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Abstract

:

Karstic aquifers, because of their conduit system, are susceptible to climate change. Ten karst springs in the Zagros region were selected to investigate the impact of climate change under three CMIP6 scenarios: SSP1-1.9, SSP2-4.5, and SSP5-8.5. This study was conducted in three steps: downscaling climate projection, analyzing spring discharge time series, and introducing a new index to assess the impact of climate change on spring flow rate. Applying LARS-WG6, precipitation was downscaled at 14 stations in the study area. Moreover, time series and trend analysis showed that the selected springs have experienced a decrease in their flow rate. Assuming the covariance function between precipitation and spring discharge is constant, new indices (i.e.,     I     Q   d      ,     I     d Q   d      , and     I   c c    ) were introduced to highlight the effect of climate change according to the three scenarios.   d   Q   d     is the variability of spring discharge from past to future,     I     d Q   d       is spring discharge variability over the historical data, and     I   c c     is the effect of precipitation and spring discharge change together.     I   c c     has a range from −0.25 to 0.25 below and above, which is indicative that two extreme conditions including the spring dryness and overflow are in effect, respectively. The main results revealed that the degree of impact at each spring is a function of climate change scenarios and hydrogeological characteristics of the karstic systems. A more noticeable negative trend in spring flow rate is observed for the karst springs characterized by a dominant conduit flow regime and low matrix storage, located in the areas with low cumulative rainfall, and has a stronger relationship with precipitation. Based on the results, decisions on the management of karst water resources should be made considering where the springs bear free surface and pressurized flow conditions.
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1. Introduction


Climate change, especially water shortage, drought, and floods, might drastically hit both the quantity and quality of aquifers; groundwater has a substantial role in ecosystem preservation and the empowerment of human reconciliation against climate change [1] Karst water resources, because of their vulnerable conduit system or, more generally, because of their fast flow component, are more at risk of facing critical conditions [2]. They are vital groundwater resources worldwide due to the continuously increased water demand for domestic, industrial, and agricultural usage. Based on [3], 9.2% of the world’s population depends on drinkable water resources from karst aquifers. More specifically, 40% of the US groundwater resources are provided by karst [4]. In addition, karst aquifer supplies are even more vital for some regions for providing 50% or even more of drinking water such as Austria, the Dinaric region (Europe), Southwest China, Vienna, Damascus, and Rome [5,6,7,8].



To study the effect of climate change on the karstic springs, it is first necessary to employ a proper approach to identify the projected climate change and to understand climate variability. Downscaling is a technique performed on general circulation models’ (GCMs) output to provide climate information at a more suitable scale for local investigation. Empirical relationships between large-scale atmospheric and local climate variables can be expressed with statistical downscaling approaches [9]. Long Ashton Research Station weather generator (LARS-WG) is a stochastic weather generator; it is used to derive statistical variables from observation data in order to create synthetic weather data [10]. This approach has proved efficient for generating climatic variables under climate scenarios, particularly in the calculation of wet/dry spell length [11]. In the most recent report from the Intergovernmental Panel on Climate Change (IPCC), the socio-economic changes and trends in scenarios are described as the shared socio-economic pathway or SSP [12]. There are five illustrative scenarios defined in [12], which cover very low and low emission of greenhouse gases (GHGs) (SSP1-1.9 and SSP1-2.6) to their intermediate (SSP2-4.5), high, and very high emission (SSP3-7.0 and SSP5-8.5). The output of ensemble models of Coupled Model Intercomparison Project 6 (CMIP6) is used for downscaling; CMIP6 explains the earth’s response to forcing and an assessment of climate change predictability amongst other descriptions [13].



There are several methods for studying climate change impacts on groundwater flow in karst aquifers including the semi-distributed lumped model [14], integrated hydrological model (MOHISE) [15], soil and water assessment tool (SWAT), and MODFLOW in a one-way connection method [16]. However, these methods need an immense amount of data such as hydraulic conductivity and heterogeneities in physical properties to successfully simulate groundwater flow, which is often extensively challenging in karst aquifers. On the other hand, approaches of lumped parameter modeling on a statistical basis offer solutions with less data (parameter) demand. Ref. [17] used correlation stochastic processes to investigate the rainfall and karst spring relationship. They concluded that the wavelet analyses approach outperforms the linear-based relation of input–output models (i.e., rainfall-runoff) in karst systems which noticeably show non-stationary non-linearity behavior. In other research, continuous and discrete wavelet transforms were used to study the impact of climate change and human activities on karst aquifers [18]. A cross-correlation function (CCF) was used at multi-resolution levels, helping to decompose time series using wavelet analysis. CCF has the potential to be used in karst development analysis. For example, Ref. [19] used cross-correlation with the help of other statistical analyses in time series such as the phase function in two-time series in the Dinaric karst of Croatia and showed that the region has advanced karst. In another study in the Dinaric karst (Rumin Springs), CCF, partial cross-correlation function (PCCF), autocorrelation analysis function (ACF), and spectral density function (SDF) were used in order to study the characteristics of the watersheds adjacent to the karst and their response to rainfall events [20]. Cross-correlation was also used with unprocessed and processed data to identify the contribution of rainfall and time of effect through the main infiltration pathways in karstic aquifers of Campania, southern Italy [21]. In a recent study in southern Italy (Caposele Spring), Ref. [22] introduced a new criterion grounded on the frequency of events surpassing a particular extreme value; they used it to detect acceptable distributions for the data to assess spring discharge extreme events. Time series analysis can also be used to drive rainfall intensity and time lag curves, which reveal valuable information on spring responses and karst segments [23].



