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Abstract 19 



This paper presents management of groundwater resource using a Bayesian Decision Network 20 

(BDN). The Kordkooy region in North East of Iran has been selected as study area. The region 21 

has been sub-divided into three zones based on transmissivity (T) and electrical conductivity 22 

(EC) values. The BDN parameters: prior probabilities and Conditional Probability Tables - 23 

CPTs) have been identified for each of the three zones. Three groups of management scenarios 24 

have been developed based on the two decision variables including "Crop pattern" and 25 

"Domestic water demand" across the three zones of the study area: 1) status quo management for 26 

all three zones represent current conditions; 2) the effect of change in cropping pattern on 27 

management endpoints and 3) the effect of future increased domestic water demand on 28 

management endpoints. The outcomes arising from implementing each scenario have been 29 

predicted by use of the constructed BDN for each of the zones. Results reveal that probability of 30 

drawdown in groundwater levels of southern areas is relatively high compared with other zones. 31 

Groundwater withdrawal from northern and northwestern areas of the study area should be 32 

limited due to the groundwater quality problems associated with shallow groundwater of these 33 

two zones. The ability of the Bayesian Decision Network to take into account key uncertainties 34 

in natural resources and perform meaningful analysis in cases where there is not a vast amount of 35 

information and observed data available – and opportunities for enabling inputs for the analysis 36 

based partly on expert elicitation, emphasizes key advantages of this approach for groundwater 37 

management and addressing the groundwater related problems in a data-scarce area.  38 
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 42 



 Introduction 43 

 44 

Groundwater resources management plays a key role in conserving the sustainable resource 45 

exploitation in arid and semi-arid areas such as Iran. There are several powerful groundwater 46 

quantity and quality management tools including various optimization models and integrated 47 

modelling and statistical tools like mathematical programming techniques such as linear 48 

programming (LP) (Han et al., 2011; Usul and Balkaya, 1993); nonlinear programming (NLP) 49 

(Mantoglou et al., 2004); mixed-integer programming (MIP) (Psilovikos, 1999); optimal control 50 

theory-based mathematical programming, differential dynamic programming (DDP) (Culver and 51 

Shoemaker, 1993); combinatorial optimization (CO) (Su et al, 2007); stochastic programming 52 

(SP) (Li et al., 2009); Numerical groundwater model (Sanford, 2002) and multiple objective 53 

programming (Das and Datta, 2001; Yapo et al., 1998; Gorelick, 1983).  54 

Bayesian Decision Network is an approach that is increasingly being used as a probabilistic 55 

graphical model in support of natural resources management and environmental modeling as 56 

well as it is particularly beneficial for the groundwater management (Martin de Santa Olalla et 57 

al., 2007; Fienen and Plant, 2015). Uusitalo (2007) reviewed the advantages and challenges of 58 

the application of Bayesian networks in environmental modeling. Results showed that Bayesian 59 

networks are useful addition to the toolkit of environmental scientists. Henriksen et al. (2007) 60 

applied the Bayesian Network to aquifer management planning in Denmark. The focus was on 61 

groundwater quality and on the effects that voluntary farming contracts might have on it. Martin 62 

de Santa Olalla et al. (2007) considered the planning of sustainable withdrawal from a large 63 

aquifer in Eastern Mancha, Spain to assess the potential of Bayesian networks to water resource 64 

management and modelling. Ticehurst et al. (2007) applied Bayesian Network in assessing the 65 



sustainability of coastal lake-catchment systems in New South Wales, Australia. The actions they 66 

dealt with were different farm management practices and new urban developments. Cain (2001), 67 

Bromley et al. (2005) and Pollino and Henderson (2010) provided several comprehensive 68 

guidelines on the use of Bayesian networks to support the participatory planning. Farmani et al. 69 

(2009) used a Bayesian belief network and evolutionary multi-objective optimization to propose 70 

an integrated methodology for incorporating available evidence to assist water managers 71 

evaluate implications, including costs and benefits of alternative actions, and present best 72 

decision process under uncertainty. Giordano et al. (2013) developed Bayesian Belief Networks 73 

to simulate farmers' behavior considering the groundwater management and to evaluate the 74 

impacts of protection strategy in order to facilitate the conflict analysis process in a 75 

Mediterranean area. 76 

The following section outlines an introduction to Bayesian networks. The next section provides a 77 

brief summary description of the study area. The problem to be examined is then explained and 78 

the variables and probability tables are presented. These will be followed by providing some 79 

groundwater management scenarios. The final section discusses the results and groundwater 80 

quality and quantity endpoints. 81 

 82 

Bayesian Network 83 

Bayesian Network is a probabilistic and graphical model that represents a set of variables and 84 

probabilities related to each one. Bayesian network is a directed graph where nodes are the 85 

variables in the management problem (Davies, 2007; Qian and Miltner, 2015). A Bayesian 86 



network can be defined as: "a number of nodes representing random variables that are interacting 87 

with each other. This interaction is expressed by communication between nodes" (Cain, 2001).  88 

Each BN consists of three major components: a set of nodes (management system variables), a 89 

set of arrows (causal relationships between variables), and a set of conditional probabilities. In 90 

general, nodes are parent or child. A node will contain a prior probability table if it doesn't have 91 

any parents, and it contains a conditional probability table (CPT), if the node has parent(s) 92 

(McCann et al., 2006).   93 

 94 

Model development process is as follows: 95 

- Construction of model framework  96 

- Classification of nodes 97 

- Quantify the variables and construction of probability tables (Kuikka and Varis, 1997). 98 

 99 

When new evidence or data is entered in the Bayesian decision network (BDN) the prior 100 

probabilities are updated and a posterior probability distribution is computed in the BDN by use 101 

of Bayes’ Theorem (Goulding et al., 2012). 102 

Bayesian Decision Networks (BDNs) are defined as Bayesian networks adapted to include 103 

