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Accepted: 13 August 2018 The purpose of the present study was the simulation ofclimate change effects on groundwater resources inIran by using the dynamic systems approach. The approachwas performed through system dynamics modeling processincluding problem explanation, system description, modeldevelopment, model testing, and the use of the model forpolicy analysis. The impact of the application of various ex-ogenous scenarios including drought scenarios, managementof water supply and population growth was assessed andthe behavior of variables of water resources volume andper capita volume of renewable water of the Southern Kho-rasan Province was simulated by Vensim software for the2013-2041 period. Data were collected by referring torelevant organizations like South Khorasan Regional WaterOrganization, South Khorasan Agricultural Organization,and Statistical Center of Iran and the input data of themodel were fed into the model in an Excel worksheet. Theresults showed that the water resource exploitation man-agement scenario had a significant positive effect on thebalance of aquifers of South Khorasan Province so that thebalance of the province aquifers in the scenario of controllingwater resources exploitation has been significantly differentfrom the scenario of the lack of control of different droughtin all the studied years. In addition, the results of examinationof the province's renewable water showed that droughtshave had a negative impact on the volume of renewablewater of the province and droughts together with populationgrowth have reduced the province per capita renewablewater.
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INTRODUCTIONIt is clear that some degree of climatechange during the next century is now in-evitable (Dessai et al., 2005). Climate changeand droughts are recognized as an environ-mental disaster and have attracted the atten-tion of environmentalists, ecologists,hydrologists, meteorologists, geologists, andagricultural scientists (Mishra & Singh,2010). Rural communities in the developingworld are at high risk from climate change,and adaptation has become crucial in devel-oping sustainable livelihoods (Parry, 2009;Smith and Wandelm, 2006; Sapkota et al.,2016). Water scarcity has been frequently oc-curring these days in many parts of theworld, partly because water demand has in-creased manifold due to the growth in popu-lation and expansion of agricultural, energyand industrial sectors, and partly because ofclimate change and contamination of watersupplies (Bates et al., 2008; Mishra and Singh,2011). Due to increasing population growthover the last decades, governments have em-phasized more exploitation of water re-sources in order to meet the increasing waterdemand. They have tried to supply water re-sources in response to growing demand(Radif, 1999). On the other hand, the annualaccessible water in the world is just 2001 m3that is predicted to decrease to the criticallevel of 1700 m3 in next two decades (Rat-nakar & Govardhan, 2006). Global statisticsshow that in the near future, many parts ofthe world will encounter water scarcity andit is believed to be the biggest problem in theworld. The year 2003 is named as ‘freshwaterglobal year’ implying the importance of sus-tainable optimum use of this precious re-source. The growing population has raisedwater demand, making the problem of waterscarcity worse; besides, the volume of acces-sible freshwater is decreasing (Nuruzi andChizari, 2006).Iran is a developing country, located in a dryand semi-dry region, and face water scarcityproblem. It has been indicated that the totalvolume of reproducible water resources in