Iran, with no exception to the other countries of the world, is experiencing climate change. Ref. [24] estimated higher precipitation in the wet regions (north and west) and lower in the dry regions (south and east), these trends would lead to an increase and decrease in groundwater recharge in these parts of Iran, respectively. Ref. [25] showed that carbonate rocks in Iran cover about 11% of the country and some sites such as Zagros illustrate more development in karstification [26]. To give some sense of the importance of hard rock (i.e., including karst and fractured aquifers) water resources in Iran, it was estimated that 320 and 12,632 m3/year groundwater are estimated to be extracted or discharged from 920 wells and 37,490 springs (75% of which from carbonate formations), respectively [27]. In addition, hydrochemistry samples from some karst regions in Iran show good quality in terms of low electrical conductivity, often less than 1000 μS/cm [28], which makes them a valuable resource for drinking water supply. So far and to the knowledge of the authors, the impact of climate change on hydrogeological conditions in karstic regions in Iran is rarely reported. An investigation by [29,30] on Bibitarkhon Spring in the Lali region revealed no considerable change in the spring flowrate using an artificial neural network (ANN) with hopeful durability. But in a drier region in south-central Iran (Firouzabad), an evaluation the effect of climate change showed that the quantity and quality of the Firouzabad river and some saline and karstic springs decrease using the coupled global climate model (CGCM) [31].



The characteristics of the karst systems in each part of the Zagros region are highly dependent on the local geological and hydrogeological setting [32]. Therefore, mathematical simulation of the hydrogeological system of its aquifers for spring discharge forecasting can be time consuming and not sufficiently robust to investigate climate conditions out of the range of climate conditions observed within the calibration period. Moreover, Refs. [5,33], among others, already demonstrated that model-based prediction of the effect of climate change on groundwater, particularly on karst aquifers (because of their heterogeneity), experienced uncertainty linked to meteorological variables and land use change. Assuming that the transfer function of karst aquifer is constant over the projected periods (~60 years), statistical approaches can be relevant to investigate the impact of change in input (climate and meteorological forcings) on the output (spring discharge). In this study, the objectives are (a) to use time series analysis and covariance function in the historical period and future to characterize the karst system and (b) to introduce new indices to evaluate the impact of climate change on the karstic springs flow rate.




2. Study Area


Iran’s plate consists of several structural geology units, as shown in Figure 1 including Zagros, Alborz, Central Iran, and Kopet-Dagh [34]. The Zagros range, located in the Alpine-Himalayan belt, extends over 1600 km from the northwest (in Turkey and Iraq) to the southeast (Oman Sea) in the west of Iran, which contains 40% of Iran’s water resources [35]. Fourteen meteorological stations were selected to investigate the climate change impact on karst springs (Figure 2). Masjedsoleiman, with the lowest elevation of 321 m, is the hottest place (mean temperature is 26   ° C  ) among the stations while Kuhrang synoptic station is the coldest place (mean temperature is 10   ° C  ) with the highest elevation located at 2365 m. The minimum and maximum average annual rainfall, with the amount of 279 and 1301 mm/year, occurred at the Fasa and Kuhrang stations in the southern and almost central parts of the region, respectively.



Based on the acquired data from Iran’s Ministry of Energy, there are more than 2000 karst springs in eight provinces, whose distribution is shown in Figure 1. The minimum flow of these springs is less than 0.1 to up 1600 L/s and their maximum flow is less than 0.1 to more than 8600 L/s. Moreover, the electrical conductivity varies from 85 to 10,830 µS/cm with an average of 709 µS/cm. The emergence height of these springs varies from 201 to 3850 m above sea level (masl). On the basis of data availability and spatial distribution, 10 springs including Biston, Bernaj, Sarabgarm, Tangsiab, Cureh, Todehzan, Pirgahr, Dimeh, Barm, and Sasan were selected for further study to highlight climate change effects (Table 1 and Figure 2). According to the studies of [36], the reaction time of Sasan spring to maximum rainfall events is from 6 to 85 days with an average of 43 days, its memory effect using ACF is 90 days and, based on CCF, the reaction time for quick flow and base flow is estimated at 18 and 58 days, respectively. It is reported that this spring has a conduit flow type [37]. Rain recording stations were selected for this study based on the closest measuring station of meteorological parameters to the area where each spring appeared (Table 1). In addition, such a station should have enough historical period data for downscaling. The overall gradient variation in precipitation and flow rate is named as trend in Table 1.



