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Abstract

:

The water level of the Urmia Lake Basin (ULB), located in the northwest of Iran, started to decline dramatically about two decades ago. As a result, the area has become the focus of increasing scientific research. In order to improve understanding of the connections between declining lake level and changing local drought conditions, three common drought indices are employed to analyze the period 1981–2018: The Standard Precipitation Index (SPI), the Standard Precipitation-Evaporation Index (SPEI), and the Standardized Snow Melt and Rain Index (SMRI). Although rainfall is a significant indicator of water availability, temperature is also a key factor since it determines rates of evapotranspiration and snowmelt. These different processes are captured by the three drought indices mentioned above to describe drought in the catchment. Therefore, the main objective of this paper is to provide a comparative analysis of drought over the ULB by incorporating different drought indices. Since there is not enough long-term observational data of sufficiently high density for the ULB region, ECMWF Reanalysis data version 5(ERA5) has been used to estimate SPI, SPEI, and SMRI drought indicators. These are shown to work well, with AUC-ROC > 0.9, in capturing different classes of basin drought characteristics. The results show a downward trend for SPEI and SMRI (but not for SPI), suggesting that both evaporation and lack of snowmelt exacerbate droughts. Owing to the increasing temperatures in the basin and the decrease in snowfall, drought events have become particularly pronounced in the SPEI and SMRI time series since 1995. No significant SMRI drought was detected prior to 1995, thus indicating that sufficient snowfall was available at the beginning of the study period. The study results also reveal that the decrease in lake water level from 2010 to 2018 was not only caused by changes in the water balance components, but also by unsustainable water management.
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1. Introduction


Droughts are significant natural hazards worldwide, with widespread impacts on humans and ecosystems. While the frequency and magnitude of droughts are expected to change in the coming decades due to climate change, the regional evolution of future droughts remains highly uncertain [1,2]. The Middle East and southwest Asia are water-stressed regions, societally vulnerable, and prone to severe droughts. Since the 1940s, there have been two particularly severe drought periods in these regions, 1999–2001 and 2007–2008, respectively [3,4,5]. Different drought indices have confirmed that 2001 was one of the most severe periods of drought in Iran [6,7]. Studies regarding the periodic behavior of drought in Iran show that, in addition to the dominant short-term periods over the northwest of Iran, long-term periods of 10 and 30 years have also been observed. Although the average rainfall in southern Iran is much lower than in the north, short-term droughts in the north are more severe than in the south. Meanwhile, long-term droughts are more severe in Iran’s west, east, southeast, south, and center [8,9,10].



Large-scale atmospheric circulation and teleconnection play an essential role in the development of drought in Iran. Dry periods are usually accompanied by westward displacement of a subtropical high, while wet periods are associated with eastward displacement of the high-pressure system toward the Arabian Sea. The Southern Oscillation Index (SOI) in its positive phase can decrease precipitation in the northwest of Iran [11]. Research has also confirmed that the late withdrawal of the Indian monsoon is associated with a delay in the onset of fall precipitation over Iran. This delay is accompanied by prolonged subtropical high pressure settling over Iran’s plateau, with the latter preventing the formation of polar jet frontal systems [12,13,14,15].



Northwestern Iran has the highest risk of severe and long-lasting drought [16], and the shrinking of the Urmia Lake has been quite dramatic over the last two decades. Whether or not this is an effect of ongoing climate change or is the result of human activity, such as water management (e.g., water dams and unapproved wells) or agriculture [17,18], is the subject of considerable debate. The declining water level of Lake Urmia is now a major challenge in national water and environmental management. In addition, climate change and reduced precipitation [19,20,21], decreased water levels [22], and the expansion of saline areas around the lake have also all led to numerous environmental and economic impacts [23]. Over the Urmia Lake basin, a warming trend of 0.18 °C/decade has been detected, and precipitation has decreased by approximately 9 mm/decade [24]. This has resulted in an increase in evaporation from the lake of 6.2 mm/decade [24]. Consequently, the water level of Lake Urmia has been rapidly declining since 1995, with a 6.1 m decline for the period 1995–2009. The lake surface area has also decreased by about −188.3 km²/yr, from 5503 km2 in 1998 to 2323 km2 in 2011. Mean precipitation in the ULB has decreased by 9.2%, and the average maximum temperature has increased by 0.8 °C over 1964–2005 [25]. The leading cause of the recession of Lake Urmia is the diminution of inflow from rivers [19,24,26,27,28]. Aziz et al. [29] found that compared with other impacts, the operation of dams (26%) and increasing water demand (16%) have played a clear role in reducing the water input to the lake. Changing climate contributed up to 16% of the lake level change within 1999–2014. The lake reached its highest level in 1995, but it has generally declined since then, reaching the lowest level in recent years [19,23,30]. The mean annual water inflow into the lake is 6900 × 106 m3, of which 4900 × 106 m3 is from rivers (with 2000 × 106 m3 of this coming from the river Zarrineh Rood), 500 × 106 m3 from floodwaters, and 1500 × 106 m3 from precipitation onto the lake [31]. However, as water inflow into the lake has also recently declined [19,26], Lake Urmia’s surface area and volume have continued to decrease [24].