Iran is 88.5 billion m3 of which 93.5 percent,i.e. 83 billion m3, is consumed by the agricul-tural sector, 4.5 billion m3 is utilized for thedomestic and drinking uses, and the rest isconsumed by industries and other sectors(Keshavarz & Sadeghzadeh, 2000). Accordingto the criteria of the International WaterManagement Institute (IWMI), Iran confrontsintensive water crisis (Ehsani & Khaledi,2003).Besides natural water scarcity, anotherchallenge in dry countries like Iran is waterresource management and optimum utiliza-tion. Due to the decline of precipitation andthe frequent droughts in recent years, it isnecessary to optimize water consumption aswell as research on the application of propertechniques for favorable water managementin order to decrease the negative impacts ofdrought. Improving agricultural water pro-ductivity, food security, and sustainable sup-ply of food requires increasing waterconsumption efficiency, refining manage-ment structure, and optimizing water utiliza-tion (Kijne, 2001). Droughts impact bothsurface and groundwater resources and canlead to reduced water supply, deterioratedwater quality, crop failure, reduced rangeproductivity, diminished power generation,disturbed riparian habitats, and suspendedrecreational activities; as well, they affect ahost of economic and social activities (Rieb-same et al., 1991). Droughts also affect waterquality as moderate climate fluctuations canalter hydrologic regimes with substantial ef-fects on lake chemistries (Webster et al.,1996). Sediments, organic matters, and nu-trients are transported to surface waters byrunoff, a pathway that is interrupted duringdroughts (Mishra & Singh, 2010).These changes can result in over-farming,degradation of land resources, and increasedpressure on wild species and exposure tozoonotic diseases (Fields, 2005). Globally, cli-mate policies of developed nations includingincreased reliance on biofuels may have adetrimental impact on staple food marketsand consequently, the nutrient needs of al-
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ready malnourished populations (Boddiger,2007; Hahn et al., 2009). One of the key fea-tures of vulnerability is its dynamic naturethat may change as a result of changes in thebiophysical as well as the socioeconomiccharacteristics of a particular region (Adger& Kelly, 1999). Hence, vulnerability assess-ments should be ongoing processes in orderto highlight the spatial and temporal scales ofthe vulnerability of a region (Luers, 2005;Antwi-Agyei et al., 2012).The province of Southern Khorasan, whichhas an arid and semi-arid climate, has beensuffering from more severe droughts in re-cent years. This has impaired the income ofthe rural households, made their living con-ditions more undesirable, and trapped morerural households in poverty (Teimoori et al.,2014). Regarding the importance of agricul-ture in the development of the province, thehigh dependence of agriculture on water, andthe optimal management of water, the find-ings can provide the authorities and policy-makers with strategies to improve localagriculture and access to sustainable ruraldevelopment.
MATERIALS AND METHODSSystem dynamics (SD) has a long history asa modeling paradigm. Its origins can besought in the work of Forrester (1961), whodeveloped it to provide an understanding ofstrategic problems in complex dynamic sys-tems. By giving insight into feedbackprocesses, SD models provide system userswith a better understanding of the dynamicbehavior of systems (Teimoori, 2014).In an SD context, the models are applied toproblems where the issue can be representedas a problematic trend over time. As with anyproblem-solving process, this is an iterativeprocess. Results at any stage can be fed backinto the previous steps. For example, step 4that builds confidence in the model may re-quire iteration back to step 2 to refine thesystem description. Only by the first fivesteps, one may be able to build a model fordecision support within an organization. The

application of the model for public commu-nication is composed of six steps:1. Define the problem2. Describe the system3. Develop the model4. Build confidence in the model5. Use the model for policy analysis6. Use the model for public outreach (Stave,2003).The SD approach is based on the theory offeedback processes. A feedback system is in-fluenced by its own past behavior (Teimoori,2014).For this purpose, the required data was col-lected from database of related organizationslike South Khorasan Regional Water Organi-zation, South Khorasan Agricultural Organi-zation, and Statistical Center of Iran and wasanalyzed using MS-Excel, SPSS and VensimSoftware packages and the behavior of thedesired variables from 2005 to 2041 weresimulated and represented in different fig-ures. 
RESULTS AND DISCUSSION

Define the problemThe first step is to identify one or more keyvariables whose behavior over time definesthe problem. The graph of these indicatorvariables is used as a reference graph in step4 to test whether the model adequately rep-resents the system generating the problem(Stave, 2003), SD focuses on investigating ormodeling a specific problem rather than in-vestigating the whole system guiding partic-ipants to identify and agree on the goal of theprocess by answering the question: What isthe problematic behavior or behaviors we aretrying to change it (Stave, 2002). Rainfallvolume in South Khorasan Province from1995 to 2012 shows a significant decrease sothat rainfall that was about 210 mm in 1995declined to 100 mm in 2012, implying 37%reduction in precipitation. 
Describe the systemDescribing a system means identifying thesystem structure that appears to be the
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source of a problematic trend. This involvesextracting essential elements and connec-tions from the real system that produces theobserved or anticipated behavior. The finalrepresentation of key variables and causallinks is called dynamic hypothesis; i.e., thestructure that is thought to explain the dy-namic behavior in question. This structureserves as the basis for creating the simulationmodel (Stave, 2003).
Dynamic hypothesisModeling has emerged as a key technology

for visualizing and anticipating the processesand impacts of climate change and climatevariability on agricultural production sys-tems. Combinations of General CirculationModels, Regional Circulation Models, cropmodels, soil models, agro-ecological systemmodels, and economic models have beenused to illustrate potential impacts of climatechange in the coming decades based on vari-ous climate scenarios (Lahsen, 2005; Thorn-ton et al., 2010). The Causal Loop Diagram ofthe research based on the model’s subsys-tems is presented in Figure 1.

Modeling of Climate Change Effects on Groundwater Resources ... / Teimoori et al.

