as a machine learning-based) with NDVI to determine how the performance of 
these two different approaches are comparable over the studied area. This study sug-
gested the most appropriate threshold for cropland detection by NDVI based on compar-
ing the estimated area with Random Forest and literature (more detail in the result and 
discussion section). It should be considered that MOD12Q1 landcover product of MODIS 
underestimates cropland area in the studied area (more detail in Appendix E).

Figure 1. Study area: a) location of dams, Chah-nimeh Reservoirs (CNRs), rivers and gauge on the 
Hirmand River in Iran after the border; b) maps of annual permanent and seasonal water for the 
Hamun Lake based on JRC Global Surface Water Mapping (Pekel et al. 2016) in 1993 (maximum area in 
1988–2018) and 2018; c) changes in croplands of the Helmand Basin from 2002 to 2021 developed by 
Random Forest supervised classification; d) annual time series of permanent and seasonal water in the 
Hamun Lake, calculated based on JRC.
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2.3. Evapotranspiration

Evapotranspiration is liquid water from soil and plants transferring to vapour into the 
atmosphere, it can either be expressed as PET or AET (a.k.a. ETa). PET is defined as the 
amount of evaporation that would occur if a sufficient water source were available (on a 
surface), while AET is considered the net result of atmospheric demand (i.e., PET) and 
moisture availability. PET is often simplified to a reference ET (ET0), which provides a PET 
estimate for a standard condition, e.g., green grass of 12 cm (Allen et al. 1998). To calculate 
maximum experienced evapotranspiration for other crops (e.g., wheat, rice, etc.), kc 

coefficient must be multiplied to ET0. Finally, AET is calculated based on equation (1): 

AET ¼ αðkcET0Þ (1) 

where α is a fraction based on the prevailing land surface temperature to reduce the PET 
to AET. Many studies have applied satellite images to estimate actual evaporation 
(Jalilvand et al. 2019; Rezaei et al. 2021; Rahimpour and Rahimzadegan 2021; Sima, 
Ahmadalipour, and Tajrishy 2013; Ghahreman and Rahimzadegan 2022; Bhattacharjee 
et al. 2021). We utilized MOD16 product to estimate PET over the studied area. The 
MOD16 algorithm uses satellite data from MODIS and uses the Penman-Monteith 
approach described in the literature (Qiaozhen et al. 2007; Qiaozhen, Zhao, and 
Running 2011). Among of available global AET products (Table-S1 in the Supplementary 
Material), we chose Penman-Monteith-Leuning Evapotranspiration version 2 (PML V2) 
available from 2002; since PML V2 i) has good spatial (500 metre) and temporal (8-day) 
resolution (Yongqiang et al. 2019), ii) separates AET into three components as evapotran-
spiration from vegetation (Ec), direct evaporation from the soil (Es) and vaporization of 
intercepted rainfall from vegetation (Ei), and iii) performed well against observations at 95 
flux sites across the globe (Yongqiang et al. 2019). As shown in Figure S2 (details in 
Appendix A), comparison between AET from PML V2 (Ec) and the reported values by FAO 
(FAO 2015) for the Helmand River Basin showed high correspondence (RMSE ¼ 13 mm 
and correlation ¼ 78%).

2.4. Water consumption in the agricultural sector

Calculated Ec from PML V2 is the actual amount of water consumed by crops. A significant 
portion of the allocated water for irrigation is not directly utilized for crop growth due to 
losses such as seepage through the bunds of canals (Rai, Singh, and Upadhyay 2017). 
Thus, the Irrigation efficiency should be considered to estimate the actual volume of 
delivered water for agricultural activities from the source. Irrigation system efficiency in 
the most developed countries is about 70–90% (FAO 2016). The irrigation efficiency is 
about 25–30% for Afghanistan (Qureshi 2002) and about 35% for Iran (Madani 2014). The 
annual volume of consumed water (CWi) for agricultural activities in km3 is estimated by: 

CWi ¼ Eci=eð Þ�Aci � 10� 6 (2) 

where Aci is the annual croplands area (km2) in the year i (2002, 2008, 2013, 2017 and 2021 
detected by Random Forest classifier). In Equation (2), e is irrigation efficiency (assumed 
0.3) and Eci is annual evapotranspiration from vegetation (by PML V2 in mm).
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3. Results and discussion

