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Abstract

:

Water is the most important resource for sustainable agriculture in arid and semi-arid regions, where agriculture is the mainstay for rural societies. By relating the water usage to renewable water resources, we define three stages from sustainable to unsustainable water resources: (1) sustainable, where water use is matched by renewable water capacity, ensuring sustainable water resources; (2) transitional, where water use occasionally exceeds renewable water capacity; and (3) unsustainable, with lack of water resources for agriculture, society, and the environment. Using available drought indicators (standardized precipitation index (SPI) and streamflow drought index (SDI)) and two new indices for agricultural drought (overall agricultural drought index (OADI) and agricultural drought index (ADI)), we evaluated these stages using the example of Fars province in southern Iran in the period 1977–2016. A hyper-arid climate prevailed for an average of 32% of the province’s spatio-temporal coverage during the study period. The area increased significantly from 30.6% in the first decade (1977–1986) to 44.4% in the last (2006–2015). The spatiotemporal distribution of meteorological drought showed no significant negative trends in annual precipitation during 1977–2016, but the occurrence of hydrological droughts increased significantly in the period 1997–2016. The expansion of irrigated area, with more than 60% of rainfed agriculture replaced by irrigated agriculture (especially between 1997 and 2006), exerted substantial pressure on surface water and groundwater resources. Together, climate change, reduced river flow, and significant declines in groundwater level in major aquifers led to unsustainable use of water resources, a considerable reduction in irrigated area, and unsustainability in agricultural production in the period 2006–2015. Analysis of causes and effects of meteorological, hydrological, and agricultural drought in the area identified three clear stages: before 1997 being sustainable, 1997–2006 being transitional, and after 2006 being unsustainable.
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1. Introduction


Due to global climate change, the extent, intensity, and frequency of droughts in arid and semi-arid regions are increasing [1]. Droughts affect large areas and last a relatively long time compared with other natural disasters, such as floods and landslides [2]. Dryness characterizes arid and semi-arid regions, but droughts are an unexpected reduction in rain over a certain time, affecting a region [3]. As the changes in rainfall volume are extreme, droughts are a major challenge, especially in rural areas [4,5,6]. Drought has a critical impact on water resource-dependent sectors, such as agriculture, raising concerns about the capacity to meet water and food demands [7].



Drought is classified into four types—meteorological, hydrological, agricultural, and socioeconomic [8,9,10]. Meteorological drought is defined by lack of precipitation [11,12,13,14]. Hydrological drought refers to persistently decreasing discharge volume in streams and reservoirs over a period of months or years [15,16,17]. Agricultural drought is linked to depletion of groundwater and reservoir levels, due, e.g., to increasing demand for water in agriculture or to changes in weather conditions and soil moisture [18,19,20,21]. Socioeconomic drought encompasses the societal, economic, and environmental impacts of other types of drought [22,23,24,25]. A drought in arid and semi-arid climate zones often starts with a meteorological drought, which leads directly to a hydrological drought. The other two types of drought arise when use of water resources exceeds renewal of surface and groundwater, or when water demand outstrips supply.



Many drought indices have been developed to date, such as the Palmer drought severity index [26], decile index [27], standardized precipitation index (SPI) [28], streamflow drought index (SDI) [15], and standard contribution of rainfall to runoff (SCRI) [29]. Of these, SPI and SDI have been widely used in different climate zones to monitor and assess meteorological drought [30,31,32,33,34,35,36] and hydrological drought [37,38,39,40].



Although there has been considerable progress in understanding the impacts of drought in terms of engineering, economics, social science, and geography, the complex links between human and natural processes need more attention. In arid and semi-arid regions with high dependency on agriculture, these links are more complicated, as they affect the livelihoods of local people. Identification of the relationships between different types of drought could thus improve decision making on strategies for overcoming upcoming social challenges caused by drought. Interpreting the causes and effects of different types of droughts could reveal the factors determining the transition from sustainability to unsustainability in water resources and dependent systems. The main aim of the present study was thus to analyze this transition in an arid/semi-arid climate and determine when long-term shortages in available water due to human or natural processes lead to unsustainable agriculture and unsustainable societies.



The region chosen as an example for the analysis was Fars province in Iran, which experiences a range of climates but is dominated by a hyper-arid climate. Achieving a sustainable society and sustainable economic development are very dependent on agriculture and sustainable water resource exploration, since drought is one of the main restrictions on sustainable development in Fars province [29,41]. We analyzed the interlinkages between different types of droughts in the province over a 40-year period (1977–2016), in an effort to explain why a system that was resilient to drought before 1997 became a fragile system after 2006.




2. Materials and Methods


2.1. Study Area and Data Used


Fars province in southern Iran (27.02–1.43° N; 50.42–55.36° E) is the fourth largest province in Iran in terms of area, 122,608 km2, or 7.5% of Iranian territory (Figure 1a). It is larger than 52% of countries worldwide, with a population of 4.85 million and 29 cities [42]. The province contains different types of climate zones, due to its geographical configuration and position between the high Zagros Mountain in the north and west, Sirjan desert in the north and east, and Persian Gulf in the south. This variation in climate makes Fars a unique province in terms of variety of field crops such as cereals, beans, cotton, and maize. The province also produces a variety of orchard crops, such as almonds, apples, plums, and nuts in northern and central parts, and citrus fruit and palm dates in the south [43]. The agriculture sector in Fars plays a major role in the province’s food and job security, contributing 8.7% of value added in the agricultural sector in Iran [43]. Fars was the province with most cultivated area in 2005 and 2007, 1.08 and 1.06 million hectares, respectively [44]. Although several droughts have occurred in recent years, Fars is still one of the leading provinces for agricultural production. Since around 20.6% of the workforce in Fars is employed in the agriculture sector, sustainable agriculture is a key issue for the job security and livelihoods of residents [43].