To determine the approximate range of the catchment area of each spring, SWAT was used, implementing the digital elevation model (DEM) extracted from the global U.S. Geological Survey’s public domain geographic database HYDRO1k. Finally, taking into consideration other karst springs of each area and also the expansion of karst anticlines, the range from which the springs are fed was determined approximately. The most important geological formations around the springs are as follows: Sasan, Tangsiab, and Sarabgarm Springs: Asmari limestone formation (Miocene); Barm Spring: quaternary sediments and Asmari and Aghajari formations (Miocene), Pirghar and Dime limestones equivalent to the Asmari, Jahorm and Shahbazan formations with Eocene-Oligocene age; Cureh: Permian limestones; Tudezan: Jurassic–Cretaceous limestone and sandstone; and Bernaj and Biston: Biston limestone (Triassic–Cretaceous) and Cretaceous limestones.




3. Methodology


The three sequence steps of the study are (1) downscaling the GCMs climate output with LARS-WG6, (2) time series analysis using CCF as well as covariance function, and (3) introducing a new index. The first step is to predict future precipitation; in the second one, the relation between the precipitation and spring flow rate in the historical period is investigated. In the third step, based on such relationship and predicted precipitation, the climate change impact on spring flow rate is studied.



The linear model type was applied to the time series of both target variables (i.e., rainfall and spring discharge) in trend analysis to determine whether such variables have undergone any change. Daily precipitation projection is performed considering two 30-year-long periods (i.e., 2021–2050 for the near future and 2051–2080 for the far future) applying LARS-WG6 with a downscaling technique. The daily output of GCMs in CMIP6 was used under three SSP scenarios including SSP1-1.9, SSP2-4.5, and SSP5-8.5 are representative of low, intermediate, and high emissions of GHGs, respectively. We conducted downscaling for each station with 25 years of observed data from 1990 to 2014. The correlation coefficient between the observed and generated data for all stations was above 0.98 except for Sarpolezahab, which was 0.96.



The CCF can be used to determine the degree of similarity between two signals or two components. The normalized CCF rxy (k) of two time series x and y is calculated as follows:


    r   x y     k   =           C   x y   ( k )     σ   x     σ   y     ; k ≥ 0           C   y x   ( − k )     σ   x     σ   y     ; k < 0        



(1)




where k is the time lag, σx and σy are the standard deviation of x or rainfall and y or spring flow rate, respectively. When n is the length of the time series and μx and μy are the average of x and y, respectively, Cxy (k) is calculated from the following equation:


    C   x y     k   =   1   n     ∑  t = 1   n − k        x   t   −   μ   x       (   y     t + k     −   μ   y   )  



(2)







The correlation between the elements of a series with other elements of the same series (    r   y y     k    ) that are separated by a certain time interval is widely used in ACF in time series investigations of karst springs:


    r   y y     k   =     C   y y   ( k )       σ   y     2     ; k ≥ 0  



(3)







The covariance function (Cxy (k)) explains how much two random variables with different spatial or temporal separation change and describe the second-order dependence of random processes. The popularity of covariance functions in spatial and space-time statistics is due to the fact that the properties of Gaussian random fields are fully described by first- and second-order moments. Therefore, covariance functions are very important for the estimation and prediction of Gaussian random fields. This assumes that the value of the time delay calculated in the historical period will be the same in the future, which is a correct assumption considering that the karst system in terms of conduit characteristics will not change during the next 60 years. Therefore,     C   x y   ( k )   or     C   P Q   ( k )  , which is obtained based on the measured data and is a function of the covariance between rainfall and the springs flow rate, does not change in the future. Hence, the standard deviation of the spring flow rate (    σ   Q    ) in the future can be calculated from the following formula:


    σ   Q   =     C   P Q   ( k )     σ   P       r   P Q     k      



(4)




where     σ   P     is the standard deviation of the rainfall and can be calculated from the predicted rainfall data (simulated based on climate models and downscaling at the site of a meteorological station) and     r   P Q     k     is the correlation coefficient between rainfall and the springs flow rate, which is obtained using the data of the historical period. Considering N as the number of measurements, Qt is the spring flow rate at any time and Qmean is the average flow rate of the springs:


    σ   Q   =      ∑  t = 1   N          Q   t   −   Q   m e a n       2       N     



(5)







Therefore, it is possible to calculate the sum of the deviation of the flow rate of springs from their average value based on the following formula:


    ∑  t = 1   N          Q   t   −   Q   m e a n       2     = N   (     C   P Q   ( k )     σ   P     r   P Q     k     )   2    



(6)







Then, by using the following two formulas, the effect of climate change on the flow rate of the springs can be assessed as follows (in fact, the sum of the deviation of the flow rate of the springs from their average value in the historical period (b) and the future (f) are compared):


  d   Q   d   =   ∑  t = 1   N          Q   t   −   Q   m e a n       f   2   −   ∑  t = 1   N          Q   t   −   Q   m e a n       b   2        