The decline in the lake’s water level and surface area [26] over the last two decades has caused an environmental disaster, led to increased salinity, and negatively affected agriculture, livelihoods, and health [32,33]. The strong natural climatic variability is being threatened and amplified by climate change, thus increasing the occurrence of hydrologically extreme drought events [34]. The impact of drought, particularly its socioeconomic impact, means that substantial improvements in water management practices are required in order to preserve or partially restore the lake [24]. Data from weather stations located in the ULB indicate that an increase in drought is to be expected in the future [35]. Salt storms around the former shoreline and lakebed have already begun to sweep across the region [36], negatively impacting local agriculture and adversely influencing human health [24].



Drought may be analyzed in terms of its duration, severity, spatial coverage, and water deficit characteristics. Several methods and indices have been developed based on climatic and hydrological variables to monitor and quantify drought intensity and impacts. These cover factors such as precipitation [37,38,39], soil humidity [40], evapotranspiration and vegetation conditions [41,42,43], or combine these in a number of specific indices [44,45,46,47]. Analyzing the impact of global climate change on drought has also become common [35]. Over the past few decades, new indices have been developed for drought quantification, and apart from data on precipitation, they have added variables such as temperature, snowpack, evapotranspiration, soil moisture, runoff, streamflow, groundwater, reservoir storage, and snowmelt [37,38,39,40,41,48,49,50,51,52].



Despite the many existing studies of the ULB, drought quantification remains an ongoing issue of high practical value. The present study focuses on quantifying drought for the ULB by using SPI, SPEI, and SMRI, and looks at precipitation, evapotranspiration, and snowmelt as the major components of water balance.



Snow droughts remain relatively unexplored compared to other drought types, and only a few studies have included snow information in drought characterization [41,52,53,54,55,56,57]. Snow droughts have become more prevalent, intensified, and prolonged across the Western United States. In addition, Eastern Russia, Europe, and the US have emerged as snow drought hotspots, with respective increases in drought duration of ~2%, 16%, and 28% in recent decades. While runoff from mountain snowmelt can support agricultural activities in downstream areas (e.g., California’s Central Valley), snow also directly provides meltwater to croplands and protects winter wheat from frost and freezing (e.g., in Russia and Ukraine) [58]. The gradual increase in temperature in some regions in North America, such as the Athabasca River Basin (ARB), Central North America, and Alaska, resulting in snowpack melting in early spring, has already been described [59,60,61]. A snow drought or a deficit in snow water equivalent (SWE is the amount of water obtained if the snowpack is melted instantaneously) can have severe regional and global impacts on human activities and ecosystems, both in snow-covered and snow-free areas. Precipitation storage as snow in winter and spring can critically modulate hydrological droughts in summer. Concerning streamflow, droughts are often related to the presence or absence of snow in the preceding winter, whereas winter droughts can occur despite large amounts of precipitation falling as snow [62]. One extension of the SPI is the Standardized Snowmelt and Rain Index (SMRI). This accounts for the impact of rain and snowmelt deficits on streamflow. The SMRI has been found to be a valuable complementary index for characterizing streamflow droughts in catchments with a significant snowmelt component in runoff generation [52]. When the snow/precipitation ratio decreases, the SMRI approaches the SPEI. However, the difference between SPEI and SMRI increases with the increasing impact of snow cover on streamflow for the entire and dry periods only [52]. Moreover, meteorological drought indices that include evaporation or snowmelt can be better correlated with streamflow [63].



The water level of Lake Urmia also experiences monthly and seasonal variations, primarily determined by snowmelt [24]. Thus, depending on the snowmelt in the surrounding mountains, the Urmia water level peaks in May–June (precipitation peaks from October to May) and drops to a minimum in October to December due to the lack of snowmelt. Overall, monthly fluctuations in lake water level can be up to nearly 0.6 m [24]. Urmia Lake started drying out about twenty years ago, and the lake level has declined by more than eight meters during this period. Since reaching its highest level in 1995 (1278.48 m), the water level has decreased annually on average by 40 cm over the last two decades. In September 2015, it reached the lowest level, and southern parts of the lake dried out. Indeed, the whole lake is a moderately shallow water body (about 6 m deep on average) Figure 1 [64].



The main objective of the present study is to better understand drought events in the ULB by focusing on SMRI in addition to the SPI and SPEI indices. Use is made of the SPEI index in order to assess the impact of rising temperatures. The ERA5 dataset has been used for drought indices to provide for a higher density of meteorological data and allow for a more elongated data period. The paper is organized as follows: Section 2 introduces the materials and methods. Section 3, Section 4 and Section 5 contain results, discussion, and conclusions, respectively.




