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Abstract

:

Future projection of drought vulnerability is vital for northern provinces of Iran, including North Khorasan, Khorasan-Razavi, and South Khorasan, due to the highly dependent of their economy on agriculture. The study is motivated by the fact that no research has been conducted to project the future Drought Vulnerability Index (DVI). DVI consist of three components of exposure, sensitivity, and adaptation capacity. More exposure levels of drought, higher sensitivity value, and lower adaptation capacity lead to a higher amount of vulnerability. Combined ERA-Interim-observation meteorological data, CMIP5 models under RCP4.5 and RCP8.5 scenarios, and national census data are used to estimate DVI in the past and future periods. CanESM2, GFDL-ESM2M, and CNRM-CM5 General Circulation Model (GCM) are selected from CMIP5 based on Taylor diagram results. The delta-change technique was selected for statistical downscaling of GCM outputs because it is most widely used. The study period is regarded as 1986–2005 as observation and four future 20-years periods during 2021–2100. Results indicated that the dissipation of the class of “very low” vulnerability is eminent in the near future period of 2021–2040 under the RCP4.5 scenario, and all provinces would experience a new worse class of “very high” vulnerability at 2081–2100, both under RCP4.5 and RCP8.5 scenarios.
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1. Introduction


Global surface temperature will continue to increase until at least the mid-century under all emissions scenarios considered. Each of the last four decades has been successively warmer than any decade that preceded it since 1850. The global surface temperature was 1.09 °C higher in 2011–2020 than in 1850–1900. Compared to 1850–1900, the average global surface temperature over 2081–2100 is very likely to be 1.4 °C under the very low GHG emissions scenario of SSP1-1.9, and by 4.4 °C under the very high Greenhouse Gas (GHG) emissions of Shared Socioeconomic Pathway (SSP) scenario of SSP5-8.5. A key advance in the recent Intergovernmental Panel on Climate Change (IPCC) report is the supporting the best estimate of Equilibrium Climate Sensitivity (ECS) with a likely range of 2.5 to 4 °C is narrower than the AR5 possible range of 1.5 to 4.5 °C [1]. In this regard, in the context of human-induced ongoing changes in climate and environmental systems, the frequency and severity of extreme weather and climate events such as heatwaves, heavy precipitation, droughts, and tropical cyclones with their adverse effects are increasing almost everywhere in the world. Climate change is already affecting every inhabited region globally [1,2,3,4,5,6,7,8,9,10,11]. As global warming increases the frequency and severity of drought, vulnerability to drought is also expected to increase. Therefore, future projection of drought vulnerability is the prerequisite step in any climate change impacts analysis and action plans.



Physiography of Iran can be divided into four regions: Caspian, Central Plateau (Kavir and Lut deserts), Zagros, and the Southern coastal plain. Iran is located in the arid belt, and more than 50 percent of the land area is mountainous, and around 30 percent of the total land area (situated in the central plateau) receives low annual precipitation (50–250 mm). Only the Caspian Plain in the north receives more than 1000 mm per year. The average annual precipitation and temperature are 235 mm and 19.1 °C during 1988–2017, while its potential evaporation is estimated to be more than 4000 mm in the central part of Iran [12,13]. All-weather stations of Iran with precipitation recorded in 1951–2017 have experienced at least two main periods characterized by long and extremely severe drought. In the west and north-west, long periods of severe droughts occurred during 1999–2017. In the Central Plateau, the stations show extremely severe drought in the past decade. East of the Caspian Sea, an extremely severe drought condition was indicated in 2008 and 2014. There was a severe drought in the southeast from 1999 to 2005. country’s northeast shows the change of climate type from semi-arid to arid. Over Iran, studies show that under different climate change scenarios, the average temperature will increase to about 2.4–4.8 °C over the 2071–2100 period, accompanied by a relative decrease in precipitation by +2% to −10%, while increasing the temperature will lead to a significant increase in annual evapotranspiration, drought frequency and severity [14,15,16]. The northeast of Iran has also been experiencing extreme climatic events, such as heatwaves, droughts, flash flood rainfalls, dust storms, rising mean temperature, evapotranspiration, and decreasing precipitation. The mean average temperature and evapotranspiration are expected to increase by 2.4–5.8 °C and 9.8–18.9% in 2081–2100. Meanwhile, future projection of precipitation is relatively uncertain and ranges from 0.1 to −14.8% during the same period [17,18,19,20,21]. Many kinds of research also confirm the increasing global mean and extreme climatic events under global warming effects [22,23].



Drought can simultaneously be a current hazard, directly and indirectly, influence future vulnerability [24]. Drought develops slowly; its main characteristics, such as the onset, duration, and severity, are not easily quantified [25]. Droughts can be typically divided into four types: meteorological, hydrological, agricultural, and socioeconomic droughts, depending on various hydrological cycle deficits [26]. The complex nature of droughts makes them one of the most challenging climate hazards to perceive. For example, hydrological drought is closely related to human activities, such as irrigation. Thus accurate prediction necessitates the modeling of human activities. Other recurrent weather-related hazards such as heatwaves, floods, and windstorms can be skillfully forecasted in some instances [27]. Droughts are among the costliest natural hazards in the world. The severity of the hazard is closely related to a region’s ability to cope and recover from the event, an ability that depends on the region’s sensitivity and adaptive capacity [21]. The drought vulnerability in each region is directly related to the region’s level of exposure, adaptation, infrastructure, economic and social sensitivity [22]. Reducing drought vulnerability is a basis for sustainable development in agriculture, water, and society.