3.1. Land-use change

The accuracy of training and testing in the classification by Random Forest were 99% and 
95%, respectively (by Cohen’s Kappa score- more detail is presented GEE Java Script codes 
section). Based on average values of croplands area in 2002–2021 (Figure 2), the majority 
(over 60%) of the total croplands of the basin are in HM. As shown in pie chart of Figure 2, 
14, 7 and 7% of croplands are in KAJU, FRH and IRB, respectively. ARGU, ADR, EU and KHS 
include about 10% of the total cropland area. Due to a low contribution to the total 
cropland area, HEN, HMD and KHP are excluded from the water consumption calculation. 
The cropland area of the basin has increased about 3500 km2 (i.e., 273% from 2008 to 
5475 km2) since 2002. As shown in Figure 1c, the most of cropland development has 
occurred near reservoirs and close to rivers of the basin because of easy access to surface 
water. In HM, KAJU and FRH, croplands have increased 1456 (203% increase), 786 km2 

(400% increase) and 263 km2 (425% increase). Also, the most of increase has been 
detected in IRB, i.e., croplands area in 2021 is 25 times higher than 2002 (23 to 603  
km2). This is very important to consider that in the beginning of the 2000s (e.g., in 2002), 
due to extremely dry condition, farming activity was almost completely zero in IRB (a.k.a. 
the Sistan). However, before this dry period, the Sistan region was one of the most 
important centres of agricultural activities in Iran and the Hamun Lake was in normal 
condition (Iran Ministry of Agriculture 2018). Therefore, IRB farming activities cannot be 
the main reason of desiccation, because only 7% of the total cropland area is in this sub- 
basin.

The United Nations has reported that Opium cultivation in Afghanistan has increased 
from 900 km2 (in 2000) to over 3300 km2 (in 2017). The major opium centres of the 
country ( � 75%) are found in the provinces located in the Helmand Basin (Figure S5) 
(UNODC 2020). In 2017, about 2500 km2 (75% of the total) of opium farmlands could be 
found in the Helmand Basin. The studied area’s crop pattern in Afghanistan comprises 
chiefly irrigated wheat and vegetables (FAO 2015). Also, in IRB sub-basin, 53 and 42% of 
croplands are allocated to wheat and vegetables cultivation, respectively (Chehrenegar 
and Bayati 2022).

In Figure 2, different thresholds for the Landsat NDVI used to estimate cropland area 
are compared with the Random Forest algorithm results and the literature. A study by 
(Hajihosseini et al. 2020) used supervised machine learning techniques in remotely sensed 
data to estimate that the croplands areas in HM covered 1030 km2, 1220 km2, and 1670  
km2 in 1990, 2001, and 2011, respectively (shown in Figure 2 for HM). Based on our 
comparison, the best corresponding threshold for cropland estimation in each sub-basin 
is suggested in Figure 2. For the whole basin (Figure 2 labelled as ‘All’), results comply with 
the detected area by applying a threshold of 0.4–0.5. The NDVI method is a simple 
method for detecting croplands. Using recommended thresholds of NDVI in this study 
makes this simple method more reliable in the studied area. However, in some years (e.g., 
2021 in IRB), the NDVI thresholding method ended to considerable difference compared 
to Random Forest results. Also, some other studies reported different values for cropland 
area of the Helmand Basin, which are overestimation based on the basins’ water resources 
(more detail in Appendix D).
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3.2. Evapotranspiration change

The annual PET of the sub-basins (Figure S1-a) has had a decreasing trend since 
2001, meaning climatic conditions cannot be the leading cause of the increasing 
trend of AET (Figure S1-b). The range of PET change in different sub-basins 
represents the various climatic condition in the studied area. For example, HMD 
with a desert climate has the highest PET values in the basin. On the other hand, 
HEN, with snow climate and dry summers, has the lowest PET values (<2000 
mm=year) (more detail on climatic condition of the studies area provides in 
Figure S3). Also, AET in the basin’s main agricultural centres (i.e., HM and KAJU) 
has increased. After 2010, the mean of AET has significantly grown all over these 
sub-basins, which means more water is available for crops. In HM, after 2004, the 
mean of annual AET has jumped from 310 mm to 350 mm. In KAJU, we can observe 
the constant increase of annual AET in croplands from less than 300 mm to over 
400 mm annually. The croplands area of the basin has increased, and more water 
availability for crops (captured by an increasing trend of AET) intensifies the volume 
of consumed water in the agriculture sector (see Equation (2).

3.3. Water consumption in the agriculture sector

The Agricultural Water consumption of the basin has increased more than three times 
from 2 to 6.2 km3 since 2002 (shown in Figure 3). Most growth has been observed in four 
sub-basins, i.e., 1.9, 1.1, 0.6 and 0.3 km3 in HM, KAJU, IRB and FRH, respectively. A long 
severe drought period between 1998 and 2004 in the Helmand basin has caused a 
considerable decrease in the amount of water flowing through the Hirmand River in the 

