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Abstract

Lake Urmia, one of the largest hypersaline lakes on Earth, has experienced seri-
ous environmental degradation. Using satellite imagery and observational data,
this study investigated lake changes from 1970-2020, focusing on climate change
effects and human-induced processes including population growth, excessive
dam construction, low irrigation efficiency, poor water resources management,
increased sediment inflow, and inadequate political-legal frameworks. Results
showed slow change between 1970-1997, but rapid shrinkage from 1998-2018,
with approximately 30% of the lake area disappearing. Anthropogenic factors
impacted Lake Urmia far more than climate change or prolonged drought. Mis-
management of agricultural water consumption and surface/groundwater with-
drawals caused sharp declines in lake surface area, posing serious challenges for
water resources management in the basin. This study provides a comprehensive
overview of anthropogenic influences on Lake Urmia and identifies opportunities
for improved water management, serving as a guideline framework for scientists
and decision-makers assessing lake water resources and formulating management
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Abstract: Lake Urmia, one of the largest hypersaline lakes on Earth, has
experienced serious environmental degradation. Using satellite imagery and ob-
servational data, this study investigated lake changes from 1970-2020, focusing
on climate change effects and human-induced processes including population
growth, excessive dam construction, low irrigation efficiency, poor water re-
sources management, increased sediment inflow, and inadequate political-legal
frameworks. Results showed slow change between 1970-1997, but rapid shrink-
age from 1998-2018, with approximately 30% of the lake area disappearing.
Anthropogenic factors impacted Lake Urmia far more than climate change or
prolonged drought. Mismanagement of agricultural water consumption and sur-
face/groundwater withdrawals caused sharp declines in lake surface area, posing
serious challenges for water resources management in the basin. This study pro-
vides a comprehensive overview of anthropogenic influences on Lake Urmia and
identifies opportunities for improved water management, serving as a guideline
framework for scientists and decision-makers assessing lake water resources and
formulating management strategies.

Keywords: Lake Urmia; lake shrinkage; climate change; population growth;
dam construction; water resources management

1 Introduction

Lake Urmia, located in northwestern Iran, is among the largest hypersaline lakes
on Earth. Over recent decades, the lake area has decreased due to various an-
thropogenic factors (extensive agriculture, urban growth, land expansion, dam
construction), climate change, and natural hazards such as drought (Zarghami
et al., 2011; Tourian et al., 2015; Hassani et al., 2020; Schulz et al., 2020;
Mohammadi Hamidi et al., 2021; Sima et al., 2021). This drying has caused
biodiversity loss, destroyed bird habitats, led to aquifer desertification as lake
salt is exposed, increased salinity affecting local agriculture, and created serious
health consequences for residents (Zarrineh and Abad, 2014; Balkanlou et al.,
2020; Nhu et al., 2020; Tabrizi et al., 2020). Therefore, identifying responsible
factors for lake shrinkage and formulating management strategies is critically
important.

Many studies have examined Lake Urmia’s volume changes and drying factors
(Gholampour et al., 2015; Khazaei et al., 2018; Ghale et al., 2019; Dehgha-
nipour et al., 2020; Schmidt et al., 2021). Some authorities blame climate
change, arguing water scarcity is periodic (Lake Urmia Restoration Program,
2014; Urmia Lake Restoration National Committee, 2015; Sobhani et al., 2019).
Others believe catastrophic water shortages stem from decades of fragmented
water management (Madani, 2014; AghaKouchak et al., 2015; Torabi Haghighi
et al., 2018; AghaKouchak et al., 2021). Madani (2014) argued that Lake Ur-
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mia’s status is affected by rapid population growth and agricultural inefficiency.
AghaKouchak et al. (2015) demonstrated that shoreline retreat is not solely due
to prolonged drought. Torabi Haghighi et al. (2018) showed that agricultural
water mismanagement reduced inflow by up to 80%. Thus, consensus on shrink-
age causes is lacking.