Many drought vulnerability methods have been used worldwide, ranging from simple equal weighting to more sophisticated weighting techniques. From 1978 to 2018, agricultural drought vulnerability using the entropy weight method showed a decreasing trend in China, with less vulnerable to mildly vulnerable cities and less highly vulnerable cities. At the same time, there is a trend where highly vulnerable cities have been converted to mildly vulnerable cities, whereas mildly vulnerable cities have been converted to less vulnerable cities [28]. Investigation of spatial characteristics of drought vulnerability in China showed that the level of vulnerability in southern and eastern China would be in the low to medium range on a regional scale, while the highest vulnerability level is expected in northern and western China [29]. The most important factor on drought vulnerability in Greece using the Standardized Drought Vulnerability Index (SDVI) and the Environmentally Sensitive Areas Index (ESAI) is the deficits in water resources, either due to lower than usually expected rainfall or to higher societal water demand [30]. Drought vulnerability over Mexican was computed based on a set of socioeconomic and environmental indicators that the method combines using an objective analytic procedure that identifies the most vulnerable states and municipalities from social, economic, and environmental perspectives, all of which converge in overall vulnerability to drought. The results indicated that 38.9% of the Mexican population inhabits municipalities with high and very high degrees of overall vulnerability to drought. In this regard, it is necessary to continue implementing actions and preventive and mitigation strategies via public policies and social programs to decrease the country’s vulnerability to the occurrence of drought events [31]. The vulnerability to the drought of each state within the contiguous U.S. is assessed as a function of exposure, sensitivity, and adaptive capacity, using socio-economic, climatic, and environmental indicators. The resulting geographic distribution of relative vulnerability of the states is partially a reflection of their heterogeneous climates. It highlights the importance of sustainable adaptation of the local economy to water availability to reduce sensitivity and limit the impact of drought. As such, the study at handovers insights to local and regional planners on how to effectively distribute funds and plan accordingly to reduce state-level drought vulnerability today and in the future [22]. Socioeconomic factors over 81 provinces of Turkey were also used to estimate Drought Vulnerability Index (DVI) [32].



There is abundant literature on the future projection of weather and climate extremes, with less emphasis on how climate change alters future drought vulnerability over Iran and especially over the northeast part, which consists of three provinces of north, south, and central Khorasan. The projected increases in dry days and precipitation over short durations throughout a year under future climate scenarios would produce changes in drought and flood periods and ultimately impact the frequency and severity of hydrological droughts in the Central Desert Basin of Iran. Under RCP4.5, an increase in the frequencies of moderate and severe meteorological/hydrological droughts would further affect the basin. Under RCP2.6 and RCP8.5, the frequencies of severe and extreme droughts would increase, but the drought area would be smaller than that under RCP4.5, demonstrating less severe drought conditions [33]. Zarafshan et al. [34] provided a conceptual framework for drought vulnerability and modeled pre- and post-drought vulnerabilities. The results showed that farmers’ vulnerability in western Iran is related to their socioeconomic structures and infrastructure. To develop the Climate Vulnerability Index (VCI), a five-year VCI was calculated by Ahmadi et al. [35] on a county scale over Sistan- Baluchistan province in the east of Iran. The results showed that although the province’s adaptation capacity has increased compared to before, the vulnerability rate has increased by 16.3% due to increased exposure and climate sensitivity. The number of very vulnerable areas has increased from 57.5% to 100% of the whole province, indicating the spatial expansion of vulnerability.



In future climate change, prolonged and intense drought will affect more expansive areas in Iran. Consequently, steps must be taken to monitor, predict, and adapt to drought in the region. A comprehensive drought management system requires sufficient information from different parts of the region and sufficient knowledge of the dangers and harmful effects of drought and the vulnerability of the study area to appropriate reactions and decisions to reduce the risks and damages. Understanding drought vulnerability is the first step in implementing comprehensive drought management [36,37,38]. Due to the economy being mainly dependent on agriculture in the northeastern provinces of Iran and the region’s increasing migration from neighboring areas inside Iran and neighboring countries due to widespread drought and political tensions, understanding current and future drought vulnerability in the region is essential for sustainable development. This study aims to provide a perspective of the 21st century Drought Vulnerability Index (DVI) in the study area under IPCC-RCP scenarios. For this purpose, climatological data from the meteorological organization and socioeconomically data from budget and planning organizations have been used.




2. Materials and Methods


Figure 1 illustrates the overview of the research plan and methodology used in this study. Three input datasets describing the observed climate, future climate, and national population census data were used. A combined observation-ERA interim database was developed due to some counties’ lack of weather stations or missed data.