2. Materials and Methods


2.1. Lake Urmia Catchment


Located in the mountainous region of north-western Iran, Lake Urmia (Figure 2) and its catchment basin cover an area of approximately 52,000 km². Lake Urmia, the world’s second-largest saline lake, covers about 5000 km² and belongs to Iran’s Western Azerbaijan and Eastern Azerbaijan provinces.



The specific geology of this area, the high amount of evaporation, and the constant solute aggregation result in highly salty soils. The lake is surrounded by some freshwater wetlands, which are of ecological importance. The Mediterranean climate of the Urmia Basin is influenced by the surrounding high mountains and is characterized by cold winters and relatively temperate summers. The basin’s long-term average temperatures are 0.2 °C in winter (December–January–February) and 23.9 °C in summer (June–July–August), while the average annual temperature is 12.3 °C. July and August are the warmest, and January and February are the coldest months of the year. Long-term average evaporation (for the 35-year record from 1966 to 2000) from Lake Urmia is 1373.7 mm yr−1, and the highest evaporation has been observed in July and August. Precipitation in the Urmia basin is estimated to be 302.8 mm yr−1, mainly falling in the period from October to March (with the highest amount in spring), during which the region is affected by the Rossby-forced advection of the Mediterranean, and sometimes, the Siberian air masses. In contrast, precipitation is comparatively low from June to September due to the dominance of upper-level ridges of high pressures. Annual evaporation is much higher than annual precipitation, suggesting that the lake is suffering from a water deficit [24].




2.2. ERA5 Reanalysis Data


The European Center for Medium-range Weather Forecast (ECMWF) has released the ECMWF Reanalysis v5 (ERA5) dataset as part of the Copernicus Climate Change Services. The dataset uses a spatial resolution of 31 km, covering the period from 1979 onwards [65]. We used ERA5 monthly precipitation and 2-m air temperature data with a 0.25° grid spacing for 1981–2018. ERA5 datasets were compared with gauge observations over the Karun basin in southwestern Iran and were found to be quite accurate [66]. In contrast, ERA-Interim, The Climate Forecast System Reanalysis (CFSR), and the Japanese 55-year Reanalysis (JRA-55) interpolated datasets show larger underestimations relative to observations [67]. In addition, the performance of ERA5 data is generally more consistent across different climate variables. In the absence of observational precipitation data, ERA5 and ERA-Interim are the best choices for data covering the Sistan and Baluchestan provinces, one of Iran’s poorly gauged areas for rain [67]. The ERA5 data has also been validated against observations from the Ardabil province near the ULB [68]. It was found that, after correcting for bias, the ERA5 daily and monthly precipitation data was quite adequate, particularly given the data scarcity prevailing in the region. The ERA5 precipitation dataset was compared to observational datasets from meteorological stations in nine different precipitation zones of Iran for the period 2000–2018. After correcting for bias, ERA5 precipitation reanalysis datasets were found to be a very promising substitute for weather station data [69].




2.3. Observational Data


Precipitation and temperature data was obtained from the Iran Meteorological Organization for nine synoptic weather stations from 1995–2018. Table 1 and Figure 2 show the geographical location of the weather stations in the basin. The synoptic stations, geographically dispersed around the Urmia Lake basin, were selected to represent the conditions prevailing among the mixture of plain and mountainous locations.




2.4. Drought Indices


The SPI, SPEI, and SMRI drought indices were generated using the R software package [70]. This is a free software package for statistical computation and graphics.



2.4.1. Standardized Precipitation Index (SPI)


The SPI is designed to assess drought conditions based on the probability distribution of long-term precipitation using the gamma distribution [39]. Precipitation data is transformed into normalized values. The SPI is given as the number of standard deviations by which the observed precipitation deviates from the long-term mean for a normally distributed random variable. It can thus be used to define and compare drought conditions in different areas. The index gives a good and reliable estimate of drought magnitude, severity, and spatial extent. When precipitation is above the long-term mean value, the SPI is positive, and if precipitation falls below the long term, the SPI is negative. Unlike other drought indices, SPI is relatively easy to use because it only requires a single input data series of long-term precipitation [71]. As it is based on normalized data, the SPI is spatially invariant, and droughts can be assessed in different regions [72]. The index is calculated as follows:


  SPI =    x i  −  x ¯   σ   








where xi is the precipitation of the selected period during the year i, x is the long-term mean precipitation and σ is the standard deviation for the selected period.