Decision (management option) node representing the decision being made at a particular point in 104 

time. They are regarded as a useful tool for putting the decision process into graphical form, for 105 

holding relationships between variables, and the expected effects of management decisions will 106 



be analyzed while considering the associated uncertainties (Catenacci and Giupponi, 2009; 107 

Sadoddin et al., 2003; Ames and Neilson, 2001). 108 

Some advantages of this approach over other tools can be summarized as follows: 109 

- Bayesian Networks clearly take into account uncertainties involved in model variables due to 110 

incomplete or scarce data and knowledge. Probabilities represent the uncertainties. In other 111 

words, the relationships between input variables and their relevant parameters are provided by 112 

Bayesian networks as a probabilistic representation rather than exact values (Uusitalo, 2007). 113 

- Variables in natural systems are mostly dependent on cause and effect relationships and 114 

quantifying can be difficult due to the lack of proper data or to poor comprehension. Bayesian 115 

Decision Networks use various sources of data from diverse disciplines (e.g. social science and 116 

natural science, like hydrology and ecology) and integrate them with expert opinion and 117 

stakeholders’ input (Varis, 1997; Cain, 2001; Martín de Santa Olalla et al., 2007; Barton, 2016).  118 

- The graphical nature and visual easiness is another notable feature of the Bayesian networks. A 119 

visual display of the cause effect relationships in the model clearly facilitates active involvement 120 

of stakeholders who have diverse backgrounds (Bacon et al., 2002) in the development and 121 

validation of Bayesian networks. 122 

 123 

To investigate the Bayesian Decision Network’s potential, a case study in the field of 124 

groundwater management was considered in Kord kooy plain in north of Iran.  125 

This paper focuses on the capability of Bayesian networks to link different types of information 126 

and represent uncertainties by using the probabilities instead of exact values. Moreover, this 127 



probabilistic framework supports experts’ opinion in groundwater management and decision 128 

making. The resulting model is applied to 1) estimate the probability of increasing or decreasing 129 

trend for groundwater quality parameters within the study area under three management 130 

scenarios and 2) estimate the probability of decline and rise in groundwater levels under these 131 

scenarios. 132 

As mentioned before, being a decision tool for participatory decision making is one of the 133 

advantages of the Bayesian decision network, especially in case of scarce data and conflict of 134 

interests. As a result, choosing stakeholders to design the network, is an important issue (Zorrilla 135 

et al, 2010). In Kordkooy plain, a lengthy participatory process occured. Three groups of 136 

participants with conflict of interest involved in preparing the decision network:  137 

- the “Regional Water Authority of Golestan province” with water management interest 138 

considering the water quantity and quality constraints, which depends on Iran’s Ministry of 139 

Energy and is responsible for water policy; 140 

- “Agricultural Jihad Organization of Golestan province”  with agricultural development 141 

interest which depends on Iran’s Ministry of Agriculture Jihad being responsible for the 142 

oversight and implementation of agricultural policies and linked to the farming community and 143 

farmers who account for approximately 90% of the total groundwater withdrawals in the 144 

Kordkooy region; and 145 

- experts from academia, environmentalists and  researchers. 146 

They contributed through several meetings held to discuss water management issues and 147 

problem definition in the study area.  These meetings allowed participants to serve the purpose of 148 

discussing groundwater management issues from a general perspective to agricultural and 149 



hydrologic aspects. This participatory process included two parts, in the first part the 150 

groundwater management issues were discussed, and the second part was devoted to BDN 151 

development process. At all steps of the research, all participants were consulted for their views 152 

and were kept informed about each stage or news regarding the research process. Then the states 153 

(of each node) and the conditional probabilities (CPTs) were filled by the researchers according 154 

to the input from participants. 155 

The general trend of threats and challenges in groundwater resources of the study area are 156 

available. Using the BDN in this research provides a more complete understanding of variables 157 

and trends affecting the groundwater quality and quantity of study area, and clearly presents the 158 

results in terms of probability of each state of variables and makes the decision making process 159 

easier. 160 

 161 

Case Study Overview and Management Problems 162 

Kord Kooy plain in north-east of Iran and south of the Caspian Sea, has been selected as the 163 

study area (Figure 1). This region is at(53°, 52´) to (54°, 21´) E longitude and (36° 41´) to (36° 164 

59´) N latitude. . The southern area is mountainous and the north is mostly flat plains. The study 165 

area has a mild and temperate Mediterranean climate. The average annual precipitation in Kord 166 

Kooy plain is 590 mm. The area of Kord Kooy plain is about 214 km2. The study area is limited 167 

in the north, to the Qara Su River and in the south, to southern mountains of Kord Kooy and in 168 

the west and northwest from the Baghu river to the Caspian Sea and in the East to the 169 

Shamushak River. It is an alluvial unconfined aquifer. At margin of mountains area, alluvial 170 

plain comprising mainly rubble sand and gravel and at the northern parts, the grain size is 171 



reduced and leads fine-grained clay layers (Golestan Regional Water Authority, Ministry of 172 

Energy, Iran Water Resources Management, 2010). Agriculture can be defined as the major land 173 

use in the area. The major portions of abstractions are via dug wells which supply water for 174 

agricultural purposes. 90 percent of the total annual water utilization in the study area is used for 175 

agriculture, whereas the percentages for domestic and industrial water demands are 9 and 1 176 

percent respectively (Golestan Regional Water Authority, Ministry of Energy, Iran Water 177 

Resources Management, 2010). 178 

 179 

Major challenges present in groundwater resources management of the study area include:   180 