Future Exposure (E) of drought calculated using observed and downscaled CMIP5 data. The national population census data were used for each county to estimate sensitivity (S) and Adaptive Capacity (AD). All components of exposure, sensitivity and adaptive capacity were standardized to estimate Drought Vulnerability Index. Details will be explained in the methodology section.



2.1. Area and Period of Study


The study area covers three provinces of Iran, including Khorasan-Razavi, North Khorasan, and South Khorasan, which is situated in the latitudes between 30.4 and 37.8 north and longitudes between 55.3 and 61.3 east in west Asia. The region has bordered Afghanistan on the east side and Turkmenistan on the north side. The southern and eastern border of the area is demarcated mainly by two extensive deserts of Lut and Dasht-e-Kavir (Figure 2). This area’s southern and western parts are mainly desert land with annual precipitation around 100 mm. The mentioned provinces have been experienced moderate-severe drought during the past two decades. Drought and other natural disasters such as floods, dust, and sandstorms have mainly affected agriculture, livestock, rangelands, and soil of the region. The study period is considered 1985–2006 as observation, and 2021–2100 as the future projection period.




2.2. Data


Four types of data were used in this study, including: (1) meteorological observation from weather counties, (2) ERA-Interim reanalysis data, (3) socioeconomic data prepared by the National Planning and Budget Organization, and (4) The output of CMIP5 model under RCP4.5 and RCP8.5 scenarios. Meteorological data for cities without meteorological stations or substantial gaps were estimated using a bias-corrected ERA-Interim 0.125 × 0.125-degree resolution dataset. ERA-interim were used for those counties which have no meteorological stations. Performance of ERA-Interim data has already been confirmed over Iran [39]. CMIP5 global climate models of CanESM2, GFDL-ESM2M, and CNRM-CM5, shown in Table 1, are considered for future precipitation and temperature projection over the region. CMIP5 data were prepared for the historical period of 1986–2005 and the future period of 2021–2100 under RCP4.5 and RCP8.5 scenarios. Socioeconomic data needed to estimate adaptation capacity and sensitivity were received from the National Planning and Budget Organization (NPBO) based on the two most recent national censuses. The socioeconomic data covers per capita income, percentage of people covered by insurance, percentage of unemployed people, percentage of people working in the agriculture sector, area of agriculture land, water demand, number of hospital beds, length of highways, and railways, so on.




2.3. Statistical Downscaling


The delta-change technique was selected for statistical downscaling of GCM outputs because it is most widely used [40,41]. The delta change technique is easy to apply (one needs to apply a coefficient to historical time series) and preserve important statistical characteristics (spatial correlations, interdependence) in downscaled time series. Its main limitation is that it does not allow for a change in variance in the future and misses the risk generated by a possible change in climate variables distributions in the future [42]. However, in this method, the variance of future data is at least equal to the observation period. The delta change method applies differences (relative changes) of simulated current and future climate conditions from a GCM added to observed time series of temperature (precipitation), using the following equations [43,44,45].


   Δ  p i  =  [         p ¯    GCM , Fut , i          p ¯    GCM , bais , i      ]    



(1)






   Δ  T i  =  (       T ¯    GCM , fut , i   −      T ¯    GCM , bais , i    )    



(2)






   T =  T  obs   + Δ T   



(3)






   p =  p   obs      × Δ p   



(4)




where    Δ  T i     and    Δ  p i     represent the delta change scenario, which is additive for temperature and multiplicative for precipitation, respectively.         p ¯    GCM , Fut , i .        and         T ¯    GCM , fut , i      indicate the precipitation and temperature output of the GCM model for the future period,         p ¯    GCM , bais , i      is the precipitation corresponding to the historical period of the same model.             T    obs        and     p   obs         are the mean observed monthly temperature and precipitation from 1986 to 2005, respectively, P and T are the downscaled precipitation and temperature for the future period.




2.4. Exposure (E)


Exposure is the level of drought intensity in the region measured by the Standard Precipitation Evapotranspiration Index (SPEI), as a meteorological drought index. This is determined using monthly precipitation and temperature from 1986 to 2005. Procedure computing SPEI is explained by which was introduced by Vicente Serrano et. al. [46] as bellow:



The water balance equation is defined as the following equation:


    D i  =  P i  −   PET  i    



(5)




where P and PET are the precipitation and Evapotranspiration, respectively, D is their difference, and i is the desired month number. After calculating the D values, an approach like the Standard Precipitation Index (SPI) calculates the SPEI. For this purpose, D’s sequential values in different windows are first calculated; If   x   is the cumulative series of D in a given window, a suitable probability distribution fits on the   x   series in the next step. The log-logistic distribution can well model   x  -series [46]. The distribution form density function is expressed as follows:


   f  ( x )   β α     (    x − Υ  α   )    β − 1   [ 1 +    (    x − Υ  α   ) β   ]    − 2     



(6)




where α, β, and Υ are scale, shape and origin, and, x is the cumulative series D in a given window. Drought thresholds are shown in Table 2. In this study, classifications were divided into sub-classes to capture county’s exposure in detail.