Figure 2. Annual cropland area in the different sub-basins of the Helmand Basin as determined by 
Random Forest and NDVI thresholding.
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location of international border (Akbari et al. 2022). Also, there has been a rapid expansion 
of agricultural activities in Afghanistan in the last two decades coincident with the relative 
political stability in the country between the two periods of Taliban governance (Shroder 
and Jan Ahmadzai 2016). Passing dry condition of the basin and the Afghanistan war in 
the beginning of the 2000s, from 2002 to 2008 (6 years), water consumption increased by 
0.4 km3. These changes intensified between 2008 to 2013 (5 years) to more than 2.7 km3 

(about seven times faster than 2002–2008). From 2013 to 2017, the increasing variation 
declined to about 0.2 km3, which should be attributed to reaching the capacity of 

Figure 3. Annual water consumption in croplands for the main centres of agriculture activities in the 
studied area.
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cropland development in the basin based on the available infrastructures in Afghanistan. 
After 2013, water consumption in Afghanistan sub-basins fluctuates (e.g., HM, FRH, and 
EU) or converges (compare 2008–2013 and 2017–2021 in KAJU). We estimated that water 
consumption is IRB is between 0.4–0.7 km3 (excluding extremely dry years in the begin-
ning of 2000s). The Department of Environment of Iran (DOE) has estimated the agricul-
tural water consumption in IRB sub-basin equal to 0.78 km3, 85% from surface water and 
the rest from aquifers (Iran Department of Environment 2014). Also, Ministry of 
Agriculture of Iran reported that annually 0.385 km3 water is being consumed for irriga-
tion in the Sistan region where water deficiency led to farmers unemployment and 
migration. In 2013, Iran investigated 850 million U.S. dollar to increase efficiency of 
irrigation in the Sistan to solve the water stress in irrigation (Iran Ministry of Agriculture  
2018). As shown in Figure 1c, Iran regulates water by Chah-nimeh Reservoirs (CNRs) to 
meet the water need of the Sistan as a very dry region. The capacity of CNRs was 0.630  
km3, but this capacity increased to 1450 km3 after 2008 providing opportunities for more 
water regulation across this country to meet needs. This increase in CNRs capacity is 
potential to intensify negative effect of anthropogenic regulations on the lakes down-
stream. However, about 90% of agricultural water consumption is happening in 
Afghanistan. This country has more control over the surface water resources in the 
basin, which has a huge impact on the lakes downstream. For example, the inauguration 
of Kamal-Khan dam (close to Iran-Afghanistan international border) in 2021 adds another 
control on the magnitude and timing of flow deliveries to Iran, which could increase 
downstream stress and aggravate the condition of the lakes (Akbari et al. 2022). More than 
1700 km2 of cropland development is planned to be irrigated by the Kamal-Khan Dam in 
the future (H. Mianabadi, Alioghli, and Morid 2021). Bilateral negotiation between both 
countries is urgent to obtain an optimal policy which can meet the needs and minimize 
the negative impacts.

4. Conclusion

In this study, we investigated spatio-temporal changes in agricultural consumed water 
over the Helmand Basin, the largest basin in Afghanistan (covering almost half of the 
country). In Afghanistan, the lack of hydrologic data is a very crucial problem (Ahlers et al.  
2014; Williams-Sether 2008); thus, to solve this issue, we utilized remote sensing data. We 
found that the croplands of the basin and consumed water in the agriculture sector have 
increased, respectively, more than 273% (about 3500 km2) and 310% (4.2 km3) since 2002. 
This phenomenon has consequences on the Hamun Lake, water bodies located down-
stream. Recent studies have shown that anthropogenic activities (e.g., damming) are the 
leading causes of flow reduction downstream and desiccation of the lakes (Akbari et al.  
2022). Therefore, this study helps policymakers for restoring the Hamun Lake by quantify-
ing spatio-temporal water consumption changes in last two decades across all sub-basins 
of the Helmand Basin. The results of this study highlights the urgency of bilateral 
negotiation between Iran and Afghanistan to provide environmental flow of the Hamun 
Lake.
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Links for Java Script codes to the online platform of GEE (https://earthengine.google. 
com/) are presented separately below for each section of this study:

● Estimation of croplands using Random Forest:

https://code.earthengine.google.com/547ce4bb2c0afada05c8a5373c20658a
● Estimation of croplands using Landsat NDVI:

https://code.earthengine.google.com/193543fd0894fbc2f5004537d3045a1e
● Estimation of land use classes using MODIS (Friedl and Sulla-Menashe 2019):

https://code.earthengine.google.com/c59f97bd84d654d51993bab39f24a3d4
● Estimation of PET from MODIS and AET from PML V2 (Zhang et al. 2019):

https://code.earthengine.google.com/a6bfad5405b1aa62b1b0ae0a008c8b53
● Estimation of seasonal and permanent water body from JRC (Pekel et al. 2016):

https://code.earthengine.google.com/4b5caedfc205ce0a0ebe690e9fce1ba5
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