(7)







For dimensionless formulas, the effect can be calculated as follows:


    I     Q   d     =     ∑  t = 1   N          Q   t   −   Q   m e a n       f   2         ∑  t = 1   N          Q   t   −   Q   m e a n       b   2        



(8)







The following criterion shows differentiation of the changes in the flow rate of the springs from the average value in the historical period and future periods compared to the historical period:


    I     d Q   d     =   d   Q   d       ∑  t = 1   N          Q   t   −   Q   m e a n       b   2        



(9)







Since     ∑  t = 1   N          Q   t   −   Q   m e a n       2       is too large and for the ease of comparison, it is square rooted and, hereinafter, is referred to as d. Finally, the following formula is introduced as a new criterion for evaluating the effect of climate change on the karstic springs discharge. In this criterion, the differentiation of the changes in the flow rate of the springs from the average value in the historical period and future periods are representative of the hydrogeological system (karst) and the precipitation changes in the same two periods are representative of the precipitation variability under the influence of climate change:


    I   c c   = (     I     d Q   d       ) (   d P     P   b     )  



(10)







dP =     P   f   −   P   b     is the difference between the precipitation in the future climate change scenario (Pf) and the historical period (Pb).



Table 2 shows the values of     I     Q   d      ,     I     d Q   d       and     I   c c     with the corresponding possible conditions of the groundwater flow in karst.     I   c c     is somewhat different from the other criteria; therefore, the corresponding values and springs covered in such values are also different. The terms including “overflow, flooding, pressurized and free surface flow” in Table 2 are based on those in the literature, such as in the work of [38,39,40], and adapted according to their use in this study. The value of     I     Q   d       is less than 0.50 (when     ∑  t = 1   N          Q   t   −   Q   m e a n       b   2       is more than twice     ∑  t = 1   N          Q   t   −   Q   m e a n       f   2      ) and also, the two criteria,     I     d Q   d       less than 0.50 and     I   c c     more than 0.25, show that the underground water flow is beyond the capacity of the conduits and the higher water head in the conduits in conditions of high flow gradient cause the matrix to be fed (flooding/overflow). In addition, the excess amount of rainwater flows in the form of runoff outside the capacity of the entrance of the conduits.     I   c c     in the range of 0.10–0.25 (equivalent to     I     d Q   d       [−0.50, −0.20] and     I     Q   d       0.50–0.80) can indicate that the underground water flows in the entire section of the conduits and can still charge the matrix (pressurized flow conditions).     I   c c     in the interval 0.05–0.10 shows the amount of groundwater flow increases mildly. In the two intervals of 0.00–0.05 and (−0.05)–0.00, there is no significant change in the underground water flow rate and the conditions are almost similar to those before the climate change scenario; in these two intervals, the flow rate of the springs increases and decreases slightly, respectively.     I   c c     between −0.10 and −0.05 shows groundwater flow decreases mildly.     I   c c     in the range of (−0.25)–(−0.10) can indicate that the groundwater flows only in a part of the conduit section (free surface flow conditions) and the conduit is fed from the matrix. When     I     Q   d       is greater than 1.50 (    ∑  t = 1   N          Q   t   −   Q   m e a n       f   2       is more than one and a half times     ∑  t = 1   N          Q   t   −   Q   m e a n       b   2      ),     I     d Q   d       greater than 0.50 and     I   c c     < (−0.25) indicates that the groundwater flow is less than the capacity of the conduits and the extremely low head of water in the conduits in the condition of very low flow gradient causes matrix discharge. In this situation, if the spring is located in a low rainfall area and its dominant flow regime is a conduit type, there is a high possibility of drying up. Figure 3 demonstrates a conceptual idealized model of climate change conditions in a karst system with a doline inlet and a spring outlet with typical formations in Zagros including Gachsaran evaporite (Gs), Asmari karstic limestone (As), and impermeable Pabdeh (Pb) and Gurpi (Gp). The lithological units are shale and marl Pabdeh–Gurpi formations (Pb-Gu: Santonin-Oligocene), Asmari-Jahrom limestone formations (As-Ja: Pliocene–Miocene), Gachsaran gypsum formation (Gs: Oligocene–Miocene), and lakes and rivers deposits (Q) of present-day. More information about these formations can be found in [36] studying Sasan spring. In Figure 3, the conditions of the water table, conduits, and karstic spring in four main states under the influence of climate change are illustrated: (a) dry condition of the conduit and spring, (b) conduit with free-surface water, (c) conduit full of water and under pressure, and (d) flooding conditions. The other four situations discussed in Table 2 are classified under conditions b and c depending on the climatic changes. If there is a slight decrease or increase in the flow, the conditions of the karst aquifer will approach b and c states, respectively. Two states, a and d, occur in extreme events: (a) in the case of a sharp decrease in precipitation and (d) in the case of a sharp increase in precipitation.