Although different climates prevail in different parts of the province, the dominant climate is hyper-arid/temperate. This creates pressure on the agriculture sector, due to its high dependency on water resources. The expanding agriculture sector, river regulation, and increasing frequency of meteorological droughts have led to a reduction in available surface water in recent years [29], with major lakes in the province drying up [29,45] Thus, farmers are increasingly dependent on groundwater resources. As a result, a significant decrease in groundwater levels has been recorded [40,46], and river water levels are critically low [41,47].



For spatial analysis and to assess different types of droughts, we divided Fars province into six regions (southern, western, eastern, central, northwestern, and northeastern), based on the distribution of major cities (Figure 1b). To monitor variations in climate and meteorological drought, we obtained monthly precipitation and temperature data for the period 1977–2016 from 38 meteorological stations in Fars and a neighboring province (Figure 1b). A full list of stations is available in Appendix A, Table A1). Hydrological drought was assessed based on flow data from 24 gauging stations on 17 rivers in six main basins in Fars province (Maharloo-Bakhtegan, Sirjan desert, Mond, Heleh, Kol-o-Mehran, and Zohreh) (Figure 1c). Geographically, the main rivers are located in the central, northwestern, and western regions of the province (Table A2 in Appendix A). Of these six basins, only Maharloo-Bakhtegan falls entirely within Fars province, and its main river, the Kor, discharges to Lake Bakhtegan (Figure 1c). The rivers in the Kol-o-Mehran, Mond, Heleh, and Zohreh basins discharge to the Persian Gulf, whereas the Bavanat River in the Sirjan desert basin discharges to Kavir-e Sirjan.



To assess the consequences of hydrological and meteorological droughts and evaluate the possibility of these leading to agricultural drought, we analyzed changes in rainfed and irrigated farmland over the 40-year study period (1977–2016). We also analyzed groundwater level variations from 1995 to 2015 in 12 major aquifers in the province’s different regions (Figure 1d), as supplementary and supporting information for drought analysis. All hydro-climatological data, including river flow, groundwater levels, precipitation, and temperature, were provided by Fars Regional Water Authority. Agricultural data were obtained from the national and regional agricultural census 1972–2016 provided by the ministry of Agricultural-Jahad.




2.2. Methods


There are many methods and indices for identifying climate variability and its interrelation with water availability. Most of these methods measure drought and aridity, often linked to other related components, such as vegetation and soil moisture. The methodology for the present analysis was developed by combining Emberger climate classification, the Emberger aridity index, SPI, SDI, groundwater level fluctuation analysis, and agricultural development investigations. This helped identify agricultural development and changes in climate characteristics in the region. We applied the non-parametric Mann-Kendall test [48] for assessing trends in different types of drought in the study area.



2.2.1. Climate Variability Analysis (Emberger Method)


A method designed by Emberger [49] is widely used for climate classification in climatology, hydrology, ecology, and bioclimatic analysis [50,51,52]. The method considers the two important climate parameters, precipitation and temperature:


  Q =   1000 × P    (    M + m  2   )  ×  (  M − m  )    =   2000 ×    P     M 2  −      m   2     



(1)




where P is annual precipitation (mm), M is mean maximum temperature in the warmest month (°K), and m is mean minimum temperature in the coldest month (°K).



Equation (1) considers the minimum temperature of the coldest month in the year, since vegetation growth is strictly related to thermal limits [49]. In addition, the rate of evaporation changes with temperature variations, so the term (M–m) represents evaporation and the continentality of a climate [50]. By varying m and Q in Equation (1), 36 different climate classes were defined and represented in the Emberger climatogram (Figure 2).



To evaluate climate variability, the Emberger aridity index was calculated annually for each station. Then, by calculating three Emberger influence factors, i.e., humidity influence factor (HIF), thermal influence factor (TIF), and climate influence factor (CIF), the dominant humidity, thermal, and climate groups were defined in each region and the whole province for different decades (1977–1986, 1987–1996, 1997–2006, and 2007–2016) and for the whole study period (1976–2016).



There are six HIFs (Equation (2)), representing the influences of different humidity groups over an area or station. These HIFs are shown on the y-axis of the Emberger climatogram (Figure 2). They comprise: HA (hyper-arid), AR (arid), SA (semi-arid), SU (sub-humid), HU (humid), and HH (hyper-humid), which are defined based on the value of Q in (Equation (1)):


    HIF  x  =     ∑   i = 1   i = n     NY    ( x )  i       ∑   H = 1   H = 6     ∑   i = 1  n    NY   Hi      



(2)




where HIFx is the humidity influence factor for group x (HA, AR, SA, SH, HU or SU) in a region or station, n is the number of meteorological stations in each region, NYx(i) is the number of years in which station i experienced humidity conditions of type x, and NYHi is the number of years in which station i experienced humidity conditions of type H.



There are five TIFs (Equation (3)), representing the influences of different thermal groups over an area or station. These thermal groups are shown on the x-axis of the Emberger climatogram (Figure 2). They comprise VC (very cold), CD (cold), CL (cool), TE (temperate), and HO (hot), which are defined based on the value of mean lowest temperature in the coldest month (m):


    TIF  y  =     ∑   i = 1   i = n     NY    ( y )  i       ∑   T = 1   T = 5     ∑   i = 1  n    NY   Ti      



(3)




where TIFy is thermal influence factor for group y (VC, CD, CL, TE, or HO) in a region or station, n is the number of meteorological stations in each region, NY(y)i is the number of years in which station i experienced thermal conditions of type y, and NYTi is the number of years in which station i experienced thermal conditions of type T.