Figure 1. Causal loop diagrams
Develop the modelIn the model development stage, the dy-namic hypothesis is represented as a set ofstocks and information flows (Stave, 2003),The Stock and Flow Diagram of the researchis depicted in Figure 2.
Build confidence in the modelBefore using the model to identify and test

policy options, it must be validated againstthe observed or anticipated trend. If themodel reproduces the problematic trend andrepresents the system as stakeholders under-stand the real system actually works, we as-sume that the model contains the criticalelements generating the problem. If it doesnot reproduce the reference graph, the mod-elers must go back to the second step to re-
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Modeling of Climate Change Effects on Groundwater Resources ... / Teimoori et al.vise the dynamic hypothesis or model struc-ture (Stave, 2003). In order to validate themodel, the observational and estimated dataof the volume of groundwater resources are
compared whose results are illustrated inFigure 3 that indicates the accuracy of themodel’s performance.

Figure 2. Stock and flow diagram

Figure 3. The Validation of the model against the real and simulated data of groundwaterresources volumes
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Modeling of Climate Change Effects on Groundwater Resources ... / Teimoori et al.Also, independent t-test was used to com-pare real data and simulated data of the stud-ied variables. The results are presented inTable 1. Accordingly, there is no significant
difference between real data and simulateddata of variables of groundwater resourcesvolumes in South Khorasan Province as perthe statistics.

Variables Mean t P-valueReal data of variables of groundwater resources volumes 48196 -0.850 0.468nsSimulated data of variables of groundwater resources volumes 48651

Table 1
The Comparison of Real Data and Simulated Data of Variables of Groundwater Resources Volumes in South Kho-
rasan Province as per the Statistics.

Use the model for policy analysisWhen the model structure has been vali-dated, it can be used to test the effect of policyinterventions on the problem. This includesstudying the model structure to identify pol-icy levers followed by the simulation of theeffect of those changes (Stave, 2003). In this regard, given the inevitable effects ofdrought on groundwater resources, the ef-fects of various scenarios of drought includ-ing normal drought (severity normal), 20%increase in drought severity (severity 20%),30% increase in drought severity (severity30%), 40% increase in drought severity(severity 40%) in terms of control and lack ofcontrol over the exploitation of water re-sources, over balance of the aquifer and percapita renewable water of South KhorasanProvince in various scenarios of populationincluding reduced fertility (1.3 child) (popu-lation scenario 1 (ps1)), stabilization of fer-tility (1.8 child) (population scenario 2(ps2)), rising to the level of substitution (2.1person) (population scenario 3 (ps3)) andexceeding the level of substitution (2.5 per-son) (population scenario 4 (ps4)) from 2013to 2041 were simulated.
Volume of groundwater resourcesFigures 4 and 5 show the effect of droughtscenarios on water supply management (con-trolled and uncontrolled exploitation of theseresources), in cropping pattern and irrigation

conditions and investment on the present sit-uation, on the balance of the provinceaquifers. As is evident in Figure 4, if the cur-rent conditions of farming continue, droughtsincrease in severity, and no control is exer-cised over the exploitation of water re-sources, the decline of aquifer volume underthe drought scenarios will be aggravated, andthe increased severity of droughts will accel-erate the decline of the aquifer level because,in more severe droughts, farmers exploitgroundwater resources without restrictionsto meet their water requirement, puttingmore pressure on groundwater resources,whereas the recharge rates of aquifers are re-duced due to the reduced level of rainfall inthese more severe drought conditions.Aquifer size of the province under differentdrought scenarios and under the control ofexploitation (Figure 5) indicates that in thiscase, the reduced size of the aquifer has beenfollowing an increasing trend because, inthese conditions, the utilization rate of theagriculture sector has been controlled, but ithas not been practiced in other sectors likedomestic, industrial, etc. and these sectorshave unrestrictedly used groundwater re-sources.Also, the comparison of the volume ofgroundwater resources in droughts of vary-ing severity in Figure 6 is considerable andshows that the volume of groundwater re-sources in more severe droughts will be

ns= non significant
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Modeling of Climate Change Effects on Groundwater Resources ... / Teimoori et al.greater in the 2041 outlook because theamount of renewable water of the provincewill decrease as droughts grow in severity(Figure 6). As a result, the amount of the al-lowable exploitation of groundwater re-sources by farmers has been reduced too.
This shows that the decreased level of over-exploitation of the renewable groundwaterresources (36% of surface sources), resultingin the improvement of water resources in themore severe droughts. 

Figure 4. The effect of drought scenarios under control over exploitation of water resources on cropping pat-terns and irrigation status quo on balance of the province aquifers (MCM)

Figure 5. The effect of drought scenario with no control over exploitation of water resources on croppingpatterns and irrigation status quo on balance of the province aquifers (MCM)
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Modeling of Climate Change Effects on Groundwater Resources ... / Teimoori et al.