2.5. Sensitivity (S)


Sensitivity is the socioeconomic frailty of society, represented by indicators such as human insecurity, dependence, illiteracy, social inequality, unemployment, inflation, debt, and environmental degradation. These indicators reflect relative weaknesses or deterioration conditions that aggravate the direct effects of dangerous phenomena. Even if these effects are not necessarily cumulative and could sometimes be considered redundant or correlated, they are important in the economic and social context [47]. Table 3 presents main sensitivity indicators, related sub-indicators with a simple expression of their relationship to the vulnerability index. For example, the number of vulnerable people with age less than 15 and older than 64-year-old is increasing, which causes the sensitivity component to increase. At the same time, a higher amount of employment is a factor decreasing sensitivity to drought.




2.6. Adaptive Capacity (AC)


The Adaptive Capacity (AC) component reflects the ability of a county/province and its population to adapt to and recover from drought when it occurs. Indicators include both the economic strength of the county, but also regional policies and private mitigation strategies [22]. Vulnerability varies from one region to another due to diverse economic and social influences [34]. Thus, some groups suffer more than other groups in the community. This difference in vulnerability is due to different individuals (e.g., gender, age, education, attitude), socioeconomic (e.g., social class, access to resources, income diversification, availability of social insurance, education, infrastructural constraints, poor technology, water resource, and access to infrastructural sources and public services). To take into account the maximum indicators affecting adaptive capacity over three regions under study, and by considering the limitations of the types of data available from the national department of Management and Planning Organization (MPO) of Iran, the most important indicators expressing socioeconomic conditions and infrastructure of each county are listed in Table 4. The table shows the simple relationship of each indicator to vulnerability; for example, the amount of forecast area and water withdrawal from groundwater increases the total vulnerability. The strong economy, income, and robust infrastructure such as having an airport and more railway transportation make a county less vulnerable to drought. It is more likely to have the infrastructure and financial muscles to mitigate and recover from the drought hazard than a county with limited infrastructure financial means-the lower the literate population, the lower the society’s degree of adaptation. In Table 4, the arrow direction in the last column shows each indicator’s increasing or decreasing effect.




2.7. Drought Vulnerability Index (DVI)


While there are numerous definitions for vulnerability, a specific definition of vulnerability may not be justified. The scientific use of “vulnerability” has roots in geography and natural hazards research. Still, this term is now a central concept in various other research contexts such as agriculture, ecology, public health, poverty and development, secure livelihoods and famine, sustainability science, land change, climate impacts, and adaptation [34]. The relative Drought Vulnerability Index (DVI) consists of three components of Exposure (E), Sensitivity (S), and Adaptation Capacity (AC). E is the level of exposure shown here by the SPEI drought index, S and AC are the degree of sensitivity and potential of adaptation capacity of each county, respectively. All three components were explained before. The total vulnerability caused by drought is shown in the following equation [29]. Based on Equation (7), exposure and sensitivity are directly related to vulnerability, while adaptive capacity reduces it.


   DVI =   E + S +  (  1 − AC  )   3    



(7)







Each county’s 12-monthly SPEI drought index is considered the level of drought exposure, both in the historical period of 1986–2005 and future projected periods of 2021–2040, 2041–2060, 2061–2080, and 2081–2100. The indicators of exposure, sensitivity and adaptive capacity have different scales. Once their positive or negative impact on vulnerability to drought was identified, values were scaled to 0–100 standards using the United Nations Development Program method [47]. For those indicators having a direct relationship with vulnerability, the following equation is used:


    X i  = 100 ×  (     x i  −  x  m a x      m  m a x   −  x  m i n      )    



(8)







However, for the indicators having an inverse relationship with vulnerability, the following equation is used:


    X i  = 100 ×  (     x  m a x   −  x i     m  m a x   −  x  m i n      )    



(9)







Both equations are the scaled value of the variable and are the minimum and maximum values of the dataset, respectively [31]. Vulnerability indices were classified into five equally sized categories, which defined five degrees of vulnerability, as shown in Table 5.





3. Results


As shown in Figure 3, 19 model data were downloaded from Erath System Grid Federation (ESGF) portal, which is available at: https://esgf-node.llnl.gov, accessed on 10 March 2019. Performance of the models mentioned above in simulation of precipitation (temperature) during the past period as shown in the left (right) panel of Figure 3 using the Taylor diagram. Results showed that the variability of precipitation data in most models is less than the observation, while in the case of temperature, the variability of most models is closer to the observational variability. Among all GCMs with available data, three GCMs of CanESM2, GFDL-ESM2M, and CNRM-CM5, which had a higher rank in Taylor diagrams of precipitation and temperature, were selected for this study. The ranks of GCMs were estimated by comparing historical outputs of GCMs with ERA-Interim data during 1979–2005.



The amount of exposure, represented by SPEI drought index, has an important role in estimating drought vulnerability. In this regard, individual weight for each GCM is calculated by incorporating their inverse RMSE error in the historical period. Then, a multi-model weighting averaging has been applied to calibrate the historical SPEI index by considering the weight of each model. It was observed that the correlation obtained from the weighting method is higher than the individual models, and the root mean square error of multi-model weighting is the smallest among all individual models (Table 6).