There are 30 CIFs (Equation (4)), representing the influence of each climate group over an area or station. Each climate group has two terms, where the first term indicates humidity group (HA, AR, SA, SH, HU, SU) and the second term indicates thermal group (VC, CD, CL, TE, HO); for example, HA-VC is hyper-arid–very cold:


    CIF   x − y   =     ∑   i = 1   i = n     NY    (  x − y  )  i       ∑   H = 1   H = 6     ∑   T = 1   T = 5     ∑   i = 1  n    NY   HTi      



(4)




where CIFx-y is the climate influence factor of x and y (where x is a humidity group and y is a thermal group) in a region or station, H is a humidity group (1–6 are HA, AR, SA, SH, HU, and SU, respectively), T is a thermal group (1–5 are VC, CD, CL, TE, and HO, respectively), n is the number of meteorological stations in each region, N(x-y)i is the number of years in which station i experienced climate types of x and y in the selected region, and NYHTi is the number of years in which station i experienced humidity conditions of type H and thermal conditions of type T.




2.2.2. Meteorological, Hydrological, and Agricultural Drought Analysis


The standardized precipitation index is used to indicate meteorological drought, which is caused by a deficiency of precipitation [28,53]. To calculate SPI, the long-term precipitation data were fitted to a probability distribution, which was then transformed into a standard distribution (see Appendix B). Zero means normal conditions, while positive and negative values indicate wet and dry conditions, respectively (Table 1).



The SPI is only derived from the meteorological element precipitation, without considering other important parameters for the description of drought, such as evapotranspiration or soil moisture. Therefore, a more comprehensive index should also be used for comparison.



The streamflow drought index uses standardized annual streamflow volumes to define values lower than the mean streamflow by at least one standard deviation [15]. Based on the SDI values, the state of hydrological drought is then defined (Table 2). SDI is calculated as:


  S D  I y  =    F y  −  F ¯   S   



(5)




where Fy is the annual stream flow for a given year (y), and   F ¯   and S are the mean and standard deviation of cumulative streamflow for the whole study period.



We developed two additional indices, the overall agricultural drought index (OADI) and agricultural drought index (ADI), to evaluate changes in agriculture and drought in the study area:


  O A D  I y  =    A y  −  A ¯   S   



(6)






  A D  I y  =    A y  −    A y   ¯     S   (  1 − y  )       



(7)






     A  1 − y    ¯  =     ∑  1 y  A i  y   



(8)




where Ay, Ai is the annual farmed area for a given year (y),   A ¯   and S are the mean and standard deviation of the farmed area for the whole study period, and      A  1 − y    ¯    (1−y) and S(1−y) are the mean and standard deviation of farmed area between the first and yth year in the study period. We calculated these indices for irrigated, rainfed, and total farmed areas in Fars province.



In addition to the indices for drought analysis, we used the non-parametric Mann–Kendall test [48] to determine the significance of a trend in rainfall, discharge, groundwater level, and farmed area. This test is widely used for assessing trends in hydrology and climatology data [29,54].






3. Results


3.1. Spatiotemporal Climate Variability


Based on the Emberger index, there were 21 different climate types across Fars province in the period 1977–2016 (Figure 2 and Figure 3). The number of climate types declined over time (Figure 3) in different regions of the province (Figure A1, Figure A2, Figure A3, Figure A4 and Figure A5 in Appendix A). The most climate variety, 20 different types of climates, was observed in the period 1987–1996, while in the last period 2007–2016, the number decreased to 14 types (Figure 2, Figure A1 in Appendix A). The most variety in climate (17 types) was observed in the central region of the province, while the least was observed in the western and northeastern regions, eight types each. The dominant climate type in the province was HA-TE, hyper-arid and temperate, with a CIF value of 14.9% (Figure 2 and Figure 3). Temporal analysis showed that the CIF for HA-TE climate increased from 12.7% to 20.8% between the first (1977–1986) and last (2007–2016) decades of the study period (Figure 3, Figure A1 in Appendix A). The least common types of climate, CIF less than 0.3% (Figure A1 in Appendix A), were HU-VC (humid and very cold) and HU-CD (humid and cold), which were only observed in the northwestern region, with CIF 0.4% and 0.9% respectively (Figure A3 in Appendix A). The diversity of climate types in the northwestern, western, central, and southern regions decreased, while in eastern and northeastern regions it increased (Figure 3); for more details see Figure A2, Figure A3, Figure A4 and Figure A5 in Appendix A.



Regionally, the dominant climate type was HA-TE in the west, CIF 42.2%, and in the south, CIF 40.5%; AR-VC, arid and very cold—the northeast, CIF 33.6%; SA-CD, semi-arid and cold in the central region, CIF 16.4%; SA-VC, semi-arid and very cold in the northwest, CIF 26.2%; AR-VC, arid and very cold in the northeast, CIF 34%. The dominant climate during different periods in the whole area and in the southern region did not change, HA-TE, but in the other regions it varied during different periods (Figure 3, Figure A2, Figure A3, Figure A4 and Figure A5 in Appendix A).



Based on the HIF values obtained, the dominant climate was HA, with 32.3% spatiotemporal coverage during the study period. Its dominance significantly increased from 30.6% in the first decade (1977–1986) to 44.4% in the last (2006–2015). The next most important humidity group was AR, HIF 31.4%, followed by SA, HIF 24.9%; meanwhile SH, HIF 11.1%, and HU, HIF 0.3%, were less well represented. All these groups showed a reduction in HIF over time (Figure A1 in Appendix A). The HH type was not observed in any region. The HU type was only observed in the northwestern region, and the SH type in northwestern (HIF 32.6%) and central (16%) regions (Figure A2 and Figure A3 in Appendix A), whereas other humidity types, HA, AR, SA, and SU, were observed in all regions.



Based on the TIF values, VC, very cold, was the dominant thermal group, 28.7% and then TE 26.5%, CL 21.3%, CD 19%, and HT 4.5%. The TIF for VC and CD showed an increase over time, whereas it decreased for the remaining thermal groups (Figure 3, Figure A2, Figure A3, Figure A4 and Figure A5 in Appendix A).