- High risk of groundwater level depletion at southern areas: In some years, more than 2.5 m 181 

drop in groundwater level has occurred, which decreases gradually towards the north and 182 

northwest (where there is groundwater discharging area) (Golestan Regional Water Authority).  183 

-Undesirable groundwater quality in north and northwest (Golestan Regional Water Authority): 184 

This part of the study area is coastal region where the location of groundwater discharge into the 185 

sea is. Therefore, this contributes to the increased occurrences of the Electrical Conductivity 186 

values in groundwater (maximum amount of  4000 µmhos/cm) in these areas with high salinity 187 

(according to Wilcox diagram). 188 

 189 

In order to better implement the groundwater resources management policies, based on the 190 

geological characteristics, groundwater quality parameters and groundwater hydrogeological 191 

properties , the study area was sub-divided into three zones from north to south (figure 1): 192 



-zone 1, includes the southern and south-eastern and south-western parts of the study area. 193 

-zone 2, includes central parts of the region, from west to east.  194 

-zone 3, includes northern and northwestern parts of the study area (Supply of drinking water to 195 

City of Kord Kooy and Torkaman Port, Golestan province Regional Water Co, 2010). 196 

 197 

 198 
Fig. 1  199 

Location of the study area and segmentation into three zones 200 
 201 

 202 

Table 1 illustrates the values of electrical conductivity and transmission coefficients and the area 203 

of each zone. 204 

 205 

Table 1  206 
Characteristics of the three zones 207 

 
Iran 

Golestan  

Province 



zone Electrical conductivity 

(µmhos/cm ) 

Transmission coefficient 

(m2/day) 

Area 

(Hectare) 

1 600-1200 550-700 12684 

2 1200-2000 400-550 7637 

3 2000-4000 200-400 1372 

 208 

There are a lot of uncertainties regarding current conditions of the study area. There are a large 209 

and unknown number of illegal wells scattered within the study area. Data regarding the actual 210 

land use situation representing crop production and cultivated land areas are not available and 211 

they may be different from published official agricultural statistics. The main reason for this is 212 

that the most practiced form of agriculture in the study area is traditional farming and cultivated 213 

areas or crops can be varied from year to year. In addition to the lack of accurate input 214 

information on agricultural crops, there are sparse measurements of groundwater data (levels and 215 

quality), imperfect groundwater level monitoring network as well as some missing data from 216 

time series records. Hence, there is uncertainty in conjunction with the real volume of 217 

groundwater abstraction which the Bayesian Networks can take into account, due to the tools 218 

suitability for dealing with uncertainty in available data and knowledge. 219 

 220 

Kord Kooy Groundwater Management Model Development 221 

 222 

Problem description 223 



In the first step, the groundwater management problem must be formularized as a BDN Graph, 224 

providing an opportunity for stakeholders and decision-makers to create a first-cut assessment of 225 

the main variables, decisions, consequences and relationships in the problem (Ames et al., 2005, 226 

Goulding et al., 2012). 227 

Figure 2 shows the BDN Graph of Groundwater Management of Kord Kooy Plain (GMKP), 228 

including variables and the relationships between them. For groundwater management in the 229 

three zones of the study area, two distinct conceptual models were developed. Groundwater 230 

management of zones 2 and 3 (GMZ2 & GMZ3) are based on one conceptual model and GMZ1 231 

is based on another exclusive conceptual model. Only in the zone 1, quality of groundwater is 232 

suitable to be used for drinking water supply. Total domestic water demand of three zones is 233 

supplied from groundwater resources of zone 1. Therefore, BDN of GMZ1 contains the node of 234 

“Domestic Water Demand”. Table 2 introduces a list of model variables and brief description of 235 

them. 236 

Domestic Water Demand (D-WD) and Crop Pattern (C-P) are “Input" and “Decision” nodes. 237 

These variables are directly modified by political and management decisions. Intermediate nodes 238 

include Agricultural Water Demand (A-WD), Groundwater Withdrawal (G-W) and Groundwater 239 

Level Drawdown (GL-D). Based on conceptual model of GMKP BDN, A-WD is affected by 240 

Crop Pattern node and G-W is dependent on the amount of Agricultural Water Demand, also 241 

Groundwater Withdrawal impact on GL-D. Two endpoints which indicate the groundwater 242 

quality criteria are Electrical Conductivity and Chloride. They are directly impacted by the 243 

Groundwater Level Drawdown. In which the impact of decision nodes (C-P and D-WD) on the 244 

groundwater quality criteria (CL and EC) and groundwater quantitative criteria (GL-D) is 245 

investigated. 246 



The variables were discretized into distinct states. Discretization of decision nodes consists of 247 

two states “A” and “B” for crop pattern and two states for domestic water demand, and including 248 

three distinct states for other variables. Each of groundwater quality end nodes was discretized 249 

into four specific states. Selected states for each node are described in more detail in the next 250 

sections. 251 

 252 
Fig. 2  253 
Kord Kooy Plain BDN Graph for groundwater management 254 

 255 

Table 2 256 
BDN variables of Groundwater Management of Kord Kooy Plain (GMKP) 257 

Group Node Name Type Description 

Input nodes C-P Decision Cropping Pattern 

C-P 

A-WD 

G-W 

GL-D 

EC CL 

D-WD 

BDN of GMZ1 

BDN of GMZ2 & GMZ3 

Groundwater 

Quantity  

and  

Quality 

variables 



D-WD Decision Domestic Water Demand 

Intermediate 

nodes 

A-WD State Agricultural Water Demand 

G-W State Groundwater Withdrawal 

End nodes 

(Output) 