3.1. Observed Vulnerability


Figure 4 shows the histogram of relative sensitivity and adaptive capacity over all the counties located in three provinces of North-Khorasan, Khorasan-Razavi, and South-Khorasan. The figure shows that, on average, most cities in the three northeastern provinces of Iran are sensitive to drought. Various socioeconomic factors are involved in estimating a county’s sensitivity to drought. Due to the limitations in recording socioeconomic data in the study region, an attempt was made to use the maximum available common socioeconomic factors among all counties in estimating the sensitivity. Normalized sensitivity indices show that the three counties of Mashhad, Kashmar, and Taybad have very high sensitivity, while Sarayan, Dargaz, and Bajestan have very low sensitivity. According to the MPO data, Mashhad, the capital of the Khorasan-Razavi province, has a higher unemployed population than other counties due to its migratory capacity and high population. A higher amount of water consumption has made Mashhad has a higher amount of sensitivity. Kashmar also has a high amount of sensitivity to drought. It may be due to the high ratio of agricultural area to the county’s total area among all counties. In Sarayan, Chenaran, and Dargaz, the ratio of agricultural lands is low, and the social insurance index for pensioners is low compared to the county’s population, so the sensitivity index is estimated to be also low. Adaptive capacity is another factor incorporated in estimating drought vulnerability, indicating the degree of drought resistance. Higher adaptive capacity may reduce drought-related damage to the region, while lower adaptive capacity makes the region more vulnerable to drought [35]. It can be inferred from Figure 4 that Taybad, Garmeh, Sarayan counties have the minimum adaptive capacity, while Kashmar, Mashhad, and Birjand have higher adaptive capacity among all counties under study. The higher adaptive capacity of Kashmar is a relatively higher per capita hospital beds and health centers than other counties. However, the most deprived counties, such as Taybad, Jajarm, and Sarayan have unfavorable adaptive capacity. Three counties of Kalat, Farooj, and Bajestan have no long_term socioeconomic data to estimate sensitivity and adaptive capacity due to their new established.



Figure 5 shows a spatial overview of SPEI, indicative of Exposure, Adaptation Capacity, Sensitivity, and resulting Drought Vulnerability Index (DVI) during the observation period of 1986–2005. Among them, birjand, Mashhad, and Chenaran have experienced a higher exposure (SPEI) index due to frequent droughts during the observation period.



After estimating the three main components determining the drought vulnerability index, the overall vulnerability in the observed period (1986–2005) was estimated by incorporating three components of Exposure (E), Sensitivity (S), and Adaptive Capacity (AC), using Equation (7). The resulting relative vulnerability index of the counties in the three provinces is shown in Figure 5. Kashmar, Chenaran, and Dargaz have the highest Drought vulnerability among all counties in the three provinces under study. The higher DVI index in Dargaz and Chenaran, among other cities, may be due to their much higher exposure, the SPEI drought index. Additionally, the higher DVI index in Kashmar may be due to its higher amount of sensitivity among other counties. Taybad city shows the least Drought Vulnerability Index (DVI due to the medium exposure (SPEI drought index). On the provincial scale, Khorasan-Razavi has experienced the highest drought vulnerability in the observation period of 1986–2005.




3.2. Future Vulnerability


In order to project future drought vulnerability in the northeast of Iran, it is necessary to estimate the level of exposure by considering the SPEI drought index and the sensitivity and adaptation capacity. The annual (12-month running) SPEI drought index was calculated for the next four coming periods under RCP4.5 and RCP8.5 scenarios (Figure 6 and Figure 7). The drought index in all three provinces under the study is expected to increase on average compared to the observation period, and its values in the RCP8.5 scenario are higher than RCP4.5. While in the RCP4.5 scenario, a very severe drought would occur in the last decade of the 21st century, i.e., 2081–2100, in the RCP8.5 scenario, a very severe drought would occur one decade earlier, i.e., in 2061–2080. Severe drought is projected at the latest decade over the majority of cities. In the observed period, the drought class of all cities is in the normal category, while mild drought is detected in the near future period of the 2030s. As the projection period’s length increases, the number of cities affected by drought increases. Although this trend is seen in both scenarios, the severity of drought in RCP8.5 is higher than in RCP4.5. It is expected that Nehbandan, Ferdows, Neishabour, Sabzevar, Bardaskan, and Kalat (in RCP8.5) and Bardaskan (in RCP4.5) would experience “very severe drought” in the period of 2090s. The cities in the southern and western parts of the region under study, including Neishabour, Bardaskan, Sabzevar, Tabas, Bashrueieh, and Nehbandan, are expected to experience more drought in the future than in the observation period.