3.2. Meteorological Drought


The lowest annual value of SPI in Fars province and its regions was observed in 2008 (Figure 4a). The last decade of the study period (2007–2016) experienced the most extreme droughts in different periods (1, 2, 3, 5, and 10 years) in the different regions. The longest drought period started in 2006 in the eastern and southern regions, and in 2007 in the other regions and the province as a whole. Although the SPI value was mostly negative during latter decades in all regions (Figure 4c), there was no significant negative trend in precipitation in any region (Figure A2 in Appendix A). The wettest decade in the eastern region began in 1996, while for the whole province and other regions it began in 1990. The year 1993 was recognized as extremely wet, with the highest value of SPI in the whole province and in the southern region. In the central, northwestern, western, eastern, and northeastern regions, the highest SPI values were in 2005, 2004, 1997, 1999, and 2004, respectively (Figure 4). Before 1990, the SPI value showed more random fluctuation, but after 1990, two wet (1990–2006) and dry (2006–2016) periods were identified in all regions (Figure 4c).



The SPI distribution showed that normal conditions, with SPI values between −0.50 and 0.5, were the most common, occurring in 18% of years (Figure 4b). Based on the mean SPI values for Fars province, normal to moderately wet conditions occurred in 25% of years during the study period. This distribution shows that meteorological drought years were less common in the province than wet and normal years. The SPI distribution showed that dry years were more common in southern and eastern regions of Fars.




3.3. Hydrological Drought


The flow at all 24 gauging stations across Fars province (Figure 1c and Figure A3 in Appendix A) showed a significant negative trend in 1977–2016 (Figure 5), while before 1997 there was no significant trend for any gauging station (Figure A4 in Appendix A).



In the period 1977–1996, for more than 70% of stations, 17 out of 24, a positive tendency as with a non-significant trend was observed; for the remaining 30% of stations, numbers 3, 4, 5, 9, 13, 23, and 24, a non-significant negative tendency was detected (Figure A4 in Appendix A). In contrast, during the second half of the study period (1997–2016), all stations showed a significant negative trend from headwaters to downstream in the basin (Figure A5 in Appendix A). During this period, the flow rate was dramatically reduced to 0, or around 0 at several stations in latter years; for example, stations numbered 4 (Kor at Hassanabad, Inlet of Bakhtegan Lake), 5 (Sivand at Tange Bulaghi), 6 (Sivand at Dashtbal), 7 (Bavanat at Monj), and 18 (Firouzabad at Tangab below Tangab Dam) (Figure A5 in Appendix A). The mean flow reduction in the period (1997–2016) was about 42 %, but it varied from less than 2% (Jamalbyke in headwaters of Kor River, number 1) to around 70% (in Mond River at Dezhgah, number 24). Apart from the two % reduction at station number 1, the minimum reduction was 25% at all stations. These results reveal a transition from non-stationary to stationary river flow at all gauging stations between the first (1977–1996) and second (1997–2016) periods.



The results of SDI analysis confirmed an extended hydrological drought after 1997, based on the SDI definition that all years with negative values indicate hydrological drought (Figure 6). Mild hydrological drought was common for the Bavanat, Mond, and Shapur rivers in the eastern and western regions of Fars province. Around 42% of SDI values were negative during (1977–1996), increasing to 73% during (1997–2016). Regionally, the percentages of annual drought were 39.4, 35, 28.3, 27.5, 25, and 22.5 in the western, southern, central, northeastern, eastern, and northwestern regions, while at the basin level it was 37.5, 35.6, 30, 26.25, 25, and 23.3% in Heleh, Mond, Kavir, Zohreh, Kol-o-Mehran, and Bakhtegan, respectively. Hydrological drought was most common in the eastern region, 50% in the first period, and in the western region, 77.5% in the second period.




3.4. Agricultural Drought


During the study period (1977–2016), irrigated area showed a significant positive trend and rainfed area a significant negative trend, whereas total irrigation showed a non-significant negative tendency (Figure 7a1,a3). Based on the annual irrigated and rainfed cultivated area, two main periods were distinguished (i): 1977–2006 and (ii): 2007–2016. Total cultivated area increased dramatically until 2006, when it peaked at 1,193,450 ha, +11,650 ha y−1 based on 5-year moving average. It then decreased sharply, −20,310 ha y−1 based on 5-year moving average, to almost half, 631,000 ha, by 2016 (Figure 7a3).



The expansion in cultivated area in the first period (1977–2006) was only in irrigated area, 14,079 ha y−1, while the rainfed area decreased significantly, –2430 ha y−1 (Figure 7a1,a2). In the second period, both irrigated and rainfed areas showed significant decreases, −20,300 and −7260 ha y−1, respectively (Figure 7a1,a2).



Based on the OADI values, the irrigated area was below the mean, and the rainfed area was above the mean in 85% of years in 1977–1996, but 80% of years in 1997–2016 (Figure 7b2,b3). The main change in agriculture occurred from 1977 to 2006, when rainfed farmland, low water requirement, was widely replaced by irrigated area, high water requirement (Figure 7b2,b3). The irrigated area reached a maximum 870,000 ha in 2006 and then decreased to 397,000 ha in 2016 (Figure 7a). The greatest rainfed area, 396,000 ha, was in 1983, a normal year according to SPI value (Figure 4), and the least, 60,000 ha, was in 2000, a severe meteorological drought according to SPI value (Figure 4 and Figure 7b). A considerable increase in irrigated area, of around +21,000 ha y−1, occurred between 1997 and 2006, resulting in an average area of 733,000 ha (Figure 7b3). In the decades 1987–1996 and 2007–2016, the average areas were 580,000 and 610,000 ha, respectively. The contribution of rainfed irrigation to total cultivated area was 41 % during the period 1977–1986, but declined to less than 20% in the period 2007–2016, while irrigated area increased from 59 to 80% in the same period.



The ADI values revealed agricultural drought in Fars province (Figure 7c). Total farmland in most years before 2006 showed positive values of ADI, so no agricultural drought, except in years when the province was affected by extensive metrological drought (Figure 7c3). Generally, rainfall deficit is a major limiting factor for rainfed agriculture. In Fars provenience, in addition to rainfall deficit, the change in agriculture type from rainfed to irrigated farming was another reason for the decreasing ADI values for rainfed farmland in recent years (Figure 7c2). In contrast, the ADI for irrigated area was positive for most years before 2006 (Figure 7c1). This shows that metrological and hydrological droughts did not have any influence on irrigated agriculture and its development.