GL-F State Groundwater Level Fluctuations 

EC State Amount of Electrical Conductivity in groundwater 

CL State Amount of Chloride in groundwater 

 258 

The targets of the groundwater quantity and quality management of Kord Kooy plain are: 1) 259 

reduce the probability (risks) of excessive groundwater level drawdown in zone 1 and 260 

groundwater table fluctuations control within the zones 1 and 3, 2) increase the probability of 261 

improved groundwater quality in zone 3 and decreasing water quality risk of zones 1 and 2. BN 262 

concerned nodes with these management endpoints are shown in Figure 2  as GL-F 263 

(Groundwater Level Fluctuations) and EC and CL (as groundwater quality endpoints). 264 

The software used for building the BDN was Netica (Norsys Software, 1992-2011). This 265 

software utilizes the Bayes´ theorem for calculating the conditional probability of a variable 266 

depending on a previous one by the propagation of the probability. The Netica software 267 

generated conditional probability tables (CPTs) based on the type of variables and number of 268 

states. The Netica can couple with different programming codes by Application Programming 269 

Interface (API), and allow you to build your own Bayesian networks and influence diagrams, do 270 

probabilistic inference, learn nets from data, modify nets, and save and restore nets (Norsys 271 

Software, 1992-2013; Fienen and Plant, 2015). 272 



 273 

Preparation of data and probability tables 274 

 275 

Previous BN studies have shown that the information incorporated into these models can be 276 

collected from empirical investigation, experimental data, procedure based modelling, and expert 277 

judgment, or a combination of all cases (Ames et al. 2005, Bromely et al. 2005). The key to 278 

constructing an appropriate BN is to have the best available data with which to populate the 279 

probability tables. In some instances the data for a variable are sparse or non-existent. In these 280 

cases the conditional probability tables (CPTs), can be constructed by relying on information 281 

obtained from experts elicitation and stakeholders knowledge (Ames, 2005; Bromley, 2005; 282 

Botsis et al., 2012). In this study several sources of data were considered to establish the 283 

probability tables for the GMKP BDN. These include reports on land use and crop patterns, 284 

climatic and meteorological data to calculate the agricultural water demand, information 285 

regarding domestic water consumption, observation wells and water well operation data, 286 

Electrical Conductivity and Chloride concentration observations and using expert knowledge.  287 

 288 

Cropping Pattern 289 

Cropping pattern was defined as the parent node of agricultural water demand (A-WD). Annual 290 

records of agricultural information between 1998 and 2011 were used to offer two types of 291 

cropping pattern and estimate the prior probability of each type. These two proposed cropping 292 

patterns are based on the observations during the study period on cultivated crops and the most 293 

prevalent cropping patterns which have been implemented in the study area. Table 3 illustrates 294 



both proposed cropping patterns and their prior probabilities. Wheat, barley, rice and cotton are 295 

major crops in the study area. In cropping pattern A, maximum percentage of area under 296 

cultivation were assigned for the crops with higher water demand (rice and cotton) and minimum 297 

percentage of the area were specified for those crops  that have a lower water demand (Ringler 298 

and Zhu, 2015; Mekonnen and Hoekstra, 2010), (wheat and barley). In contrast, in cropping 299 

pattern B, maximum proportion of total cultivated area were considered to be under cultivation 300 

of crops with lower water use (wheat and barley). Cropping pattern A includes more water 301 

requirements compared to B. 302 

 303 

Table 3  304 
Two types of cropping pattern (in terms of percentage of total area under cultivation) and prior 305 

probabilities (%) 306 

Crop State name Growing period 

days A B 

wheat 60% 70% 117 

barley 2% 5% 78 

rice 25% 15% 169 

cotton 13% 10% 188 

crop water requirement within the 

study area 

(million cubic metres per year) 

129.09 106.48  

Prior Probability  64% 36%  

 307 

Agricultural Water Demand  308 



The CROPWAT program (version 5.7) developed for the FAO Penman-Monteith method (FAO, 309 

1998) was applied for estimating the crop water requirement of crops considered. Total amount 310 

of current  agricultural water demand (node A-WD) in the study area was calculated based on 311 

existing cropping patterns (A and B) and change in area of agricultural lands in each zone. The 312 

range of the calculated values was estimated from 2 MCM (million cubic metres) to 75 MCM 313 

per year. The data was broken down into three categories as “AWD_1”, “AWD_2” and 314 

“AWD_3”. Due to the differences in the value of agricultural area in each zone, the  amount of 315 

agricultural water demand are significantly different in each zone relevant to the given cropping 316 

patterns, therefore a specific CPT for P(A-DW | C-P) for each zone was computed using these 317 

states as shown in Table 4. 318 

 319 

Table 4  320 

CPT for P(A-DW | C-P) 321 

  Agricultural Water Demand (A-WD) 

Zone Cropping Pattern (C-P) AWD_1 AWD_2 AWD_3 

1 A 0% 10% 90% 

B 0% 20% 80% 

2 A 0% 75% 25% 

B 0% 85% 15% 

3 A 85% 15% 0% 

B 90% 10% 0% 

 322 

Domestic Water Demand 323 



Domestic water demand (D-WD) is a decision node that has no parents and directly affects the 324 

groundwater withdrawal variable. It is relevant only with conceptual model of zone 1 as 325 

mentioned earlier.  326 

The per capita domestic water consumption was estimated based on reports and expert opinion 327 

from a consulting group of Golestan Regional Water Company. The estimated per capita 328 

domestic water consumption in the case study is about 200 litres per day (L/d) as an average 329 

based on taking both urban (almost 67823 people) and rural (almost 61307 people) areas (Iran, 330 

Islamic Rep. - General Census of Population and Housing 2006) into account. Population of the 331 

three zones was determined around 12913 people according to the last population and housing 332 

census (2007). Therefore the total calculated value for domestic water demand is equal to 9.43 333 