This paper uses satellite imagery to evaluate Lake Urmia’s area changes and
investigate primary shrinkage reasons, providing a guideline framework for sci-
entists assessing water resource factors and for decision-makers formulating man-
agement strategies.

2.1 Study Area

Lake Urmia (44°13’-47°54'E, 35°40'-38°29'N; Fig. 1 [Figure 1: see original pa-
per]) in northwestern Iran is one of Earth’s largest saltwater lakes. The basin
lies in Iran’s arid and semi-arid region (Yazdandoost et al., 2020a), with mean
annual temperatures of 6.5-13.5°C (Department of Environment of Iran, 2019).
Since the 1970s, this endorheic lake has faced severe water scarcity. USGS-
NASA Landsat imagery shows substantial recent area decreases (Tourian et al.,
2015; Hosseini-Moghari et al., 2018; AghaKouchak et al., 2021; Sima et al., 2021;
Yazdandoost and Moradian, 2021). Water retreat leaves salt crusts that gener-
ate dust storms, causing respiratory problems and damaging farmland (Rasouli
et al., 2013; Ghale et al., 2018; Hossein Mardi et al., 2018; Mohammadi Hamidi
et al., 2020, 2021; Hemmati et al., 2021). Climate change, population growth,
excessive dam construction, low irrigation efficiency, poor water management,
increased sediment inflow, and weak political-legal frameworks are main shrink-
age causes (Ahmadzadeh Kokya et al., 2011; Delju et al., 2013; Ahmadi et al.,
2016; Gohari et al., 2017; Alborzi et al., 2018; Moradian et al., 2019). Table 1
provides detailed lake information.

2.2 Data Collection

Landsat satellite images (www.earthexplorer.usgs) were used to calculate Lake

Urmia’s area changes during 1970-2020, with outputs compared to National
Committee for Lake Urmia Restoration reports (https://www.ulrp.ir/en/). Pre-
cipitation data came from the Global Precipitation Climatology Centre (GPCC;
https://opendata.dwd.de/climate_ {environment}/GPCC/html/download_{gate}.html)
(Schneider et al., 2020). Water supply/demand assessment data for do-

mestic, industrial, and agricultural sectors were obtained from Iran’s
Ministry of Agriculture Agricultural Statistics and Information Center
(https://irandataportal.syr.edu/ministry-of-agriculture).
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2.3.1 Causes of Lake Urmia Shrinkage

To monitor area changes using Landsat and ENVI software, we calculated six
remote sensing-derived water indices (Table 2 ). Satellite images for 1970-2020
were presented as monthly averages (Xu, 2005; McFeeters, 2013; Pettorelli, 2013;
Feyisa et al., 2014; Naji, 2018; Wang et al., 2018).

The Kappa coefficient (KC) assessed index accuracy (Acharya et al., 2016; Mon-
dejar and Tongco, 2019):

KC — Z:;l Ny — Z?zl(niJr X n+1)/N

N — Z:l:l(nw xny;)/N

where n is the satellite band number; n,; is correctly classified pixels in category
¢ row and j column; n,, is pixels in ith row classified for a specific class; and
n,, is cells in jth column categorized for observed/reference data.

Precipitation data from GPCC underwent bias correction (Teutschbein and Seib-
ert, 2012; Fang et al., 2015). The method corrects simulated precipitation dis-
tribution to match observed precipitation. Cumulative distribution functions
were constructed for observed and GPCC data, then Equation 2 was applied:

P' = CDF,,,[CDFgpco(Papce)]
where P’ is corrected precipitation (mm); CDF,,  is observed precipitation
CDF; CDFgpe is GPCC data CDF; and P pe is GPCC precipitation (mm).
A Gamma distribution function was used for marginal probability distribution
(Thom, 1958). Equation 3 describes the Gamma distribution:

xa—le—x/ﬁ

)= ———
f'y( > BQF(Q)
where « and [ are shape and scale parameters; x is the given parameter; and
I' is the Gamma function. The method was expressed as [, ! where GPCC and
obs refer to dataset and observations.