Level of exposure, sensitivity, and adaptation capacity are three components to estimate future drought vulnerability using Equation (7). In this research, while the future exposure level was projected using SPEI drought index, the amount of future sensitivity and adaptation capacity was considered the same as the base period due to the complexity and low predictability socioeconomic variables. After estimating drought vulnerabilities, their amount was scaled to 0–100 based on Equations (8) and (9). The overall results showed that the region would be more vulnerable to drought than the base period (Figure 8 and Figure 9). We calculated the mean vulnerability class to be 20–30 in the observation period, while it is estimated to jump to the upper vulnerability class of 30–40 in the near future of the 2030s, with higher magnitude in the northeastern, eastern, and central part of the region. The western half of the region, including Bardaskan, Jajarm, Sabzevar, Tabas, which are generally in the neighborhood of the desert area, is expected to face an increase in vulnerability in the near future period. In the same decade, northern counties, including Dargaz and Sarakhs, and the eastern part of Khaf and Qaen, would experience the highest increase in vulnerability class compared to other counties. However, the increase in vulnerability class in the number of counties located in the west of the study region is higher than those counties in the eastern and central regions. Both RCP scenarios indicate an increase in drought vulnerability classes, but its severity in RCP8.5 is greater than RCP 4.5. The highest drought vulnerability index in the observed and near-future period was estimated for Dargaz county with 43.7 and 49.7, respectively. It seems that the higher vulnerability of Dargaz is due to its poor infrastructure (lowest adaptive capacity), high sensitivity, and higher exposure (projected drought class in the near future). Although the mean annual precipitation of this city is rarely 220 mm, rice is cultivated in the northern part of this county, which negatively affects the level of sensitivity. In the 2050s, the minimum vulnerability class is 30 in both RCP scenarios, showing an increasing trend compared to the 2030s. In the 2090s, even the vulnerability class of 90–100 was projected under the RCP8.5 scenario. In the middle decades, the Sabzevar county vulnerability index is projected to be the highest among all counties (58.4, 70.2, and 82.8 in 2050, 2070, and 2090, respectively). The reason for the highest amount of DVI in Sabzevar may be due to the fact that its future drought class is in the highest projected class. The lowest drought vulnerability both in the observed and future periods is related to Taybad city. In the observation period, three cities of Taybad, Neyshabur, and Razhave the minimum amount of DVI, while future projected drought in Taybad is a lower class of drought compared to other counties.



The highest relative increase among the study region belongs to Sabzevar and Bardaskan, respectively. The results showed that Sabzevar DVI’s magnitude is expected to increase by 47% in the 2050s compared to the 2030s. Its DVI in the 2090s was 82% higher than the observed period. It is necessary to point out that its SPEI index in the 2030s and 2050s is estimated to be −0.46 and −0.97, respectively. The county’s SPEI index has been detected to increase from −0.46 in the 2030s to −0.97 in the 2050s. In RCP8.5, the value has been projected to be −1.54 in 2070 and −2.07 in 2090. Because of many shortcomings or lack of socioeconomic data, it was impossible to estimate the adaptation capacity and sensitivity in the two counties of Farouj (North Khorasan) and Kalat (Khorasan Razavi).



The region means DVI in the observation period is 33 (out of 100), while the future projection is 67 and 78 in RCP4.5 and RCP8.5, respectively. It indicates a 2 to 3-fold increase in the vulnerability of northeast Iran compared to the observation period. Results also indicate an increasing trend in the mean regional amount of DVI index under RCP4.5 and RCP8.5 scenarios during the near future of 2021–2040 (the 2030s) to the far future (2090s) periods.



Figure 10 shows the mean provincial DVI from the near future (the 2030s) to the far future (2090s). South Khorasan is expected to experience the highest increase in drought vulnerability index, especially in the RCP8.5 scenarios. Its province vulnerability index in the 2030s and 2050s is 31 and 47.4, respectively. It has increased to 79 in the last decade of the 21st century, mainly due to rising SPEI drought due to reduced rainfall and increased temperatures when compared to two other provinces of Khorasan Razavi and North Khorasan. in Khorasan Razavi province, the highest amount of drought vulnerability is projected to be in the 2030s and 2050s under RCP4.5 and RCP8.5 scenarios, while in South Khorasan, the highest amount of DVI expected to be in the 2070s and 2090s, under both scenarios.



In the 2050s under RCP8.5 scenarios, a large area in the northeast region is more vulnerable than RCP84.5 scenarios. However, the area of severe drought vulnerability in the 2070s under RCP8.5 is estimated to be 96.3% higher than observation. In contrast, according to RCP4.5, 77% of the Northeast region will experience severe drought vulnerability compared to the observation. In order to explain the projections uncertainties, the 25th and 75th percentile of all projections retrieved from different models-scenarios were considered. Figure 11 shows mean regional drought vulnerability arising from different model scenarios during observation and future periods of the 2030s–2090s. The figure also shows the DVI’s deviation from the 50th percentile (black-dashed line), which corresponds to the range of DVI’s uncertainties across decades. It can be depicted that projection length increases the width of uncertainty. The most uncertain projection period is the 2090s.





4. Discussion


Several methods have been proposed to estimate drought vulnerability as a basis for preparing future regional drought policies. These methods range from simple equal weighting methods such as Ahmadi et al. [35] to rather more sophisticated entropy weighted methods such as Guo et al. [28]. In this study, a simple equal weighting approach was used.