MCM/yr under current conditions of the study area. D-WD variable was categorized as 334 

“DWD_1” or “DWD_2” using the threshold value of 10 MCM/yr as a breakpoint to accentuate 335 

the status quo and future changes in population of the study area. Prior probabilities table of 336 

domestic water demand (Table 5) highlights the future prospects of the study area. It is shown 337 

that the population growth in future can increase the domestic water demand and subsequently 338 

groundwater withdrawal. Therefore the probability of DWD_2 that is currently zero can be 339 

changed in the future.  340 

 341 

Table 5  342 
Prior Probability of domestic water demand (D-WD) 343 

State name Range Prior Probability  

DWD_1 <10 MCM/yr 100% 

DWD_2 >10 MCM/yr 0% 

 344 



Groundwater Withdrawal 345 

According to the proposed BDN graph, groundwater withdrawal variable is the child of both 346 

domestic water demand and agricultural water demand in zone 1, and “G-W” is only the child of 347 

agricultural water demand in zone 2 and 3. These relations involve estimates of two CPTs, P(G-348 

W|A-WD) for zone 2 and 3 and P(G-W|A-WD, D-WD) for zone 1. Groundwater withdrawal data 349 

(including the annual discharge of each well, geographic coordinates of the wells, well drilling 350 

start date and well name) were collected from both drinking water wells and irrigation water 351 

wells located in study area from 1980 to 2011 (Golestan Regional Water Authority). Water well 352 

location maps were prepared separately for each zone in GIS by using field data. Annual 353 

groundwater withdrawal values (MCM) were estimated separately for each zone. The calculated 354 

groundwater withdrawal values for zones are 21 to 31 MCM/yr, 12 to 21 MCM/yr and 0.7 to 1.4 355 

MCM/yr orderly. These data were divided into three subfields as “G-W_1”, “G-W_2” and “G-356 

W_3” using the 15 MCM/yr and 25 MCM/yr as two breakpoints so that joint ranges of 357 

observations occur in each category in order to avoid getting very few data in any state. The 358 

challenge in deriving probabilistic relationships between above variables is lack of measured 359 

data and the corresponding CPTs were constructed by using proper limits according to expert 360 

opinion, including information from the scientific literature. The expert opinion that supported 361 

the formation of these CPTs was based on observations of the effect of D-WD and A-WD in 362 

groundwater withdrawal. The Golestan Regional Water Company was consulted to estimate 363 

P(G-W|A-WD) related to zone 2 and 3 (see Table 6) and P(G-W|A-WD, D-WD) related to zone 364 

1 (as shown in Table 7). 365 

 366 

Table 6 367 



CPT for P(G-W|A-WD) 368 

 Groundwater Withdrawal (G-W) 

Agricultural Water Demand (A-WD) G-W_1 G-W_2 G-W_3 

A-WD_1 95% 5% 0% 

A-WD_2 5% 40% 55% 

A-WD_3 0% 10% 90% 

 369 

Table 7  370 

CPT for P(G-W|A-WD, D-WD) 371 

  Groundwater Withdrawal (G-

W) 

Agricultural Water 

Demand (A-WD) 

Domestic Water Demand (D-

WD) 

G-W_1 G-W_2 G-W_3 

A-WD_1 D-WD_1 90% 10% 0% 

A-WD_1 D-WD_2 80% 20% 0% 

A-WD_2 D-WD_1 0% 25% 75% 

A-WD_2 D-WD_2 0% 15% 85% 

A-WD_3 D-WD_1 0% 10% 90% 

A-WD_3 D-WD_2 0% 5% 95% 

 372 

Groundwater Level Fluctuation 373 

Groundwater level fluctuation is dependent on the groundwater withdrawal variable. Monthly 374 

average of groundwater level measurements were collected from 21 observation wells at the 375 

study area for 19 years in the period from 1992 to 2011. These observation wells are distributed 376 



among the study area to illustrate the trend and fluctuations of groundwater level all over the 377 

Kord Kooy plain. The data were used to derive a CPT for P(GL-F|G-W). The important sources 378 

of recharge are underground flows from mountain into the plain and recharge from agricultural 379 

irrigation. In this study, the annual groundwater level fluctuations are investigated mainly in 380 

response to the changes of groundwater withdrawal quantities. Main portions of discharge are 381 

artificially through a number of dug wells. The unit hydrograph is drawn based on the 382 

information obtained from 21 observation wells exclusively for each zone over the period of 383 

October 1992/1993 to October 2010/2011 and provides a way of comparing ground water levels 384 

year to year in each zone of the study area (Figure 3).The hydrograph shows annual fluctuations 385 

characterized by a gradual rise in head from October to April/May and a rapid drop from 386 

May/June to October. The hydrograph shows that in general, there is a decline in the water level 387 

in zone 1 in the range of 0.05-2.4 m and there is a rise in water level in zones  2 and 3 in  the  388 

range  of 0.1-1 m and 0.2-0.8 m respectively. These data were categorized as “GL_D1”, 389 

“GL_D2” and “GL_R” while D and R indicate the Drawdown and Rise in groundwater level 390 

respectively. A CPT for P(GL-F|G-W) was concluded using these states and is shown in Table 8. 391 