4. Results and Discussion


4.1. Precipitation under Climate Change


Precipitation increases in the two 30-year time periods of the future for some places even to an amount of 340 mm with dP/Pb of about 0.55 under the SSP1-1.9 scenario (Figure 4). The amount of precipitation multiplies by about 0.50 in Tangsiab in the first time period and Farsan in the second time period. The worst possible scenario in terms of precipitation reduction for the Zagros region in this study is SSP2-4.5. At stations Gaemieh and Kuhrang, dP is in the range of −80 to −120 mm/year and −240 to −280 mm/year with dP/Pb of −0.15 to −0.22, respectively. Tangsiab, Polechehr, and Brojerd experienced almost the same rainfall reduction (dP = 40 mm/year) (Figure 4). Likewise, Farsan and Lordgan do not tolerate much precipitation reduction in the near future (almost 18 to 27 mm/year) but in the far future, dP is about 55–67 mm/year with dP/Pb of −0.09 to −0.12. In the first 30-year period, future precipitation decreases to a maximum of 22 mm and the ratio of dP/Pb is about −0.04 at Sarpolezahab and Polechehr stations under the SSP5-8.5 scenario. However, dP/Pb decreases more to about −0.08 for some places such as Kuhrang and Lordgan in the second 30-year period of the future under this scenario. Brojerd and Tangsiab experience more precipitation of up to 69 and 50 mm/year than Pb in the near and far periods, respectively.



Generally, precipitation increases under the SSP1-1.9 scenario and decreases under SSP2-4.5 while it both decreases and increases under the SSP5-8.5 scenario. The northern part, in terms of precipitation reduction, is affected by climate change to a lesser extent than the southern part under SSP2-4.5. In contrast, under SSP5-8.5, the southern part of Zagros suffers no precipitation reduction. Kuhrang, in the central parts, is affected the most, particularly from 2051–2080 under SSP2-4.5. On the whole, the annual average precipitation of all 14 stations in the baseline is 540 mm/year but in the first and second 30-year periods under SSP1-1.9, it increases to 665 and 691 mm/year; under SSP2-4.5, it endures reduction and becomes 504 and 484 mm/year and under SSP5-8.5, it experiences a 13 mm/yearrise (553 mm/year) and a 6 mm/year drop (534 mm/year), respectively. The corresponding percentages in the first and second 30-year periods under SSP1-1.9 are 24% and 28% increases, under SSP2-4.5 they are 6% and 9% reductions, and under SSP5-8.5 they are a 3% increase and less than 1% reduction, respectively.




4.2. Time Series Analysis


The Karst system memory effect is estimated as the time lag where the ACF value first appears lower than 0.2 [41]. Karst systems with a longer memory effect are known as low karstified or with a large storage volume. A developed karst system, with well-established Karst features such as conduits, is generally characterized by a low memory effect. As observed in Figure 5, the memory effect in Cureh is the highest value of 42 months and, after that, are Barm, Tudehzan, and Sarabgarm Springs with 33.2, 27.5, and 21 months, respectively. The memory effect in the rest of the springs is less than 6 months; among these springs, Sasan has the greatest memory effect at 5.2 months and Pirghar at 1.9 months has the least. It is expected that springs with higher karstification and more conduit regime systems show more correlation with rainfall. From this point of view, as shown in Figure 6, the Biston, Bernaj, and Pirghar Springs have the highest coefficient with values between 0.45 and 0.49. However, Tudehzan, Barm, Cureh, and Sarabgarm Springs have a coefficient of less than 0.25 (from 0.17 to 0.23).




4.3. Flow Rate under Climate Change


Figure 7 shows the sum of differences between spring discharge at any time and its average (d) in the historical period (baseline), in the near future (2050–2021), and in the far future (2080–2051) under SSP1-1.9, SSP2-4.5, and SSP5-8.5, respectively. Considering the values of d observed in the historical period, the springs can be divided into three groups: Todehzan and Cureh (changes from 1164 up to 1969 L/s); Sasan, Sarabgarm, Dimeh, Barm, and Tangsiab (changes from 5580 to up 8657 L/s); and the third group Biston, Pirghar, and Bernaj (changes from 11,425 to up 25,715 L/s). The higher value of d means that the karstic system is more active in the water transmission or is more conduit type. This derivation is partially consistent with the trend analysis of changes in the springs’ flow rate; for instance, Pirghar, with a decrease of −0.085, has the largest decrease in flow rate and Tudezan, with a decrease of −0.018, has experienced the lowest decrease in the flow rate. Therefore, the two springs of Pirghar and Bernaj, which show the most changes in the historical period and in all the future scenarios, are the most karstified springs contrasted to the two springs of Tudezan and Cureh, which have the lowest degree of karstification. The other springs are in the range between these two end-members of a low and high degree of karstification (low to high karstified springs: Sasan, Sarabgarm, Dimeh, Barm, Tangsiab, and Biston). Moreover, this conclusion is confirmed by the memory effect and CCF, as discussed in the previous section. The Biston, Bernaj, and Pirghar Springs have the highest CCF coefficient and the lowest memory effect, while this is the opposite in springs like Todehzan and Cureh. The value of d in Bernaj Spring is 25,715 L/s in the historical period; its lowest (23,843 L/s) and highest (38,946 L/s) values occur in the far future under SSP1-1.9 and SSP2-4.5. The changes in Dimeh and Sasan Springs under the influence of climate change scenarios are significant. Dimeh is the only spring whose value of d is higher than the historical period (7880 L/s) in all climate change scenarios.