2.4.2. Standardized Precipitation Evaporation Index (SPEI)


SPEI is calculated based on the non-exceedance probability of the differences between precipitation and potential evapotranspiration (PET), adjusted using a three-parameter logistic distribution which accounts for common negative values [51,73]. SPEI uses a three-parameter distribution to capture the deficit values since it is most likely that the moisture deficit can be damaging in arid and semi-arid areas. For two-parameter distributions as used in SPI, the variable x has a lower boundary of zero (0 < x < ∞), meaning that x can only take positive values. In contrast, for the three-parameter distributions used in SPEI, x can take values in the range (γ < x< ∞), implying that x can also take negative values; γ is the parameter of origin of the distribution [51]. Use of the log-logistic distribution is thus recommended for SPEI since it provides a better fit for extreme negative values [74]. The SPEI is obtained by normalizing the water balance into the log-logistic probability distribution. For the purposes of the present study, PET is estimated using the Thornthwaite method [75]. The difference (Di) between precipitation (P) and PET for the month (i) is given by:


   D i  =  P i  −   PET  i   











The calculated D values are aggregated at different time scales as follows:


   D n k  =   ∑   n = 0   k − 1    P  n − 1   −    (  PET  )    n − 1    








where k is the timescale (months) of the aggregation and n is the calculation month. The probability density function of a log-logistic distribution is given as:


  f  ( x )  =  β α     (    x − y  α   )    β − 1      (  1 +    (    x − y  α   )   β   )    − 2    








where α, β and γ are scale, shape, and origin parameters respectively for γ > D < ∞. The probability distribution function for the D series is then given as:


  D =    [  1 +   ( α / x − y )  β   ]    − 1    











With f(x) the SPEI can be obtained as the standardized values of F(x) according to the empirical method of [76]: where


  SPEI = W −    C 0  +  C 1  W +  C 2   W 2    1 +  d 1  W +  d 2   W 2  +  d 3   W 3     











And


  W =   − 2 l n  ( P )     











For


  P ≤ 0.5  











P is the probability of exceeding a determined Di value and is given as P = 1 − f(x) while the constants are:


   C 0  = 2.515517 ,  C 1  = 0.802853 ,  C 2  = 0.010328 ,  d 1  = 1.432788 ,  d 2  = 0.189269 ,  d 3  = 0.001308 .  











The probability distribution function is given by; F(x) = 1[1 + exp(−y)]−1. The F(x) values were then transformed to a normal variable by means of the above approximation by [77].



Hosking and Wallis [78] showed that the Di (P-ET0) distribution consistently produces the best goodness of fit to the generalized logistic (GLO) functions across all accumulation. The GLO is given by the above probability density function.



Since SPEI is a standardized variable, it can be used to compare droughts over different spatial and temporal scales. As with SPI values, negative SPEI values define drought conditions, and its accumulated values define the intensity, severity, magnitude, and duration of drought [79].





2.5. Standardized Snow Melt and Rain Index (SMRI)


The SMRI is based on precipitation and snowmelt minus snow accumulation. Snow accumulation, expressed as the amount of liquid water accumulated as snow, occurs when the mean temperature is smaller than a threshold temperature of 1 °C. In contrast, snowmelt, expressed as the amount of liquid water melted, is calculated with a simple temperature index model using a melt factor of 3 mm/°C-day (similar to [80]). The difference values, where Pi is precipitation, PET is potential evaporation, SA is snow accumulation, and SM is snowmelt [52,81], lead to the following SMRI equation:


   D i  =  P i  −   PET  i  +   ∑   i = 1  ∞  S M −   ∑   i = 1  ∞  S A  












2.6. Drought Characteristics—Duration, Severity, Frequency


Once a drought event was identified using the SPI, SPEI and SMRI indices, the drought starts and ends, drought duration (DD), and drought severity (DS) were derived from index data. DD is equal to the number of months between the starting month (included) and ending month (not included). DS is the absolute value of the integral area between line indices and the horizontal axis (SPI = 0, SPEI = 0, and SMRI= 0) from the beginning and ending month of drought. Drought frequency (DF) is represented by the number of events per 38 years (the whole period). Table 2 gives an overview of indices values for three drought categories. Drought begins when the index value is less than or equal to −1, and it ends when values become positive [39,82,83,84]. Figure 3 shows the drought characteristics using the run theory for a given threshold level. In runs theory, drought intensity is the average value of a drought parameter below the threshold level, which is measured as the drought severity divided by the duration [85]



The duration (D) of drought is the period in which the SPEI/SPI/SMRI value is continuously negative. It starts when the indices values are equal to −1 and ends when values become positive. The drought severity (S) is the cumulated index values within the drought duration, which is defined by:


  S = −   ∑   i = 1  D  I n d e x e  s i   












2.7. Relative Operative Characteristics (ROC) and Brier Skill Score (BSS)


The ROC curve is a performance measurement for classification problems at various threshold settings. The ROC method is a useful tool for assessing how well the ERA5-based drought classes can capture observational-based drought classes. It identifies how capable the model is of distinguishing between simulated classes (true positive, false positive, true negative, false negative). The ROC plots the True Positive Rate (TPR) against the False Positive Rate (FPR), where TPR is shown on the y-axis and FPR is shown on the x-axis. The rates are calculated as shown below [86]:


  T P R =   T P   T P + F N      F P R =   F P   F P + T N    










  F P R =   F P   F P + T N      F P R =   F P   F P + T N    








where,



	
TP: True Positives, are correct captures of drought classes.



	
FP: False Positives, are incorrect capture of drought classes.