The correlation coefficient (CC) in SPSS measured variable correlations (Kremel-
berg, 2010; Kinnear and Gray, 2011; Verma, 2012; Davis, 2013). As drought
involves chronic water shortages (Mishra and Singh, 2010), Standardized Precip-
itation Index (SPI) changes were investigated to monitor meteorological drought
frequency and severity (McKee et al., 1993, 1995; Edwards and McKee, 1997).
SPI is widely used and accepted by the World Meteorological Organization
(Morid et al., 2006; Hayes et al., 2011; Shukla et al., 2011; Angelidis et al., 2012;
Golian et al., 2014; Awange et al., 2016).
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SPI calculation involves: (1) preparing precipitation accumulation time series;
and (2) estimating variables using non-parametric empirical distribution func-
tions (Hao et al., 2014; Farahmand and AghaKouchak, 2015; Jang, 2018; Sal-
vador et al., 2019; Moradian and Yazdandoost, 2021). This study used the
empirical Gringorten distribution function (Gringorten, 1963). Observed pre-
cipitation probability was calculated using Equation 5:

I—-0.44

Prob = —
YT N T 012

where Prob is cumulative frequency estimate of the ith item; and I is order of
smallest sample out of N samples. Prob was standardized as Equation 6:

¢ = & (Prob)

where ¢ is standard normal distribution function. SPI standardizes percentiles
using Equations 7 and 8:

T 1+d t+d,t2+dgt3

coteptteat? .

— (- etattat ) £ 0.00 < Prob < 0.51
SPI =
where ¢, ¢y, ¢;, Cq, dy, dy, and dy are coefficients. The Kolmogorov-Smirnov test
checked distribution fit (Stephens, 1974). This non-parametric test validates
using empirical distribution functions as reference (Eq. 9):

D = max|R(z) — E(z)|

where D is maximum difference between reference R(x) and empirical F(z)
cumulative distribution functions. The hypothesis is that the reference dis-
tribution describes the data. With 0.01 error, if P-value exceeds error, the
distribution is selected.

2.3.2 Water Resources Management Based on Resiliency

After examining shrinkage drivers, developing lake regeneration scenarios using
Integrated Water Resources Management (IWRM) is necessary. Basin planning
involves uncertainties from ambiguous assumptions, objectives, and forecasts.
Resilience’s role must be determined in an integrated system considering en-
vironmental, economic, technical, and social aspects (Adger, 2000; de Bruijn,
2004; Tayia and Madani, 2017). Two resilience approaches exist: (1) engineer-
ing resilience focusing on stable equilibrium behavior and recovery speed after
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disturbance; and (2) system behavior near domain boundaries far from equilib-
rium, showing buffer capacity to absorb disturbances (de Bruijn, 2004; Nazif
and Karamouz, 2009; Tahmasebi Birgani et al., 2013; Madani, 2019). Based
on system responses to disturbances, three resilience aspects emerge: (1) no
response; (2) response; and (3) recovery to normal state (Fig. 2 [Figure 2: see
original paper]) (de Bruijn, 2004; Tahmasebi Birgani and Yazdandoost, 2014).
System responses vary by disturbance magnitude (Gersonius, 2008). This study
determines Lake Urmia’s condition to formulate resilient revival strategies.

To investigate strategy resiliency and assess future water supply/demand, we
quantitatively identified water resources and explored the hydrological cycle,
demand, and consumption regionally. The Water Evaluation and Planning
System (WEAP) enabled integrated assessment (Lévite et al., 2003; Yates et
al., 2005; Purkey et al., 2007; Vogel et al., 2007). WEAP represents river
basins through demand-side issues (allocations, usage patterns, costs, efficien-
cies, reuse) and supply-side aspects (surface/groundwater, transfers, reservoirs).
This integrated approach simulates natural and engineering components, giving
decision-makers comprehensive understanding of water system management fac-
tors (Yazdandoost et al., 2020Db).