Population Population growth of the province based ongrowth scenarios presented by StatisticalCenter of Iran [including reduced fertility (1.3children), stabilization of fertility (1.8 chil-dren), rise to the level of substitution (2.1persons) and increase more than the level ofsubstitution (2.5 persons) were simulated upto 2041 and the results are shown in Figures7 and 8. The simulation results show that thepopulation growth in South KhorasanProvince in all the studied scenarios up to2041 has followed an increasing trend andamong the different scenarios, the rate of

population growth in the fourth scenario (in-crease more than the level of substitution)was higher. In contrast, the first scenario (re-duced fertility, 1.3 children) had the lowestgrowth. Figure 8 also shows that in case thefourth scenario is applied, the populationgrowth in South Khorasan Province in the2014 outlook equals 866,708 people and incase the first scenario is applied, the provincepopulation will be 773,045. Also, theprovince population in the two scenarios ofstabilization of fertility (1.8 children) and riseto the level of substitution (2.1 persons) willbe 806,954 and 833,331, respectively.

Figure 6. The effect of drought scenarios under control non- control over theexploitation of water resources of the province in the outlook of 2041

Figure 7. The rate of population growth of the province based on the population growth scenarios
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Renewable water A review of the variations of per capita re-newable water in scenarios of populationgrowth in South Khorasan Province showsthat in the simulated years, given droughtand population growth, the trend of percapita renewable water of the province wasdescending and per capita renewable waterhas declined with the increase in population(Figure 9).Also, the changes in per capita renewablewater in different scenarios of drought underthe current population growth rate are signif-

icant (Figure 10). The figure shows that percapita renewable water was lower in moresevere droughts. The comparison of per capita renewablewater at present and in the 2041 outlook indifferent scenarios of drought and populationgrowth is presented in Figure 11. Accord-ingly, in all scenarios of drought and popula-tion, per capita renewable water in 2041 willsignificantly differ from that of the year 2011and this can challenge policies of populationgrowth. 

Figure 8. The province population in 2014 outlook based on the scenarios of population growth

Figure 9. The variations in per capita renewable water in population growth scenario in drought-normal scenarios
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CONCLUSION AND RECOMMENDATIONS The research findings reveal that ifdroughts grow in severity in the comingyears, but no change happens in the currentagricultural practices in agriculture of SouthKhorasan Province in terms of cropping pat-terns, low irrigation, rate of development of

pressurized irrigation systems, and lack ofcontrol over exploitation of water resources,droughts will have negative effects on the vol-ume of groundwater resources because inthese conditions, farmers will compensatethe shortage of rainfall by further extractionof groundwater resources, and the adverse

Modeling of Climate Change Effects on Groundwater Resources ... / Teimoori et al.

Figure 10. The variations in per capita renewable water in drought scenarios while maintaining the currentpopulation growth rate

Figure 11. Per capita renewable water at present and in the 2041 outlook under different drought andpopulation growth scenarios
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impacts of drought will appear at the level ofgroundwater resources.Also, the application of the scenario of con-trol over the exploitation of water resourcesin normal drought conditions suggests thatin the drought conditions, control over ex-ploitation of water resources has preventedthe depletion of groundwater because, inthese conditions, farmers would be able toadapt with drought and manage availablewater with higher efficiency. So, it could bestated that in case the current situation ofSouth Khorasan (normal drought) continues,exercising the scenario of control over the ex-ploitation of water resources will be helpfulbecause, in these conditions, farmers will beable to compensate the shortage of water byoptimal management.But assuming 20% more severe drought,the application of the scenario of control overexploitation of water will restrict farmers’ ex-ploitation of the groundwater resources, andthis will reduce the rate of groundwater bal-ance loss and this will lead to improvementsin aquifer volume of the province. The results of studying the province renew-able water show that droughts have had anegative impact on the volume of renewablewater so that the volume of renewable waterhas reduced as droughts have become moresevere. However, droughts with increasedrates of the population have reduced percapita renewable water of the province.The comparison of per capita renewablewater at present and in the 2041 outlook indifferent scenarios of drought and populationgrowth indicates that in all scenarios ofdrought and population, per capita renew-able water in 2041 will have significant dif-ference from that in 2011 and given theimportance of water for human life, renew-able water scarcity can act as a barrier topopulation growth and challenge policies ofpopulation growth.Given the dramatic effect of exercising sce-nario of control over the exploitation of waterresources on the volume of the provincegroundwater, it can be said that this scenario

in drought conditions of South KhorasanProvince can act as an efficient policy and befunctional in this condition. So, it can be in-ferred that the scenario of control over theexploitation of water resources is an effectivesolution to the existing situation of ground-water and its management.
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