It can be concluded that the increase in irrigated area was mainly achieved based on groundwater exploitation, as there was a lack of available surface water according to hydrological drought analysis (SDI in Figure 6; trend analyses in Figure A4 in Appendix A). This lowered the groundwater level in the 12 major aquifers in different regions of Fars province (Figure 8). The greatest lowering was recorded in the Arsenjan aquifer in the eastern region of the province during 1995–2015 (Figure 8). The least groundwater lowering was observed in the Shiraz and Neyriz aquifers, around 10 m over 20 years (Figure 8). The groundwater lowering impact was affected by aquifer area, with small aquifers showing more depletion. For example, the Arsenjan, area 101.6 km2, showed the greatest depletion in volume, about 0.212 km3, while in Shiraz, area 207 km2, the depletion in volume was about 0.123 km3. Total, rainfed, and irrigated areas had negative values of ADI after 2006. In that period, it can be concluded that meteorological drought, SPI analysis, hydrological drought, SDI analysis, and the considerable depletion in groundwater resources display evidence of significant agricultural drought (Figure 7c).



Although soil moisture is a well-known indicator of agricultural drought [55,56,57], we developed two new indices, OADI and ADI, for agricultural development and drought, based on the change in cultivated area. These two indices complement each other in interpreting drought and changes in irrigated area, as shown in this study. The main advantage these two new indices is that they evaluate the situation based on real agricultural functions in the area. Needed data can be obtained from overall agricultural reports, and in comparison, the soil moisture data are sparsely measured and the available remote sensing data have a low resolution.





4. Discussion


There were clear signs of climate change in Fars province during the study period, with a reduction in the number of different climate types across the province. According to the Emberger index, the land area with a hyper-arid climate increased in the province over the years. This meant that availability of renewable water declined in recent decades, although, based on climate analysis, there was no significant negative trend in precipitation (Figure A2 in Appendix A). This reduction in water resources could be related to climate variability and/or meteorological drought in the latter part of the study period.



Among the different categories of drought, meteorological drought based on SPI was found to be a non-stationary stochastic phenomenon in trend analysis for the province, while hydrological drought based on flow data clearly showed a negative trend, with significant lowering of groundwater levels. After 1997, hydrological drought conditions dominated, based on SDI values. Irrigated area continued to expand until 2006, when it reached its absolute maximum in the history of the province. The lack of sufficient surface water, the dominant negative phase of SDI (Figure 6) in main rivers after 1997, could confirm that the expanding by about 400,000 ha of irrigated agriculture between 1997 and 2006 was mainly established based on groundwater exploration. It exerted more pressure on groundwater resources, as seen in groundwater level in major aquifer. A metrological drought period from 2006 onwards led to a further reduction in rainfed area, accelerated hydrological drought, reduced groundwater recharge, and increased groundwater overexploitation. Consequently, the agricultural drought period that started in 2006 resulted in a significant decrease in cultivated area. Overall, before 1997, hydrological drought was a stochastic phenomenon and almost followed the meteorological drought, whereas after 1997 it was mainly due to increasing water use in headwaters and metrological drought.



While drought is viewed locally as a force majeure event in most cases, detailed research has shown that drought is often related to human activities and could be avoided with proper management [58]. In Fars province, overexploitation of water resources, both groundwater and surface water, led to more frequent hydrological droughts after 1997. In this study, hydrological drought was observed over more than 72% of the period 1997–2016, whereas meteorological drought occurred during only 40% of that period. In contrast, in the period 1977–1996, hydrological drought was only observed for 42% of it, and more than 75% of gauging stations showed positive tendency in flow. Thus, the use of water resources and the irrigated area before 1997 were matched by the potential renewable water resources in the province, but after 1997, water consumption exceeded the renewable water available. After 1997, groundwater was the main source of water for irrigation of new cultivated areas and the groundwater resource became depleted. This led to a significant reduction in cultivated area after 2006, due to unavailability of water resources to maintain existing cultivated area in the whole province. The decreasing contribution of rainfed agriculture, from 40% to 20%, was another driver of unsustainability in the use of water resources and of increasing hydrological droughts in the period 1997–2016. Thus the 10 years after 2006 with hydrological drought resulted in agricultural drought, as reflected in decreasing cultivated area. Furthermore, Fars experienced several meteorological droughts in later years, and these undeniably contributed to water shortage. In the past, for example, before 1990, when the irrigated area was smaller and rainfed area made up a greater proportion of total cultivated area, groundwater resources were able to compensate for occasional rainfall deficits and the overall stress on water resources was minor.



The dry period particularly after 2006 and changing from rainfed to irrigated cultivated area led to a tipping point where water demand exceeded the sustainable level for water resources and potential for renewable water. The reduction in river flow and significant depletion in groundwater level confirms this unsustainability in use of water resources. In arid and semi-arid regions, groundwater is a secure source of water that should be saved for drought periods and water shortages. Basing agriculture on groundwater resources has led to agricultural droughts and has also had many socioeconomic and environmental impacts; e.g., land subsidence [59], abandonment in rural areas [60], depression, suicide of rural farmers [61,62], and household food consumption [63]. Overall, we identified three clear stages in Fars province in the 40-year study period.



The first stage (1977–1996) was a period of sustainable agriculture and water resources. There was a good ratio of rainfed to irrigated area, 40:60. Exploitation of groundwater resources occurred only during periods of insecure water supply, meteorological drought, and any groundwater depletion was compensated for in other years. During meteorological drought, cultivated rainfed area was reduced by 40%. Therefore, water usage was almost in proportion with renewable water resources, and hydrological drought was a stochastic phenomenon that occurred randomly due to meteorological drought. The sustainability of water resources was not sensitive to climate variability and meteorological drought.