	
TN: True Negatives, represent the capture of non-occurrence of specific drought classes



	
FN: False Negatives, represent the failure to capture the occurrence of specific drought classes.






The larger the Area Under Curve (AUC, which is the area under the ROC curve), the better the model simulates the classes (a perfect simulation is achieved when AUC = 1). For a model equivalent to random guessing, the AUC value is equal to 0.5. Table 3 shows a contingency table for distinguishing drought classes in terms of ERA5 and observational data.





3. Results


3.1. The Ability of ERA5 to Capture Drought Characterization over ULB


Figure 4 shows the basin’s mean annual precipitation and temperature during 1995–2018 using ERA5 gridded (red line) and observational data (blue line). The basin’s mean precipitation and temperature for the ERA5 and observational data are calculated using the mean gridded and Thissen methods, respectively. The correlation, RMSE, and bias of ERA5 precipitation and temperature with respect to observational data are shown in Table 4 and Table 5. From Figure 4 and Table 4, it can be concluded that ERA5 data, after simple bias correction, can reasonably simulate the observed precipitation and temperature of the basin, specially over areas lacking adequate data. (Figure 4).



As ULB weather stations data are often inadequate, we used ERA5 reanalysis data (thus providing us with full spatial coverage) to analyze the basin’s drought conditions. In order to quantify systematic differences between the two data sets, the SPI, SPEI, and SMRI drought classes computed from station observations were compared with relevant ERA5- derived indices (for 3-, 6- and 12-monthly accumulated values). The ROC curves and Brier Skill Score (BSS) were then used to evaluate how well the ERA5 dataset captures different drought classes over the basin compared to measurements at meteorological stations (Table 6).



The BSS scores (Table 6) show high consistency between ERA5 and observational data for SPI, SPEI, and SMRI. To further illustrate the consistency of the drought indices from ERA5 data, we also analyzed ROC curves. The ROC curves are close to each other for the dry, wet, and normal SPEI category on 12-months running, with an average BSS score of 0.9–1 showing good to excellent consistency between ERA5 and observations over ULB. In SPI, the ROC curves for dry and normal events with AUC of 0.83–0.96 show excellent consistency of ERA5 data with observation, especially in the simulation of dry cases. The amount of AUC (BSS) for wet events is 0.70. Figure 5 shows that among the three indicators on a 12-month scale, the highest correlation exists between the SMRI drought index obtained from ERA5 and observation data. In addition, as can be seen for all drought indices, dry conditions are better identified by ERA5 data than are other conditions.




3.2. Temporal Evolution of the SPI, SPEI, and SMRI in ULB


To quantify the temporal evolution of SPI, SPEI, and SMRI for the ULB and to check the robustness of ERA5 results we compared the basin-wide indices for observational data with ERA5 over the period 1995–2018. This is shown in Figure 6. There is a general consistency between both input data sets for SPI (Figure 6a), SPEI (Figure 6b), and SMRI (Figure 6c). However, SPI and SPEI drought indices differ slightly depending on the time interval, especially at 3-, 6- and 12-months intervals. In recent decades, droughts indicated by SPEI have been more severe than those of SPI, mainly due to an increase in temperature and the related higher evapotranspiration rate. On the other hand, SMRI index values have also been rising, reflecting the conversion of solid precipitation to rain, the decline in snow storage in winter, and the relatively low amount of snowmelt during late spring to early summer. Figure 6 and Table 5 also imply that, as the time scale of the drought index increases from 3 months to 12 months, the correlation between ERA5 and observation data increases.



Regarding the seasonal distribution of the three drought indicators (averaged over the Urmia Lake Basin for the period 1995–2018) our analyses show that more severe droughts of the SPEI type (i.e., those induced by changes in precipitation and evapotranspiration) developed in most months, whereas for SPI-type droughts (precipitation driven) occurrence tends to be limited to late spring and summer (i.e., to the warmer months of the year). For SMRI-type droughts, severe droughts occurred from summer until to the end of fall) Figure 7.



In addition to seasonal variability, long-term variations and changes in SPI, SPEI, and SMRI data are also of interest, particularly with respect to the impact of climate change. On the one hand, drought frequencies and intensities differ, with differences decreasing with increasing drought timescale. The differences between the SPI and the other two indices have been increasing in recent years. This is particularly obvious from 2001 onwards. In fact, while there are a few moderate to extreme (index ≤ −1) droughts of SPI type from 2001 onwards, there is a clear increasing trend in extreme SPEI and SMRI type droughts (Figure 8). It is also clear that snowmelt-type droughts (SMRI) have become more common in recent years—especially since 2010—than other types of droughts (SPI and SPEI). This follows from the rising basin temperatures over the same period, which has led to a decrease in solid precipitation and a decreased snowmelt, and thus to an increase in the SMRI drought sequence. As a result of the associated rise in evapotranspiration, the SPEI type droughts are also affected by the basin temperature increase (Figure 8).