Figure 8 shows   d   Q   d     in springs under SSP1-1.9, SSP2-4.5 and SSP5-8.5 in near future and far future. The negative sign indicates that the average discharge of the spring has increased under the influence of the climate change scenario in the future, which happened only in the SSP1-1.9 scenario. Under this scenario, Tudehzan and Cureh Springs have the least changes in both 30-year periods with   d   Q   d     of about (−85 L/s) and (−140 L/s), respectively. Under the SSP2-4.5 climate change scenario, Barnaj experiences the most changes in near future (8575 L/s) and far future (13,231 L/s). During these two periods,   d   Q   d     is the lowest in Tudehzan Spring and has values of 440 and 544 L/s, respectively. The most   d   Q   d     changes under the SSP5-8.5 scenario occur in the near future in Pirghar Spring with 8812 L/s and in the far future in Bernaj Spring with 10,023 L/s. Like other scenarios, Tudehzan Spring has the least changes, so that   d   Q   d     is about 300 L/s in both periods. Based on   d   Q   d    , the Tudehzan, Cureh, Barm and Sarabgarm Springs undergo the least changes and Dimeh, Pirghar and Bernaj bear the most changes. The results of this index show that the effect of the karst system on the rate of changes in the flow of springs is more specific than the changes in precipitation.



Figure 9 shows the changes in     I     d Q   d       in springs under three climate change scenarios, SSP1-1.9, SSP2-4.5, and SSP5-8.5, in the near and far future. The negative sign of this index indicates that the average discharge of the spring has increased under the influence of the climate change scenario in the future, which only happened in the SSP1-1.9 scenario in both time periods. In the near future of the SSP1-1.9 scenario, the average flow rate has decreased by 0.0003, 0.02, 0.11, and 0.16 in the four springs of Biston, Bernaj, Pirghar, and Dimeh, respectively. In the far future, such a condition prevails only for Dimeh Spring with a value of 0.097. Under the SSP2-4.5 scenario, the largest changes in     I     d Q   d       are observed, so that its highest values in both 30-year periods occurs in Dimeh Spring, with values of 0.70 and 0.81. The spring that experiences the least change in both periods is Barm, whose     I     d Q   d       value is 0.17 and 0.21 in the near and far periods, respectively. Under the SSP5-8.5 scenario, in the near and far future, Pirghar Spring tolerates the greatest change and the     I     d Q   d       value is 0.51 and 0.57, respectively. The lowest value of     I     d Q   d       happens in Tangsiab (0.16) and Sarabgarm (0.05) Springs in the near and far future, respectively. In fact, by using this index, it is possible to identify extreme events in the value of the flow rate. The more positive value of this index indicates that there have been more discharges lower than the average value and vice versa. In conclusion, based on this index, most of the springs undergo free surface conditions in the future. Moreover, Dimeh, Sasan, Pirgahr, and Bernaj might even bear dryness (Figure 9).



    I   c c     changes are shown in Figure 10 in springs under SSP1-1.9, SSP2-4.5, and SSP5-8.5 in two time periods of the near future and far future. In this index, in order to investigate the effect of climate change, the direct effect of precipitation changes is considered (Equation (10)). The negative sign of this index indicates that the precipitation has decreased under the influence of the climate change scenario in the future. Under the SSP1-1.9 scenario, Tangsiab Spring shows the greatest increase in changes in both 30-year periods. In this condition, the conduit of this spring is completely filled and it feeds the matrix. Although it has the least changes in the near future, Biston Spring has significant incremental changes of 0.05 in the far future. Sarabgarm and Sasan Springs are other springs that have significant incremental changes in the first 30 years, which is more due to changes in precipitation than the karst system of the spring. Barm Spring shows little changes in both periods under SSP1-1.9. Under the SSP2-4.5 scenario, Dimeh and Sasan Springs bear the most decreasing changes, so that     I   c c     decreases by 0.09 and 0.06 in the near future and by 0.17 and 0.12 in the far future, respectively. Under such circumstances, the free-surface flow is in place and the transfer flow is from the matrix into the conduit. Due to the relatively high average rainfall and the matrix reserve (big catchment area), the possibility of drying up of these springs is low; however, their flow rate decreases considerably. But the Barm Spring in the first 30 years with a decrease in 0.0008 and the Sarabgarm Spring with a decrease in 0.02 in the second 30 years have the least decreasing changes under SSP2-4.5. In the near future, Pirghar Spring has the most increasing changes with 0.027 and Sarabgarm Spring has the most decreasing changes with 0.013 under the SSP5-8.5 scenario. In the far future, Dimeh and Bernaj Springs bear the most decreasing changes with     I   c c     of 0.043 and 0.018, respectively. In closing, based on this index, no springs bear the extreme events of overflooding or drying up; rather, they experience little to mild changes.