The second stage (1996–2006) saw a transition from sustainability to unsustainability. It was a golden economic period for farmers, with total cultivated area reaching a maximum and the proportion of irrigated area increasing to 80%, mainly based on groundwater. The new economic conditions increased the expected water demand of local inhabitants beyond a sustainable state. This led to rapid loss of considerable groundwater resources, which altered the interaction between groundwater and surface water, reducing surface water recharge from groundwater [29]. Reduced flow in rivers and increasing frequency of hydrological droughts increased the pressure on the water resources system towards unsustainability.



The third stage from 2006 onwards was unsustainability, with a significant reduction in agricultural area being due to unavailable water resources and the overexploitation of groundwater with deeper wells and greater energy demand for pumping. Continued low flow in the rivers and recurring hydrological droughts, led to exacerbating problems in the operation of installed hydraulic structures, such as dams, on rivers [29]. Insecurity in groundwater resources and unsustainability in agriculture led to increasing internal migration and decreasing cultivated area. There were also environmental impacts, such as desiccation of lakes and wetlands, land subsidence, and desertification [64,65,66].



Overall, we cannot conclude that the whole of Fars province is in stage three, but much of it appears to be. As in other arid and semi-arid regions, the province must seek to move water usage in a sustainable and efficient direction. They must change crop patterns by using low consumption crops; and revise the water allocation policy and prioritize water for consumption. Optimize the reservoir operation and managed aquifers. Drainage control could be effective for irrigated farmland; farmers should select crops that are more suitable for the arid climate and need less water per hectare; and smallholder farms should be supplied with information on seeding and harvesting times for each crop type, for better water usage efficiency. Groundwater must be protected as a vital resource for diminishing the impact of climate variability and climate change.




5. Conclusions


In this study, we examined the transition from sustainability to unsustainability in water resource use and agriculture in an arid and semi-arid region and the temporal causes and effects of meteorological, hydrological, and agricultural droughts. We developed a new way to evaluate climate change and variability, based on two main elements of the Emberger aridity index, humidity influence factor (HIF) and climate influence factor (CIF), and considering the change in variety of climate types. We also developed two new indices for agricultural drought analysis, overall agricultural drought index (OADI) and agricultural drought index (ADI), which are based on changes in irrigated and rainfed farmed area. We demonstrated the outcomes using the example of Fars province, one of the most important agricultural regions in southern Iran. We showed that the number of climate types has decreased over time in different regions of the province, from a maximum of 20 in the period 1987–1996 to 14 in the period 2007–2016. A hyper-arid climate dominated, with on average 32% spatio-temporal coverage for the 40-year study period and a significant increase from 32.3% in 1977–1986 to 44.4 in 2006–2015. Around 75% of years between 1977 and 2016 were normal and wet in terms of meteorological conditions and uniformly distributed across the whole period, while the frequency of hydrological and agricultural droughts increased particularly in later years (2006–2015). Regarding water resources’ sustainability and resilience, we identified three clear stages during the 40-year period: (1) Sustainable use of water resources before 1997, when water demand was matched by renewable water capacity and irrigated farmland area, was small relative to rainfed area. (2) Transitional use of water resources in 1997–2006, with increasing irrigated area accompanied by hydrological drought, leading to significant groundwater depletion and reduced resilience of the water resources. (3) Unsustainable use of water resources after 2006, with a lack of water resources, particularly groundwater, together with climatological and hydrological droughts, resulting in agricultural droughts and a considerable decrease in farmland area in Fars province.
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Abbreviations




	HIF
	humidity influence factor



	TIF
	thermal influence factor



	CIF
	climate influence factor



	SPI
	standardized precipitation index



	SDI
	streamflow drought index



	OADI
	overall agricultural drought index



	ADI
	agricultural drought index



	VC-HA
	very cold, hyper arid



	VC-AR
	very cold, arid



	VC-SA
	very cold, semi-arid



	VC-SH
	very cold, semi humid



	VC-HU
	very cold, humid



	VC-HH
	very cold, hyper humid



	CD-HA
	cold, hyper arid



	CD-AR
	cold, arid



	CD-SA
	cold, semi-arid



	CD-SH
	cold, semi humid



	CD-HU
	cold, humid



	CD-HH
	cold, hyper humid



	CL-HA
	continental, hyper arid



	CL-AR
	continental, arid



	CL-SA
	continental, semi-arid



	CL-SH
	continental semi humid



	CL-HU
	continental humid



	CL-HH
	continental hyper humid



	TE-HA
	temperate, hyper arid



	TE-AR
	temperate, arid



	TE-SA
	temperate, semi-arid



	TE-SH
	temperate, semi humid



	TE-HU
	temperate, humid



	TE-HH
	temperate hyper humid



	HO-HA
	hot, hyper arid



	HO-AR
	hot, arid



	HO-SA
	hot, semi-arid



	HO-SH
	hot, semi humid



	HO-HU
	hot, humid



	HO-HH
	hot, hyper humid



	VH-HA
	very hot, hyper arid



	VH-AR
	very hot, arid



	VH-SA
	very hot, semi-arid



	VH-SH
	very hot, semi humid



	VH-HU
	very hot, humid



	VH-HH
	very hot, hyper humid
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Figure A1. Distribution (percentage) of climate types in Fars province in different periods. 
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Figure A2. Annual rainfall variation and trend in Fars province and in its six different regions in the study period. S.L. = significance level. 
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Figure A3. Layout of main basins, rivers, and location of gauging stations in Fars province. 
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Figure A4. Trend of flow in selected rivers across the study area (1977–1996). The Kor, Firouzabad, and Mond rivers had more than one selected station, so station names are added. Neg. and Pos. are negative and positive trend. Regions: W: western, NW: northwestern, C: central, S: southern, E: eastern, and NE: northeastern. SL = significance level. Detailed information on all stations is provided in Table A2. 
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Figure A5. Trend of flow in selected rivers across the study area (1997–2016). The Kor, Firouzabad, and Mond rivers had more than one selected station, so station names are added. Neg. and Pos. are negative and positive trend. Regions: W: western, NW: northwestern, C: central, S: southern, E: eastern, and NE: northeastern. SL = significance level. Detailed information on all stations is available in Table A2. 
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Table A1. Information on meteorological stations that supplied precipitation and temperature data.
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	Number
	Station
	Basin
	Longitude
	Latitude