The resulting CPT accentuates the concept that the highest value of drawdown in groundwater 392 

level occurs in state of G-W_3 (maximum groundwater withdrawal) and maximum rise happen 393 

in G-W_1 (the lowest groundwater withdrawal) 394 



 395 
Fig. 3 396 

The Groundwater Unit Hydrograph in three zones of the study area 397 
 398 

Table 8 399 

CPT for P(GL-F|G-W) 400 

 Groundwater Level Fluctuation 

Groundwater Withdrawal GL_D1 

1-2.5 m 

 GL_D2 

0-1 m 

GL_R 

0-1.5 m 

G-W_1 0% 25% 75% 

G-W_2 0% 30% 70% 

G-W_3 29% 14% 57% 

 401 

Groundwater Qualitative Variables 402 
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Groundwater qualitative variables, EC and CL can be described as only dependent on 403 

groundwater level fluctuation (GL-F). These relationships necessitate characterization of two 404 

CPTs, P(EC|GL-F) and P(CL|GL-F). This study deals with CL and EC as two common selected 405 

groundwater quality parameters important in drinking water and agricultural water in the aquifer 406 

of Kord Kooy plain. The most efficient water quality guideline on crop productivity is the water 407 

salinity hazard (Rhoades et al., 1992). For reasons of analytical convenience, a practical index of 408 

salinity is electrical conductivity (EC). Chloride (Cl) is a negative ion in groundwater and human 409 

activities can contribute to the presence of chloride in well water (such as sewage contamination 410 

and leachate from dumps or landfills). Groundwater quality data was determined by taking 411 

samples from 10 of the wells within the study area for 10 years in the period from Nov 2001 to 412 

Nov 2011. Interpolation techniques of ArcGIS 9.3 and ArcGIS Spatial Analyst were used to 413 

obtain the spatial distribution of groundwater quality parameters. These data produced maps 414 

showing concentrations of chloride and electrical conductivity during the period. Based on the 415 

generated maps, the average quality parameters were estimated for each zone annually. The data 416 

ranges are shown in Table 9. Groundwater electrical conductivity (EC) and chloride ion 417 

concentration values were classified considering the Wilcox diagram and Schuler diagram 418 

(Meftah and Hezarjaribi, 2011) respectively. Two CPTs for P(EC|GL-F) and P(CL|GL-F) were 419 

computed using defined states and are shown in Tables 10 and 11.  420 

 421 

Table 9  422 
Data ranges of CL and EC 423 

 

CL (mg/l) 

EC 

(µmhos/cm ) 



Zone 1 118-420 900-1500 

Zone 2 190-625 1400-2000 

Zone 3 240-1020 1650-2900 

 424 

Table 10 425 

CPT for P(EC|GL-F) 426 

 Electrical Conductivity (µmhos/cm ) 

Groundwater Level Fluctuation EC_1 

100-250 

EC_2 

250-750 

EC_3 

750-2250 

EC_4 

>2250 

GL_D1 0% 0% 100% 0% 

GL_D2 0% 0% 88% 12% 

GL_R 0% 0% 80% 20% 

 427 

Table 11 428 
CPT for P(CL|GL-F) 429 

 Chloride (mg/l) 

Groundwater Level Fluctuation CL_1 

<175 

CL_2 

175-350 

CL_3 

350-700 

CL_4 

700-1400 

GL_D1 50% 50% 0% 0% 

GL_D2 19% 44% 25% 12S% 



GL_R 13% 34% 33% 20% 

 430 

The completed BDN, considering the water management interest through “domestic water 431 

demand” as a decision node and agricultural viewpoint by “cropping pattern” as another decision 432 

node, was presented to experts for evaluation, and all involved teams agreed on components of 433 

the model. As previously described, cropping pattern and domestic water demand have been 434 

defined as decision nodes in the BDN, hence the management scenarios were developed to 435 

consider the effect of changes in the different states of these decision nodes on the management 436 

endpoints. As a result, three groups of scenarios (status quo, change in cropping patterns, and 437 

later increased domestic water demand in the study area) were developed for testing the behavior 438 

of the entire BDN, with specific focus on the prediction of changes in management endpoints 439 

groundwater quantity and quality. After applying management scenarios, the status quo scenario 440 

results (demonstrating the current conditions of the study area) were compared to the results of 441 

the other two scenarios as described in the next section. 442 

 443 

Scenario Planning For Groundwater Management 444 

Scenario planning provides investigation of a variety of plausible alternative futures by taking 445 

into account the possible interactions across a variety of motive forces and highlights the risks 446 

and opportunities associated with each. Three groups of potentially acceptable scenarios that can 447 

be implemented for groundwater management in the aquifer of Kord Kooy plain were planned to 448 

discuss management endpoints responses to such scenarios: 449 



1) status quo management for all three zones represents current conditions (the conditions in 450 

which CPTs were derived) 451 

2) the effect of change in cropping pattern as a decision node on management endpoints (use 452 

exclusively one of the cropping patterns A or B for each zone) 453 

3) the effect of increasing domestic water demand as a decision node on management endpoints 454 

in the future (exclusively for zone 1) 455 

Management scenarios are shown in Table 12. 456 

 457 

Table 12 458 
Management scenarios 459 

Group Name of 

scenario 

Description 

1 SQ-Z1 status quo management in zone 1 

SQ-Z2 status quo management in zone 2 

SQ-Z3 status quo management in zone 3 

2 A-Z1 exclusively using cropping pattern A in zone 1 

A-Z2 exclusively using cropping pattern A in zone 2 

A-Z3 exclusively using cropping pattern A in zone 3 

B-Z1 exclusively using cropping pattern B in zone 1 

B-Z2 exclusively using cropping pattern B in zone 2 



B-Z3 exclusively using cropping pattern B in zone 3 

3 DW-A increasing domestic water demand and exclusively using 

cropping pattern A 

DW-B increasing domestic water demand and exclusively using 

cropping pattern B 

DW-SQ increasing domestic water demand and using cropping pattern 

under status quo  

 460 

 461 

Results  462 

 463 

The resulting probability distributions of selected combinations of management scenarios were 464 

calculated by the Netica software and compared to achieve an ultimate management view. This 465 

developed model was able to handle several different types of variables at the same time 466 