3.3. Drought Characteristics


The identified droughts were further characterized in terms of their severity, duration, and frequency at various timescales by analyzing their spatial distributions. For this purpose, we focused on specific dry and wet events derived from monthly SPI, SPEI, and SMRI data for the 38-year period from 1981 to 2018. In order to identify drought hotspots, we focused particularly on the years with moderate to extreme drought. Based on Table 2, threshold values related to moderate, severe, and extreme drought (index ≤ −1) were chosen to assess the drought characteristics using the three drought indices.



3.3.1. Drought Duration


Drought duration data in the ULB show a clear increase in snowmelt-driven droughts (SMRI) over the last years of the study period, particularly in 2010, 2015, and 2018. Similarly, drought duration for precipitation-driven droughts (SPI) were recorded in 1999, 2000, and 2001. Another noteworthy point on the SMRI droughts is that before 1995, no snowmelt drought occurred on any of the 3 to 12-month scales, indicating that there was not snowmelt in the water balance from 1981 to 1994. The decrease in snow precipitation in the basin then becomes noticeable and is clearly captured by the SMRI after 1995. The changes in the SPEI drought index are similar to those in the SMRI. This is no great surprise as the increase in ULB air temperatures and associated rise in evapotranspiration also began to play an ever-increasing role in drought events. Consequently, SMRI and SPEI indices are now more suitable for capturing drought conditions in the basin than the SPI index. Figure 9 also shows that based on SMRI data the most prolonged droughts occurred in the last decade in 2010, 2015, and 2018 (in particular for the 12-months timescale). This corresponds to other sources on drought information. The lake surface area diminished from 5650 square kilometers in 1998 to about 2005 square kilometers in 2010 [87]. The lowest annual surface discharge to the lake, recorded in 2015, was only 0.5 km3 [88]. During their fieldwork in October 2018, previous research noticed that, especially on the eastern side of the lake, many people were complaining about the increasing occurrence of respiratory diseases as a result of a lake salt storm [89]. According to the SPI index, the 2015 and 2018 ULB droughts are classified as light drought and slightly wet, respectively. However, the SPEI index reveals large differences with respect to the impact of temperature, and the two droughts are classified as severe and moderate, respectively. According to the Ministry of Energy [90], the SPEI drought index results are consistent with the actual drought in the basin.




3.3.2. Drought Severity


Developments in the time series of drought severity (Figure 10) are similar to those found for drought duration. From the beginning of the study period up to 1996, drought severity according to the SMRI index is almost zero. This indicates that before 1996, the Urmia Lake Basin did not face the challenge of snowmelt drought. The first severe SMRI drought event occurred around 1995/1996. From 1996 onward, however, the severity of snowmelt drought in the basin has increased. As was the case for drought duration, the most severe snowmelt droughts occurred in the more recent years, i.e., 2010, 2015, and 2018.The severity levels using SPEI and SPI indices were clearly less marked than those indicated by the SMRI data. Again, these results indicate that snowmelt drought is highly relevant for ULB, and droughts identified by SMRI give a more realistic picture of ULB droughts than the other two indicators. As can be seen in Figure 11, there is a clear correspondence between ULB drought severity and drought duration. The more severe the drought, the longer the drought duration. Use of the Palmer Drought Severity Index has also shown that while, on average, drought episodes have hit the Urmia Lake Basin every five years and most of them reached severe levels, the more recent droughts have also become more intense and of longer duration [25].




3.3.3. Spatial Distribution of Drought Severity


Besides the temporal changes in drought events, the spatial patterns of drought events within the study region are also relevant for drought management. Figure 12 maps drought severity and shows some obvious drought hotspots. The spatial distribution of drought conditions in selected years with moderate and severe/extreme droughts were mapped for each index in order to evaluate spatial characteristics. The year 2001 was selected as the moderate year in the SPI index. The figure shows that the riverbed was most affected by severe droughts, but in 1999, which was considered the most severe year, not only the river but also the southern parts of the basin exhibit extreme drought. In evaluating SPEI spatial severity, 2009 and 2004 were selected as moderate and severe years, respectively. According to the SPI index, drought conditions were largely restricted to the riverbed. In 2009, the northeastern parts of the basin were subject to extreme drought. The SMRI index shows that the broadest range of drought severity includes parts of the east, north-east and south-eastern lake areas. This contrasts with spatial patterns as evidenced by the other two indicators. However, not much difference was found between the severe year 2015 and the extreme year 2018 in terms of snow drought patterns.




3.3.4. Spatial Distribution of Drought Frequency


Drought frequency (DF) is defined in terms of the number of drought events per 38 years. DF under −1 threshold maps indicate extreme conditions in the near lake region based on three drought indices. The drought frequency maps (Figure 13) show the difference between the drought frequency in the Urmia basin in terms of the three different indicators, SPI, SPEI, and SMRI. When considering SMRI data, the most extreme and prolonged events occurred in the Zarine river sub-catchment. Using SPI, all parts of the lake shore were affected by prolonged drought events, occurring in 30 out of 38 years, and drought patterns using the SPEI index show the prevalence of drought conditions ranging from the southern part of the lake to the southern parts of the basin for most years. It needs to be noted that in Figure 13, the SPI index only shows the occurrence of drought in the lake shore stations, while the SPEI index shows a relatively more expansive range of drought-affected areas. However, the SMRI index clearly identifies the drought area due to runoff deficiency in the south of the basin.