4.4. Limitations and Uncertainties


Data requirement in long term measurements and the interval of monitoring particularly for karst spring discharge is a challenge. In fact, in order to calculate the covariance function so that it is safe to assume that it stays constant in future, such measures are required. On the other hand, the assumption on which the covariance function between rainfall and karst system stays constant in the near future is conceivable but it is uncertain in far future. Another constrain is the necessity that the weather station site should be within the spring catchment area. Moreover, the downscaling technique and the number of global circulation models (GCMs) are other uncertainty sources of such studies. Although the multi-model ensemble of coupled model inter-comparison project phase 6 (CMIP6) were used to resolve the shortcomings of an individual GCM, the adequate number of GCMs is unknown; see [42,43] for more details. To overcome such limitations and uncertainties, the springs and stations with enough data having acceptable monitoring intervals and 37 GCMs were selected. Quantification of the extent of such uncertainties with mitigation strategies is suggested for future research.





5. Conclusions


In this study, three indices (i.e.,   d   Q   d   ,     I     d Q   d     ,   a n d     I   c c    ), taking the covariance function properties into account, were introduced to investigate the impact of climate change on karstic spring discharge.   d   Q   d     shows the variability of spring discharge from past to future;     I     d Q   d       uses such variability over the historical data and     I   c c     considers the effect of precipitation and spring discharge change together. The feasible groundwater flow conditions were classified between two extremes, namely from     I   c c     > 0.25 to     I   c c     < (−0.25) regarding the indication of overflow/flooding and spring dryness; pressurized and free surface flow is between such extremes. The results were assessed and validated with the karstic characteristics of the springs so that the springs with high matrix storage and less conduit flow such as Todehzan and Cureh are less impacted by climate change; whereas, the springs with dominant conduit flow regime such as Pirgahr and Bernaj suffer more. In addition, there are some other types of springs such as Dimeh and Sasan that, because of significant precipitation change, despite having a great catchment area, likely bear free surface conditions. Overall, except for Dimeh and Sasan under the worst climate change scenario (SSP2-4.5), which might undergo dryness, all the springs experience the flow conditions between pressurized and free surface flow. The introduced indices can be used for any karstic spring in the world to time-economically assess the impact of climate change on the flow rate for water resources management.
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Abbreviations








	ACF
	autocorrelation analysis function



	ANN
	artificial neural network



	CCF
	cross correlation function



	CGCM
	coupled global climate model



	CMIP6
	coupled model intercomparison project 6



	DEM
	digital elevation model



	GCM
	general circulation models



	GHGs
	greenhouse gases



	IPCC
	intergovernmental panel on climate change



	LARS-WG
	Long Ashton Research Station weather generator



	masl
	meters above sea level



	PCCF
	partial cross correlation function



	SDF
	spectral density function



	SSP
	shared socio-economic pathway



	SWAT
	soil and water assessment tool



	Notations
	



	     C   P Q   ( k )   
	the covariance function between rainfall and the springs flow rate



	Cxy (k)
	the covariance function



	d
	square root of     ∑  t = 1   N          Q   t   −   Q   m e a n       2      



	dP
	is the difference between the precipitation in the future climate change scenario (Pf) and the historical period (Pb)



	   d   Q   d     
	variability of spring discharge from past to future



	     I     Q   d       
	variability index of spring discharge from past to future



	     I     d Q   d       
	spring discharge variability over the historical data



	     I   c c     
	effect of precipitation and spring discharge change together



	     r   P Q     k     
	the correlation coefficient between rainfall and the springs flow rate



	     r   y y     k     
	correlation between the elements of a series with other elements of the same series