(discrete for cropping pattern and continues for other variables) and all the different variable 467 

types fell in the same single framework. 468 

Figure 4 illustrates the BDN (for zone 1) with total probabilities of states of all nodes under 469 

status quo management scenario (as reference scenario) in the Netica software. Probabilistic 470 

results of status quo scenario confirmed the current conditions of qualitative and quantitative 471 

groundwater variables in three zones of the study area. 472 



 473 

  474 
Fig. 4 475 
Full Kord Kooy Groundwater Management BDN for zone 1 with the results under status quo 476 

scenario 477 
 478 

Status que Scenarios  479 

Figure 5 shows that based upon the status quo scenario, state of GL_D1 (maximum amount of 480 

drawdown) to groundwater level fluctuation node (GL-F) is most likely in zone 1 (25.4%). This 481 

is due to higher values of groundwater withdrawal from wells in zone 1. Moving towards zones 2 482 

and 3 and ultimately to the sea, lower values of groundwater withdrawal from wells will cause 483 

the groundwater level to rise gradually. So it is observed that state of GL_R to GL-F node has 484 

the highest probability in zone 3 (73.3%). 485 

Based upon the current knowledge of the study area, status quo management scenarios (Fig. 5) 486 

result in an expected probability of 0% for states of EC_1 and EC_2 (low and medium classes in 487 

the Wilcox classification) and it is most likely to fall between 750-2250 µmhos/cm  (EC_3) for 488 

GL-F

GL-D_1

GL-D_2

GL-R

25.4

16.0

58.6

-0.0857 ± 1.1

G-W

G-W_1

G-W_2

G-W_3

   0

12.3

87.7

31 ± 5.9

C-P

A

B

      0

      0

D-WD

D-WD_1

D-WD_2

 100

   0

A-WD

A-WD_1

A-WD_2

A-WD_3

   0

15.0

85.0

58 ± 13

CL

CL_1

CL_2

CL_3

CL_4

23.4

39.7

23.3

13.6

390 ± 320

EC

EC_1

EC_2

EC_3

EC_4

   0

   0

86.4

13.6

1720 ± 710



each zone (80%). Groundwater resources of zone 3 have the higher probability of EC_4 (EC 489 

values above 2,250 µmhos/cm) compared with other two zones. Based on the results obtained 490 

from status quo management scenarios, groundwater resources of zone 1 have the lowest amount 491 

of EC compared with zones of 2 and 3. 492 

In the case of status quo management scenarios, there is more than a 35% possibility that 493 

chloride content of groundwater resources in each zone of study area fall in the CL_2 class 494 

(acceptable values of chloride for drinking water within the range 175-350 mg/l). Groundwater 495 

resources of zone 1 have the highest probability of CL_1 (chloride values below 175 mg/l) and 496 

states of CL_3 and CL_4 (middle and inappropriate levels of chloride for drinking water between 497 

350-700 and 700-1400 mg/l) have the higher probability in zone 3 compared with other zones.   498 

 499 

 500 
Fig. 5 501 
Total probabilities of states of all management endpoints for each zone under status quo 502 

management scenarios 503 
 504 



Future scenarios 505 

Figure 6 depicts the results under the scenarios of group 2.  Accordingly, by entering findings 506 

into the BDN for Cropping Pattern node (probability of each cropping pattern A and B is 507 

considered to be 100% respectively to evaluate possible effects on other variables expressed by 508 

probabilities), probabilities of all states of GL-F node in each zone would be different from 509 

related probabilities under status quo scenario A finding of “A” and “B” (cropping pattern) is 510 

entered into the BDN model and its impact on states of GL-F variable can be visually 511 

represented by probability values (as percentage). Probabilistic representation of results displays 512 

that using the cropping pattern A compared with B increases the probability of GL-D1 within the 513 

study area (each zone) relative to the status quo and there is higher severity in zone 1, so 514 

groundwater resources of zone 1 has the higher probability of drawdown by using cropping 515 

pattern A compared to the current conditions. On the other hand, there is a lower probability of 516 

drawdown (GL-D1) in zone 1 by using the cropping pattern B compared to status quo. This was 517 

largely due to the occurring significant increase in agricultural water demand (A-WD) and 518 

subsequently increase in groundwater withdrawal (G-W) and eventually there will be higher 519 

probability of GL-D1 by using the cropping pattern A compared with B. Updating existing 520 

model is easy, this is one of the most important advantages of Bayesian Networks. Resulting 521 

model can be used for computing the probabilities of outcomes of another proposed cropping 522 

pattern under varying water supply conditions in study area and stakeholders' priorities in future. 523 

Figure 7 shows the difference in the probability of all states of GL-F node in zone 1 under the 524 

scenarios of group 3 which will be expected if the population increases in the future. Overall Fig. 525 

7 (findings at the nodes of D-WD and C-P) indicates that it is more likely that state of GL-D1 526 

will occur in GL-F node compared to prior BDN model of zone 1 (status quo).This highlights 527 



that increase in the study area’s population makes a push for a greater degree of domestic water 528 

demand and therefore higher probability of groundwater level drawdown in zone 1. In the 529 

combination of findings at D-WD (state of DWD_2) and C-P (state of A) GL-F node has the 530 

highest probability of GL-D1 caused by considering the increased water demand (domestic and 531 

agricultural) and consequently impact on the increase in groundwater withdrawal that would 532 

significantly increase the groundwater level drawdown in zone 1.  533 

 534 

 535 

 536 

(a) 537 
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 539 

(b) 540 

 541 

 (c) 542 
Fig. 6 543 
Probabilities of states of all management endpoints for each zone under management scenarios 544 
of group 2 resulting from various findings at the C-P node 545 
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 546 