4. Discussion


The above comparison of drought events across the Urmia Lake Basin (ULB) has helped reveal specific drought behavior occurring over recent decades. The combined use of three common drought indices, i.e., SPI, SPEI, and SMRI, has provided clear insight into drought characteristics. Given the low density of meteorological stations, the inadequacies of existing statistics, the presence of geographical and topographical complexities (mountains, lowlands, and sea), an analysis of drought characteristics can only properly be carried out by making use of data with high spatial density. Therefore, the precipitation and temperature data of ERA5 were used to calculate drought indices. The suitability of the ERA5 dataset for purposes of drought monitoring was examined by making use of two series of data from observational and simulated ERA5. ROC and AUC (BSS) calculations were then used in order to check model performance. The results showed that the drought indices obtained by ERA5 are highly consistent with observational data and that they provide an excellent alternative to such data.



We also analyzed drought severity, duration, and frequency for various timescales, and additionally looked at spatial distribution, focusing on specific dry and wet events. There was a positive, significant, and robust correlation (p-value < 0.001) between the severity and duration of the drought, meaning that the more severe the drought occurrence, the longer its duration. The analysis revealed that both SMRI and SPEI are more suitable for capturing ULB drought characteristics than SPI. However, in recent decades, drought conditions as reflected by SPEI have been more severe than those indicated by SPI. This is mainly due to the fact that the former index is capable of capturing the impact of an increase in mean temperatures in the basin area. Furthermore, SMRI index data also exhibit a rising trend in drought conditions. The results above confirmed that the SMRI-type drought has become more abundant in recent years—especially since 2010—than other types of droughts (SPI and SPEI). This may be due to rising basin temperatures and global warming having led to a decrease in snowfall in the basin in the last decades, resulting in a decrease in snowmelt surface water and an increase in the SMRI drought sequence. In general, it can be confirmed that SMRI and SPEI indices are capable of capturing more real drought conditions in the basin than the SPI index. We found that the most extended periods of snowmelt-related drought, as measured by the SMRI, mainly occurred in the more recent years of the study period, i.e., in 2010, 2015, and 2018. While the SPI also indicates a few moderate to extreme (index ≤ −1) drought events, there is a clear and significant rising trend in extreme SPEI and SMRI drought. Our study has benefitted greatly from being able to make use of advances in SMRI data and from the availability of high-resolution ERA5 datasets.



Further tools are likely to become more widely available for investigating the possible relationships between climate data and water level or streamflow. For example, the use of robust wavelet analysis methods, such as the Least-Squares Cross-Wavelet Analysis (LSCWA) and the cross-wavelet transform, appears promising. Wavelet analysis can also show inter-annual and intra-annual variability within the climate and hydrological time series [92]. The scope for future research possibilities in the field thus remains undiminished.




5. Conclusions


The temporal evolution of drought indices was investigated to better understand the causes of drought in the ULB. This is the first time that the relevance of snow cover has been taken into account in analyzing drought in the ULB basin. In characterizing drought events, variables such as drought frequency, duration, and severity all need to be carefully examined. As the number of weather stations in the ULB is limited, and adequate data was lacking, ERA5 reanalysis data was drawn upon in order to capture drought behavior in the basin in a spatially consistent manner. ROC curves and BSS scores confirmed the ability of ERA5 to capture drought events in the catchment area. We found that the ERA5-based drought indices mainly capture dry events in the ULB well but are not as good at capturing wet events.



While drought events occurring before 1995 were mostly precipitation-driven (SPI), and reached a peak around 2000, ET (SPEI) and snowmelt-driven events (SMRI) were basically absent before 1995. Precipitation-driven droughts show no trend since 1980, while drought driven by evaporation and lack of snowmelt showed a marked increase since around 1995. In fact, the severe droughts found on the long timescale (12 months) in 2015 and 2018, were mainly driven by snowmelt. Other studies have also confirmed an increase in such drought events. Drought severity and duration in the ULB also appear to be highly interdependent (shown by means of correlation), i.e., there has been an increase in the severity of drought events, and their duration.