This research investigated precipitation parameters directly affected by climate
change. Since runoff is influenced by dam construction and surface water
withdrawals, these were examined separately to determine whether Lake Ur-
mia’s catastrophic decline is natural or anthropogenic. After applying parame-
ters (precipitation, evaporation, agricultural/domestic/industrial withdrawals),
runoff to Lake Urmia was calculated in WEAP, determining lake volume under
different scenarios using data from Iran’s Ministry of Agriculture.

3.1 Changes in the Area of Lake Urmia

To evaluate Lake Urmia’s area changes from 1970-2020, we calculated six in-
dices: Automated Water Extraction Index (AWEI), shadow-corrected AWEI
(AWEIsh), Difference between Vegetation and Water (DVW), Modified Nor-
malized Difference Water Index (MNDWI), Normalized Difference Vegetation
Index (NDVI), and Normalized Difference Water Index (NDWT). Table 3 shows
2014 area results from these indices. NDWI performed best and was used to
study area changes over the study period.

NDWIT results indicated slow area changes until 1997, with rapid shrinkage from
1998-2018, when about one-third of the lake disappeared (Fig. 3 [Figure 3: see
original paper]). These results align with recent studies and the lake’s area-
elevation-storage curve (Lake Urmia Restoration Program, 2014; Madani, 2014;
Tourian et al., 2015; Urmia Lake Restoration National Committee, 2015; Rahimi
and Breuste, 2021), which reported 25-50% area decreases during 1970-2020.
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3.2.1 Climate Change and Meteorological Factors

To assess climate change effects, we collected GPCC precipitation data and
evaluated bias-corrected precipitation changes over the target area (Fig. 4 [Fig-
ure 4: see original paper]). Results showed no specific precipitation trend from
1970-2020, with precipitation not below normal during the study period. No sig-
nificant relationship existed between lake volume and basin precipitation (SPSS
CC=0.24). These results are consistent with lake changes in Figure 1, which
shows recent “recovery” signs, supporting Figure 4 results. Since climate change
effects were negligible (Section 3.2.1), it was excluded to maintain model sim-
plicity. Strategies were based on local consultant proposals without precise
magnitude information.

SPI was calculated to monitor meteorological drought severity and frequency.
Figure 5 [Figure 5: see original paper] shows annual SPI time series from bias-
corrected GPCC data, where negative red SPI indicates drought and positive
blue SPI indicates drought end. No severe prolonged drought threatened Lake
Urmia during 1970-2020 (SPSS CC=0.23).

3.2.2 Population Increase

Increasing domestic consumption and population growth raised total water de-
mand in the basin (Madani, 2014). Agricultural Statistics data show basin
population increased from 1.868x107{6}$ in 1970 to 5.48$x10"{6}$ in 2020.
An inverse relationship existed between population growth and lake volume
(SPSS CC=-0.71) (Fig. 6 [Figure 6: see original paper]). However, since domes-
tic consumption constitutes only 3% of total basin consumption (Urmia Lake
Restoration National Committee, 2015), population growth’s impact on other
factors like agricultural development must be examined.

3.2.3 Excessive Dam Construction

Lake Urmia has 13 permanent main water sources from surrounding moun-
tains in Iran and Turkey, forming a closed basin. Currently, over 74 dams
on these rivers have caused sharp lake volume declines. Reservoir volume is
about 5.20$x107{9}$ m3. From 1995-2010, 43 dams with 3.89$x107{9}$ m3
annual adjustability caused a 7 m lake depth decrease. Considering extra water
retained by large dams, their profound crisis impact became apparent (Lake
Urmia Restoration Program, 2014; Tourian et al., 2015; Urmia Lake Restora-
tion National Committee, 2015; Rahimi and Breuste, 2021). Proper dam man-
agement (temporarily opening large dams during wet periods, preventing new
dams) could be effective.
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3.2.4 Agricultural Water Use

Between 2010-2015, total water consumption and renewable sources exceeded
4.83$x107{9}$ and 7.00$x107{9}$ m3, respectively. Agricultural use consumed
4.30$x107{9}$ m3—about 65% of renewable sources and 93% of total basin
use (Lake Urmia Restoration Program, 2014). Acceptable withdrawals should
be 20-40% of total consumption (Sachs et al., 2021). Water-based farmland
increased from 3.50$x107{5}$ to 5.00$x 10" {5}$ hm? between 1986-2013 (Lake
Urmia Restoration Program, 2014). Figure 7 [Figure 7: see original paper]
shows lake volume and agricultural water use changes from 1970-2020. High
agricultural consumption dramatically reduced lake volume (SPSS CC=-0.77).
Crucial planning is needed to reduce agricultural consumption and protect lake
volume.