	1
	Bande Bahman
	Mond
	52.57
	29.28



	2
	Chamriz
	Maharloo-Bakhtegan
	52.10
	30.47



	3
	Jahanabad
	Maharloo-Bakhtegan
	53.86
	29.71



	4
	Doboneh
	Maharloo-Bakhtegan
	52.78
	29.42



	5
	Sedeh
	Maharloo-Bakhtegan
	52.16
	30.72



	6
	Qalat
	Maharloo-Bakhtegan
	52.34
	29.84



	7
	Komehr
	Maharloo-Bakhtegan
	51.87
	30.44



	8
	Madar soleyman
	Maharloo-Bakhtegan
	53.18
	30.19



	9
	Karian
	Mond
	53.53
	28.13



	10
	Lar
	Kol- Mehran
	54.28
	27.68



	11
	Shiraz
	Maharloo-Bakhtegan
	52.28
	29.7



	12
	Fasa
	Kol-o-Mehran
	53.63
	28.92



	13
	Mazijan
	Kavire-Sirjan
	53.66
	30.45



	14
	Abadeh
	Shomal
	52.65
	31.16



	15
	Tangab
	Mond
	52.55
	28.92



	16
	Batoon
	Zohreh
	51.32
	30.24



	17
	Govazoon
	Kol-o-Mehran
	54.45
	28.7



	18
	Borghan
	Zohreh
	52.02
	30.22



	19
	Farashband
	Heleh
	52.09
	28.86



	20
	Jereh
	Heleh
	51.98
	29.24



	21
	Chity
	Heleh
	51.3
	29.58



	22
	Hanifaghan
	Mond
	52.55
	29.1



	23
	Dasharxhan
	Heleh
	52
	29.66



	24
	Karzin
	Mond
	53.11
	28.45



	25
	Babaarab
	Mond
	53.77
	28.58



	26
	Dezhgah
	Mond
	52.4
	28.21



	27
	Jahrom
	Mond
	53.56
	28.5



	28
	Dogonbedan
	Zohreh
	50.79
	30.36



	29
	Yasuj
	Karoon
	51.59
	30.67



	30
	Bushehr
	Heleh
	50.84
	28.91



	31
	Yazd
	Desert
	54.29
	31.86



	32
	Zarindasht
	Kol-o- Mehran
	54.43
	28.35



	33
	Shonbe
	Mond
	51.77
	28.39



	34
	Forg
	Kol-o- Mehran
	55.19
	28.315



	35
	Neyriz
	Maharloo-Bakhtegan
	54.3
	29.18



	36
	Hajiabad
	Kol-o- Mehran
	55.9
	28.31



	37
	Lamerd
	Kol-o- Mehran
	53.18
	27.34



	38
	Rooniz
	Mond
	53.77
	29.19
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Table A2. Information on gauging stations that supplied flow data.
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	No
	River
	Station
	Basin
	Region
	Longitude
	Latitude
	Area km2





	1
	Shoor
	Jamalbyke
	Maharloo-Bakhtegan
	N-West
	51.97
	30.60
	160



	2
	Kor
	Chamriz
	Maharloo-Bakhtegan
	N-West
	52.10
	30.47
	3390



	3
	Kor
	Polkhan
	Maharloo-Bakhtegan
	Center
	52.78
	29.85
	6250



	4
	Kor
	Hassanabad
	Maharloo-Bakhtegan
	Center
	53.86
	29.71
	19245



	5
	Sivand
	Tange Bulaghi
	Maharloo-Bakhtegan
	N-East
	53.15
	30.18
	4798



	6
	Sivand
	Dashtbal
	Maharloo-Bakhtegan
	Center
	52.97
	30.03
	6100



	7
	Bavanat
	Monj
	Kavir e Sirjan
	N-East
	53.90
	30.36
	781



	8
	Roudbal
	DarbQale
	Kol-o- Mehran
	East
	54.45
	28.70
	765



	9
	Sheshpir
	Goshnegan
	Zohreh
	N-West
	52.07
	30.22
	55



	10
	Abshirin
	Goorab
	Zohreh
	N-West
	51.67
	30.18
	510



	11
	Shool
	Kusengan
	Zohreh
	N-West
	51.65
	30.03
	2179



	12
	Fahlian
	Batoon
	Zohreh
	N-West
	51.33
	30.25
	3764



	13
	Shirinrud
	Shibtang
	Heleh
	Center
	52.05
	29.27
	770



	14
	Shapoor
	Bushigan
	Heleh
	West
	51.50
	29.72
	1390



	15
	Shapoor
	Chiti
	Heleh
	West
	51.78
	29.25
	2428



	16
	Dalaki
	Cham e Chit
	Heleh
	West
	51.30
	29.27
	3900



	17
	Hanifaghan
	Hanifaghan
	Mond
	West
	52.55
	29.10
	415



	18
	Firouzabad
	Tangab
	Mond
	West
	52.55
	28.92
	1377.1



	19
	Firouzabad
	Dehrud
	Mond
	West
	52.57
	28.62
	2493.5



	20
	Firouzabad
	Dehram
	Mond
	West
	52.35
	28.49
	4032.7



	21
	Qare Aqaj
	Bahman
	Mond
	Center
	52.57
	29.28
	2410



	22
	Simakon
	Berak
	Mond
	Center
	53.15
	28.65
	865



	23
	Mond
	Karzin
	Mond
	South
	53.13
	28.48
	12751



	24
	Mond
	Dezhgah
	Mond
	West
	52.40
	28.21
	18351









Appendix B


To calculate the SPI in a specific location, the precipitation data for a long-term period are fitted to a probability distribution and then converted into a normal distribution. Estimating the SPI involves describing the frequency distribution of precipitation, using a gamma probability density function (Equation (A1)):


   P   (  x  )  =  1   β α   Γ   ( α )     x  α − 1    e  − x / β      w h e r e    x   > 0  



(A1)




where x is precipitation amount, α is a shape parameter, β is a scale parameter, and the gamma function is expressed as:


    Γ   (  α  )  =   ∫  0 ∞   x  α − 1    e  − x   d x   



(A2)







The maximum likelihood method is used to estimate the optimal values of α and β.