	k
	time lag



	n
	the length of a time series



	N
	the number of measurements



	P
	rainfall



	Pb
	precipitation in the historical period



	Pf
	precipitation in the future climate change scenario



	Q
	spring flow rate



	Qmean
	the average flow rate of the springs



	Qt
	the spring flow rate at any time



	μx
	the average of x



	μy
	the average of y



	σx
	the standard deviation of x



	σy
	the standard deviation of y



	     σ   P     
	the standard deviation of the rainfall



	     σ   Q     
	the standard deviation of the springs flow rate
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Figure 1. Karstic springs of Zagros with the selected springs. 
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Figure 2. The study area and the distribution of selected stations on a digital elevation map. 
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Figure 3. Conceptual model of climate change impacts of hydrological functioning of a karst system: (a) dry condition of conduit and spring, (b) conduit with free water surface, (c) flooded conduit, and (d) flood condition. New Age sediments (Q), Gachsaran formation (Gs), Asmari (As), Pabdeh (Pb) and Gurpi (Gp). 
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Figure 4. Precipitation change (dP) with respect to the historical period precipitation (Pb) under three scenarios in the two 30-year periods from 2021 to 2080. 
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Figure 5. Chart of ACF values in springs based on monthly temporal resolution: (a) Sasan; (b) Pirghar, Barm, and Dimeh; (c) Tangsiab, Todehzan, and Cureh; and (d) Biston, Bernaj, and Sarabgarm. 
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Figure 6. Chart of CCF values in springs. (a) Sasan Spring and Gaemieh station. (b) Pirghar Spring and Farsan station, Barm Spring and Lordegan station, and Dimeh Spring and Kohrang station. (c) Tangsiab Spring and Tangsiab station, Tudehzan and Cureh Springs and Borujerd station. (d) Biston and Bernaj Springs and Sararoud station and Sarabgarm Spring and Sarpolezahab station. 
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Figure 7. Changes in d in springs in the historical period and under three climate change scenarios SSP1-1.9, SSP2-4.5 and SSP5-8.5 in two time periods of the near future (2050–2021) and far future (2051–2080). 
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Figure 8.   d   Q   d     value changes in terms of L/s in springs based on climate change scenarios SSP1-1.9, SSP2-4.5 and SSP5-8.5 in two time periods of the near future (2050–2021) and distant (2080–2051). 
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Figure 9.     I     d Q   d       in the springs under SSP1-1.9, SSP2-4.5, and SSP5-8.5 in two time periods of the near future (2050–2021) and far future (2080–2051). See Figure 3 for the concept of different terms of flow regime. 
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Figure 10.     I   c c     in springs under SSP1-1.9, SSP2-4.5, and SSP5-8.5 in two time periods of the near future (2050–2021) and far future (2080–2051). See Figure 3 for the concept of different terms of flow regime. 
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Table 1. General characteristics of the selected springs with their nearest meteorological station.
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	Spring
	Mean Discharge

Q (L/s)
	Catchment Area

(km2)
	Q Trend
	Meteorological Station
	Elevation (m)
	Rainfall P (mm/year)
	P Trend





	Todehzan
	158
	171
	−0.01
	Brojerd
	1629
	473
	0.0003



	Cureh
	218
	99.2
	−0.02
	Brojerd
	1629
	473
	0.0003



	Biston
	674
	34.4
	−0.02
	Polechehr
	1270
	372
	−0.00004



	Tangsiab
	1344
	130
	−0.04
	Tangsiab
	900
	394
	−0.0004



	Sasan
	1686
	351
	−0.05
	Ghaemieh
	922
	548
	−0.0007



	Pirgahr
	1818
	72.1
	−0.12
	Farsan
	2062
	414
	−0.0037



	Sarabgarm
	1824
	62.9
	−0.06
	Sarpolezahab
	545
	422
	−0.0011



	Bernaj
	1869
	193
	−0.03
	Polechehr
	1270
	372
	−0.00004



	Barm
	2183
	556
	−0.05
	Lordgan
	1611
	535
	−0.0009



	Dimeh
	2960
	310
	−0.09
	Kuhrang
	2365
	1309
	−0.0033










 





Table 2. The range of     I     Q   d      ,     I     d Q   d      , and     I   c c     and the concept of possible groundwater flow conditions in idealized karst aquifers are illustrated in Figure 3.
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	      I     Q   d        
	      I     d Q   d        
	Icc
	Possible Corresponding Flow Conditions in Karst
	Description





	<0.50
	<(−0.50)
	>0.25
	Overflow/Flooding
	Groundwater flow is beyond conduit capacity; it recharges the matrix and the excess amount flows as runoff (back-flooding).



	0.50–0.80
	(−0.50)–(−0.20)
	0.10–0.25
	Pressurized flow
	Groundwater flows in the whole cross section of conduits and it recharges the matrix.



	0.80–0.90
	(−0.20)–(−0.10)
	0.05–0.10
	Mild flow increase
	The growth of groundwater flow is mild.



	0.90–1
	(−0.10)–0.00
	0.00–0.05
	Little flow increase
	There is no much difference with the previous flow conditions apart from a trivial flow rise.



	1–1.10
	0.00–0.10
	(−0.05)–0.00
	Little flow decline
	There is no much difference with the previous flow conditions apart from a trivial flow reduction.



	1.10–1.20
	0.10–0.20
	(−0.05)–(−0.10)
	Mild flow decline
	The reduction in

groundwater flow is mild



	1.20–1.50
	0.20–0.50
	(−0.10)–(−0.25)
	Free surface flow
	Groundwater flows in some part of conduits and it discharges the matrix.



	>1.50
	>0.50
	<(−0.25)
	Spring dryness
	The possibility of spring going dry is highly likely, especially in the event of low average rainfall and dominancy of conduit flow; soil-matrix flow may become dominant in case of soil layer existence.
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