3.2.5 Water Resources Management

The study attributed Lake Urmia’s water decline to increasing surface and
groundwater withdrawals during 1970-2020. In the basin, 61% of domestic
water came from surface sources and 39% from groundwater. Industry used
42% surface and 58% groundwater. Agriculture used 56.5% surface and 43.5%
groundwater. Figure 8 [Figure 8: see original paper] shows high withdrawals
caused dramatic lake volume decline (SPSS CC=-0.86).

Additionally, approximately 88,000 semi-deep and deep wells existed in 2014,
with about 50% illegally constructed (Urmia Lake Restoration National Com-
mittee, 2015), tremendously reducing inflow.

3.3 Resilient Water Resources Management in Lake Urmia
Basin

Lake Urmia normally holds 16.27$x107{9}$ m? (Lake Urmia Restoration Pro-
gram, 2014; Ahmadaali et al., 2018). However, available water varied from
17.52$x107{9}$ m? in 2000 to 4.10$x107{9}$ m? in 2020—a 13.42$x107{9}$
m?3 amplitude over 20 years. To compensate, we examined management strate-
gies in WEAP. Using 2010 consumption data, we validated WEAP for 2011—
2018, with strategies assumed operational from 2021. Model validation results
are in Tables 4 and 5. Detailed WEAP model information appears in Yazdan-
doost et al. (2020b).

Strategies included: (1) Basic strategy (S1)—predicting basin conditions (2021
2040) with no action, using 1.10%, 5.00%, and 5.00% growth rates for domestic,
industrial, and agricultural consumption; (2) 25% demand reduction in indus-
trial and domestic sectors (S2); (3) 40% demand reduction in agriculture (S3);
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(4) Water transfer to Lake Urmia (S4) (Urmia Lake Restoration National Com-
mittee, 2015). A hybrid scenario with 25% reduction in all demands (S5) was
also analyzed. Since climate change effects were negligible (Section 3.2.1), it
was excluded to maintain model simplicity. Strategies were based on local con-
sultant proposals without precise magnitude information.

Figure 9 [Figure 9: see original paper] shows modeled water volumes. The
40% agricultural reduction (S3) reaches normal state soonest, but compulsory
agricultural allocation reduction may create social and economic impediments.
Inter-basin water transfer (S4) ignores drying process dynamics—short-term
relief may cause long-term tensions. Therefore, inter-basin transfers are inade-
quate and may cause unintended negative consequences.

This study proposes better basin management: hybrid scenarios considering all
demands (S5), changing cultivation patterns (reducing water-intensive crops,
cultivating low-demand crops), decreasing cultivated areas, improving irriga-
tion efficiency (modern drip/sprinkler systems), and providing farmer techni-
cal support (Richter et al., 2017; Ahmadaali et al., 2018; Emami and Koch,
2018). These measures reduce impediments without compulsory agricultural
withdrawal reductions.

4 Conclusions

In recent years, large portions of Lake Urmia have dried up. This study indi-
cates that change rates in recent decades, particularly 1998-2018, were consid-
erable, with about 30% of the lake area disappearing. Climate change effects on
shrinkage were negligible; while climate and meteorological factors contribute,
anthropogenic factors play the major role. These challenges have serious impli-
cations for short- and long-term water resources management. Decision-making
must consider IWRM principles based on resilient water management, requiring
scenarios encompassing environmental, economic, technical, and social aspects
in an integrated system.
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