    α ^  =  1  4 A   ( 1 +   1 +   4 A  3      )   



(A3)






    β ^  =   x ¯   α ^     



(A4)






   A = ln (  x ¯  ) −    ∑  ln ( x )  n    



(A5)




where n is the number of precipitation records and x is average precipitation amount. The cumulative probability for a given month then can be obtained from:


   G =   ∫  0 x  g  ( x )  d x =  1    β ^   α ^    Γ   (  α ^  )      ∫  0 x   x   α ^  − 1    e  − x /  β ^    d x   



(A6)







Setting t =     X  β ^     , the incomplete gamma function can be obtained from:


    G   (  x  )  =  1   Γ   (  α ^  )      ∫  0 x   t    α ^  ^  − 1    e  − t     d t   



(A7)







It is possible to have several zero values in a sample set. In order to account for zero values, the cumulative probability function for gamma distribution is modified as:


   H = q =  (  1 − q  )  G  ( x )    



(A8)




where q and (1−q) denote the probability of zero and non-zero precipitation, respectively. The SPI is then derived from the cumulative probability:


   for   0.5 < H < 1 :   SPI = +  (  k −    c 0  +  c 1  × k +  c 2  ×  k 2    1 +  d 1  × k +  d 2  ×  k 2  +  d 3  ×  k 3     )    ,       k  =    l n   (   1   (  1 −  H 2   )     )      



(A9)






   for   0 < H < 0.5 :   SPI = −  (  k −    c 0  +  c 1  × k +  c 2  ×  k 2    1 +  d 1  × k +  d 2  ×  k 2  +  d 3  ×  k 3     )    ,       k  =   ln  (   1   (   H 2   )     )      



(A10)




where c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308 [67].
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Figure 1. Maps showing (a) the location of the study area—Fars province in Iran; (b) its six regions with 38 meteorological stations; (c) major basins and rivers with 24 hydrological stations; and (d) topography and 12 groundwater measurement points. For more details of measurement points, see Appendix A. 
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Figure 2. Emberger climatogram and percentage area covered by different climate types at 26 meteorological stations across Fars province (1976–2015). 
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Figure 3. Climate variations in different periods in the six regions of Fars province, according to the Emberger climate classification. The y-axis shows percentages of occurrence of different climate types. 
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Figure 4. (a) Spatio-temporal distribution of meteorological drought (standardized precipitation index, SPI) in the six regions of Fars province, (1977–2016). (b) Histogram of SPI classes and (c) annual variation in SPI in Fars and its regions. SPI classification: EW: extremely wet, SW: severely wet, MoW: moderately wet, MiW: mildly wet, No: normal conditions, MiD: Mildly dry, MoD: moderately dry, SD: severely dry, ED: extremely dry. 
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Figure 5. Trend in flow in selected rivers across the study area (1977–2016). The Kor, Firouzabad, and Mond rivers had more than one selected station, so station names are added. Neg. and Pos. are negative and positive trends. Regions: W: western, NW: northwestern, C: central, S: southern, E: eastern, NE: northeastern. SL: significance level. Detailed information on all stations is available in Table A2 in Appendix A. 
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Figure 6. Variation in streamflow drought index (SDI) at 24 gauging stations in the study area. The Kor, Firouzabad, and Mond rivers had more than one selected station, so station names are added. Regions: W: western, NW: northwestern, C: central, S: southern, E: eastern, NE: northeastern. Detailed information on all stations is available in Table A2 in Appendix A. 
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Figure 7. Change in cultivated area and agricultural drought index in Fars province (1977–2016). Diagrams 1–3 show irrigated, rainfed, and total cultivated areas; diagrams (a–c) show the change in area. OADI = overall agricultural drought index, ADI = agricultural drought index. 
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Figure 8. Cumulative average groundwater level (C.A.GWL) fluctuations in 12 aquifers in different regions of Fars province, 1995–2016. Regions: W: western, NW: northwestern, C: central, S: southern, E: eastern, and NE: northeastern. 
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Table 1. Standardized precipitation index (SPI) classification [29].
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	Range of SPI
	Description of State





	SPI ≥ 2.00
	Extremely wet (EW)



	1.50 ≤ SPI < 1.99
	Severely wet (SW)



	1.00 ≤ SPI < 1.50
	Moderately wet (MoW)



	0.50 ≤ SPI < 0.99
	Mildly wet (Miw)



	−0.5 ≤ SPI < 0.50
	Normal (No)



	−0.99 ≤ SPI < −0.50
	Mildly dry (MiD)



	−1.49 ≤ SPI < −1.00
	Moderately dry (MoD)



	−1.99 ≤ SPI < −1.50
	Severely dry (SD)



	SPI < −2.00
	Extremely dry (ED)
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Table 2. Definition of states of hydrological drought with the streamflow drought index (SDI) [15].
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	Criterion
	Description of State





	SDI ≥ 0.0
	No Drought



	−1.0 ≤ SDI < 0.0
	Mild Drought



	−1.5 ≤ SDI < −1.0
	Moderate Drought



	−2.0 ≤ SDI < −1.5
	Severe Drought



	SDI < −2.0
	Extreme Drought
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