4.1. Observation Vulnerability


The observed DVI is calculated by having exposure (SPEI drought index), sensitivity, and adaptive capacity. Values of sensitivity and adaptive capacity of each county were estimated using scaled socioeconomic data from two national censuses. Results showed that most cities in the study region are sensitive to drought. The highest amount of sensitivity belongs to Mashhad, Kashmar, and Taybad. In contrast, the lowest amount of vulnerability belongs to Sarayan, Dargaz, and Bajestan, which are consistent with their socioeconomic conditions, i.e., the population of migrants, the ratio of agricultural land to the county’s total area, social insurance, and the list goes on. Adaptive capacity, which is the degree of resistance of each county to drought, may reduce vulnerability. Results show that Taybad, Garmeh, Sarayan counties have the minimum adaptive capacity, while Kashmar, Mashhad, and Birjand have higher adaptive capacity among all counties under study. Almost most counties with low adaptation capacity are located in less developed areas. During the observation period (1986–2005), Birjand, Mashhad, and Chenaran had a higher exposure (drought) among all counties. The highest exposure (droughts) caused Dargaz and Mashhad to suffer the most vulnerability during the observation. Additionally, the lower amount of exposure caused Taybad to have a minimum amount of baseline vulnerability. We found that Khorasan-Razavi had the highest vulnerability among the three study provinces. Our finding is inconsistent with the results of Ahmadi et al. [35] over Sistan and Baluchistan province, a neighboring province to the current study region, and Purtaheri et al., Masoudi et al. over all provinces of Iran and Carrao et al. over all countries [48,49,50].




4.2. Future Vulnerability


It seems that there are no significant studies related to future drought vulnerability projection over Iran. In this regard, comparing the current study’s findings with other studies is very hard. However, when considering the exposure component of DVI, many studies have indicated the increase of drought events and intensity over Iran, including IPCC [1], Zhao et al., Lu et al., Vaghefi et al., and Khazanedari et al. [51,52,53,54], To project future evolution of drought vulnerability over study region, one may project all components involved in vulnerability, including exposure, sensitivity, and adaptive capacity. Here, we have considered sensitivity and adaptive capacity to be constant in the future, and exposure is projected by the projection of drought using SPEI index for all counties located in the region. Results indicated that vulnerability would be increased under RCP4.5 and RCP8.5 compared to the observation period, and as an average, vulnerability under RCP8.5 is greater than RCP4.5. A Maximum amount of vulnerability is expected to occur at the end of 21st century, i.e., 2081–2100, but in RCP8.5, it is expected to occur one decade earlier. In the latest decade, most of the counties are expected to face with “high” to “very high” class of vulnerability, while their class in the observation period was “very low” to “low” as an average. A higher amount of vulnerability is projected to be under RCP8.5 and at the end of the current century. It is expected that, by the end of the 21st century, the study region would experience a drought vulnerability index ranging from 67 and 78 (high vulnerability), which is 2 to 3 times than the observation period. All worse class of vulnerability projected to occur in South-Khorasan and Khorasan-Razavi provinces, with the worst case in south Khorasan




4.3. Uncertainty


All projection members arise from three GCMs, and two scenarios, a total of six members, explain the uncertainty of future drought vulnerability projection. To this end, thresholds of 25th and 75th percentile of all member runs were incorporated in explaining uncertainty for each county. In general, it can be concluded that uncertainty increases with the increasing length of projection. Most of the uncertainty belongs to the latest decade of the 21st century.





5. Conclusions


This paper simulates future drought vulnerability over the northeast of Iran, which are highly dependent on water due to their economy being mainly based on agriculture and animal husbandry. Reducing drought vulnerability requires accurate and continuous assessment of three vulnerability components of exposure, adaptive capacity, and sensitivities. This study computed the observed vulnerability components based on meteorological and socioeconomic data retrieved from related organizations. Most reliable CMIP5 GCMs over the region were extracted through 19 GCMs by comparing historical outputs with the observation dataset. Then future drought vulnerability is projected by incorporation baseline adaptation capacity and sensitivity and projected level of exposure. We projected that the class of vulnerability over study region, especially in South Khorasan and Khorasan-Razavi, expected to increase 2–3 times than observation, so that its class of vulnerability expected to change from “very low to low” to “high to very high” at the end of 21st century. In other words, the results indicated that only in North Khorasan province is expected to have a vulnerability class of “very low,” and in none of the provinces, the vulnerability class of “very high” under the RCP4.5 scenario. In the RCP8.5 scenario, however, the “very low” vulnerability class is not estimated for any of the provinces, and by the end of the 21st century, all studied provinces are expected to experience a new, worse vulnerability class of “very high”. As the contribution of the sensitivity and adaptation capacity in vulnerability is of high importance, it is recommended to regional officials and senior planners to reduce the region’s sensitivity to drought and increase adaptation capacity. This research also can be improved by modifying sensitivity and adaptation capacity as a constant to dynamic and projectable components in the future period.
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Figure 1. Overview of research design. 
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Figure 2. Area under study, situated in the east of Iran. 
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Figure 3. Taylor diagram showing performance of 19 GCMs (listed in the bottom of the figure) for precipitation (left) and temperature (right) during 1979–2005 with comparing ERA-interim data (blue-colored dot on the horizontal axis) with historical data of GCMs. 
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Figure 4. Amount of adaptation capacity and sensitivity of each county, using data retrieved from national MPO. 
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Figure 5. Maps showing an overview of Exposure/SPEI (upper-left panel), Adaptation Capacity (upper-right panel), and Sensitivity (lower-left panel) and resulting DVI (lower-right panel) during 1986–2005. 
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Figure 6. Future drought projection over study region using SPEI under RCP4.5 scenarios for 2021–2040, 2041–2060, 2061–2080, and 2081–2100. 
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Figure 7. Future drought projection over study region using SPEI under RCP8.5 scenarios for 2021–2040, 2041–2060, 2061–2080 and 2081–2100. 
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Figure 8. Drought vulnerability index for the 2030s, 2050s, 2070s, and 2090s under RCP4.5 scenarios. Counties with white hachure show lack of data. 
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Figure 9. Drought vulnerability index for the 2030s, 2050s, 2070s, and 2090s under RCP8.5 scenarios. Counties with white hachure show lack of data. 
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Figure 10. Maps showing the projected level of Drought Vulnerability Index (DVI) over North Khorasan, Khorasan-Razavi, and South Khorasan provinces under RCP4.5 (above) and RCP8.5 (below). 
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Figure 11. DVI’s mean regional uncertainty over northeast of Iran. 
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Table 1. Summary of CMIP5 climate models used in this study.
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	Model
	Institute
	Resolution