Although there has been no severe SPI drought in the last few decades, the water level in Lake Urmia has continued to decrease. This suggests that drought in the ULB is most likely due to non-sustainable water management, or to an increase in evaporation caused by global warming (and is not a direct result of rainfall variability). Most importantly, the results also show that snow droughts have not only been more frequent and severe in recent years but have also affected an increasing area over time. According to the snow drought index results, most extreme events were observed in the Zarinehrood and Siminehrood sub-basins, both of which play an important role in the revitalization of the lake.
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Figure 1. Measured water level (m) of Urmia Lake since 1981. 
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Figure 2. Geographical location of Lake Urmia. 
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Figure 3. Drought characteristics using the run theory for a given threshold level [85]. 
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Figure 4. Comparison of observed (blue line) and ERA5 (red line) precipitation (a) and temperature (b) of the ULB. 
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Figure 5. ROC curve for SPI (a), SPEI (b), SMRI (c) for three classes of dry, wet and normal drought conditions over ULB. 
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Figure 6. Time series showing 3-, 6- and 12- months accumulated values of SPI (a), SPEI (b) and SMRI (c) indices based on ERA5 (red) and observation (blue). 
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Figure 7. Monthly distribution of Indices (a) SPI, (b) SPEI, (c) SMRI. 
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Figure 8. Time series of SPI, SPEI and SMRI indices of ULB over 1981–2018 (a) and their values under the threshold of −1 (b). 
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Figure 9. Drought Duration (DD) over ULB using SPI, SPEI and SMRI indices,1981 to 2018. (a) 3_months, (b) 6_months and (c) 12_ months. 
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Figure 10. Drought Severity (DS) over ULB using SPI, SPEI and SMRI indices,1981 to 2018. (a) 3_months, (b) 6_months and (c) 12_ months. 






Figure 10. Drought Severity (DS) over ULB using SPI, SPEI and SMRI indices,1981 to 2018. (a) 3_months, (b) 6_months and (c) 12_ months.



[image: Water 13 03273 g010]







[image: Water 13 03273 g011 550] 





Figure 11. Aligning drought severity with its duration during period of 1981–2018: (a) 3_months, (b) 6_months and (c) 12_months. 
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Figure 12. Drought Severity (DS) maps over ULB basin. (a) SPI dry year, (b) SPEI dry year, (c) SMRI dry year, (d) SPI drier year, (e) SPEI drier year and (f) SMRI drier year. Based on Table 2 threshold <−1 considered as drought hot spots [91]. 
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Figure 13. Drought Frequency (DF) maps over ULB basin during 1981–2018. (a) SPI_DF, (b) SPEI_DF, (c) SMRI_DF. Based on Table 2 threshold <−1 considered as drought hot spots [91]. 
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Table 1. Geographical characteristics of stations in the basin.
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	Station
	Lon.
	Lat.
	Altitude(m)
	Period of Data





	Saghez
	46.28
	36.23
	1522
	1995–2018



	Takab
	47.12
	36.40
	1817
	1995–2018



	Mahabad
	45.73
	36.77
	1352
	1995–2018



	Maragheh
	46.23
	37.40
	1344
	1995–2018



	Urmia
	45.08
	37.53
	1336
	1995–2018



	Sarab
	47.57
	37.98
	1682
	1995–2018



	Kahriz
	44.97
	37.88
	1336
	1995–2018



	Tabriz
	46.28
	38.08
	1364
	1995–2018



	Zarineh
	46.55
	36.04
	2142
	1995–2018
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Table 2. Drought classification scheme [39].
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	Value
	Drought Category





	−1 to −1.49
	Moderate dryness



	−1.5 to −1.99
	Severe dryness



	<−2
	Extreme dryness
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Table 3. Contingency table for analysis of drought event detection by ERA5 data.
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Drought Classes

(Wet, Normal, and Dry)

	
ERA5




	
Yes

	
No






	
ERA5 Simulated

	
Yes

	
TP

	
FP




	
No

	
FN

	
TN
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Table 4. Correlation, bias and RMSE of ERA5 data comparing to observational data over Urmia Lake basin.
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	Correlation
	Bias
	RMSE





	Precipitation (mm)
	0.389
	0.112
	0.205



	Temperature (°C)
	0.911
	1.229
	1.25
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Table 5. Correlation and RMSE of ERA5 against observational indices over Urmia Lake basin.
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	Indices
	Correlation
	RMSE





	SPI3
	0.458
	0.356



	SPEI3
	0.759
	0.269



	SMRI3
	0.628
	0.348



	SPI6
	0.638
	0.438



	SPEI6
	0.815
	0.3



	SMRI6
	0.632
	0.445



	SPI12
	0.627
	0.524



	SPEI12
	0.829
	0.346



	SMRI12
	0.626
	0.5772
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Table 6. Brier Skill Score (BSS) of ERA5 data representing drought over ULB using SPI, SPEI, SMRI.
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Run

	
SPI

	
SPEI

	
SMRI




	
Dry

	
Normal

	
Wet

	
Dry

	
Normal

	
Wet

	
Dry

	
Normal

	
Wet






	
3-m

	
0.96

	
0.83

	
0.69

	
0.89

	
0.84

	
0.91

	
0.88

	
0.87

	
0.87




	
6-m

	
0.96

	
0.83

	
0.69

	
0.93

	
0.96

	
0.93

	
0.94

	
0.87

	
0.84




	
12-m

	
0.96

	
0.83

	
0.70

	
0.89

	
0.84

	
0.92

	
0.91

	
0.94

	
0.86
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