(Longitude × Latitude)





	CanESM2
	Canadian Centre for Climate Modelling and Analysis (CCCMA)
	2.77 × 2.8125



	GFDL-ESM2M
	NOAA Geophysical Fluid Dynamics Laboratory (GFDL)
	2.02 × 2.5



	CNRM-CM5
	Centre National de Recherches Météorologiques/Centre Européen de Recherche et Formation
	1.40 × 1.40










[image: Table] 





Table 2. SPEI drought classification for dry and wet grades [5].
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	Category
	SPEI Classification





	Extremely Dry
	≤2



	Severely Dry
	−1.99 to −1.5



	Moderately Dry
	−1.49 to −1.0



	Near Normal
	−0.99 o 0.99



	Moderate Wet
	1.0 to 1.49



	Severely Wet
	1.5 to 1.99



	Extremely Wet
	≥2
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Table 3. Sensitivity indicators and sub-indicators and their functional relationship with drought vulnerability.
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Indicator

	
Sub-Indicator

	
Relationship






	
Population

	
Vulnerable peoples (age ≥ 64 or age ≤ 15)

	
↑




	
Population of female-headed households

	
↑




	
Illiterate population

	
↑




	
people working in agriculture

	
↑




	
Residential

	
Population living in villages

	
↑




	
Population living on the outskirts of megacities

	
↑




	
Households with dirt floor

	
↑




	
Employment

	
Employment rate

	
↓




	
Number of industrial workshops

	
↓




	
Number of technical and vocational centers

	
↓
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Table 4. Adaptive capacity indicators and their functional relationship with vulnerability to drought.
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Indicator

	
Sub-Indicator

	
Relationship






	
Vegetation Cover

	
Forest area

	
↑




	
Rangland area

	
↑




	
Poor rangeland area

	
↑




	
Desert area

	
↑




	
Water resources

	
Water withdrawal from deep and semi-deep wells

	
↑




	
Infrastructure

	
Railway length

	
↓




	
Metro length

	
↓




	
Freeway length

	
↓




	
Length of the main road

	
↓




	
Airports

	
↓




	
Education

	
Literate population

	
↓




	
Ratio of higher education to total literacy

	
↓




	
Health

	
Availability of health insurance

	
↓




	
Per capita treatment bed

	
↓




	
Per capita health care centers

	
↓




	
Economy

	
Per capita general income

	
↓




	
Revenue to urban cost ratio

	
↓




	
Revenue to rural cost ratio

	
↓




	
Inactive population percentage

	
↑




	
Percentage of unemployed population

	
↑




	
Percentage of public sector employees

	
↓




	
Public services

	
Household without heat source (gas and electricity)

	
↑




	
Household without drinking water network

	
↑
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Table 5. Degree and values of vulnerability [31].
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	Degree of Vulnerability
	Values of Vulnerability





	Very low
	0 < V ≤ 20



	Low
	20 < V ≤ 40



	Moderate
	40 < V ≤ 60



	High
	60 < V ≤ 80



	Very high
	80 < V ≤ 100
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Table 6. Comparison of individual SPEI drought index and weighted SPEI during period of 1986–2005.
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	CanESM
	CNRM-CM5
	GFDL-ESM2M
	Multi-Model





	SPEI
	0.63
	0.59
	0.58
	0.59



	Correlation
	0.14
	0.36
	0.26
	0.41



	Bias
	0.12
	0.08
	0.08
	0.09



	RMSE
	14.9
	10.38
	12.18
	7.48



	Weighs
	−
	0.35
	0.47
	0.18
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