 547 

Fig.7 548 

Probabilities of states of all management endpoints for zone 1 under management scenarios of 549 

group 3 resulting from findings at the D-WD node 550 

 551 

 552 

Groundwater Quality Endpoints  553 

Overall, from the groundwater quality point of view, the probabilistic results of status quo 554 

management scenarios show that there is a higher probability of being in a suitable position of 555 

groundwater quality status in terms of EC and CL in zone 1 compared with other zones. 556 

Advancing toward the northern and coastal areas (zones 2 and 3), likelihood of poor groundwater 557 

quality (in terms of EC and CL) would increase under current conditions. This is mainly due to 558 

location of groundwater resources of zone 1 in highlands of southern Kord Kooy (ground water 559 
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recharge area) so deposits, are generally coarser-grained alluvial (such as sand or gravel) and the 560 

groundwater quality is more suitable whereas advancing toward the zone 2 and zone 3 (northern 561 

and coastal areas), deposits are more fine-grained (such as silt, clay, and shale) and there is a risk 562 

of saltwater intrusion and evaporates in coastal plain which may lead to increased salinity levels 563 

of groundwater. Thus, groundwater quality generally deteriorates from south to north of study 564 

area towards the coast. 565 

As noted previously, the second group of scenarios comprises a finding of A and B (types of 566 

cropping pattern) entering into the BDN model. Results, presented in Fig. 6, indicate the 567 

insignificance of the difference between the probabilities concerning the EC and CL nodes and 568 

existing conditions of groundwater quality endpoints. In other words, prior probabilities of states 569 

of groundwater quality end nodes (EC and CL) in the study area (all three zones) remain 570 

unchanged based on this new evidence entered into the BDN (in the cases of current cropping 571 

patterns providing in this study). It is clear that different effects on the current status of 572 

groundwater quality endpoints might occur through using another cropping pattern different 573 

from present cases.  574 

The behaviour of the BDN model under the third group of scenarios in zone 1 (given in Fig. 7) 575 

shows that the likelihood of decrease in chloride and electrical conductivity levels slightly 576 

increases by a finding of 100% probability that the domestic water demand (D-WD) node will be 577 

in DWD_2 (>10 MCM/yr) state. As previously referred, for the domestic water demand variable, 578 

there are two approaches. The first is current domestic water demand pattern and the second is 579 

the higher domestic water demand in the future. Therefore, according to the results, the increase 580 

in domestic water demand along with population growth in future and subsequently increase in 581 

groundwater withdrawal and groundwater level drawdown associated with them will lead at least 582 



to slight improvement in groundwater quality endpoints of zone 1 compared to the status quo. 583 

There can be two possible reasons for this:  584 

(1) discharges of domestic and industrial effluent to groundwater via absorption trenches or 585 

disposal into absorption wells in the zone 1, when the depth to water level is low (in the case of 586 

lower groundwater level drawdown), this could lead to a higher likelihood of increase in the 587 

values of electrical conductivity and chloride in shallow  water  table.  588 

(2) it is possible that in zone 1 besides the groundwater resources available in the area of water 589 

level fluctuation, there exists a deeper recharge area beneath the zone of fluctuation which still 590 

remains unexplored and potentially has fresh groundwater. It is nourished from mountain 591 

highlands of south of Kord Kooy (as entry point of groundwater) and then moves into deep 592 

layers. It is naturally pushed upward to recharge the aquifer at deeper water level. So, increase in 593 

the domestic water demand in the future and higher amount of groundwater withdrawal and 594 

higher groundwater level drawdown would cause higher probability of decrease in the values of 595 

electrical conductivity and chloride occurring in deeper water level. 596 

Although there is not much difference in groundwater quality endpoints probabilities between 597 

third group of scenarios and status quo, however, in the management context, it is important to 598 

consider the insignificant change in probable improvement in groundwater quality within zone 1. 599 

 600 

 601 

Discussion  602 



BDNs are able to take into account key uncertainties in natural resources and explicitly represent 603 

those uncertainties due to the use of probability distributions (Uusitalo, 2007). Bayesian Decision 604 

Networks give a number of advantages over other decision tools such as:  605 

- Performing a meaningful analysis in cases where there is not vast amount of information 606 

and observed data available -even based partly on expert opinion-;  607 

- providing stakeholders' engagement having conflicts of interest and contributing to 608 

structuring the participatory process (Bacon et al., 2002);  609 

- inclusion of both qualitative and quantitative knowledge;  610 

- facilitating effective discussions with non-expert stakeholders through graphical interface 611 

provided by Bayesian network as a strong tool for visualizing complexity; and  612 

- the ability to carry out rapid updates and simulations in groundwater resources 613 

management process (Zorrilla et al., 2010). 614 

In this research, three groups of experts (Regional Water Authority of Golestan province with 615 

water management interest; Agricultural Jihad Organization of Golestan province with 616 

agricultural development interest; and researchers) contributed to development of the Bayesian 617 

decision network through several meetings (in every step of the performing the methodology) in 618 

which groundwater management issues of Kord Kooy region was discussed. There are 619 

groundwater quality problems in north and northwest of the region, and un-moderated 620 

groundwater extraction via a large unknown number of illegal wells is responsible for 621 

groundwater level depletion at southern areas. There were conflict of interest between farmers 622 

and agriculture sector, water authorities, and environmentalists. Lack of data available especially 623 

on deriving the probability tables (for example, CPT for groundwater withdrawal and related 624 

nodes) was another challenge in groundwater management of the area.  625 



Under these circumstances BDNs were considered to be a well-suited decision tool to underpin 626 

groundwater management in the Kord Kooy plain and other tools were eliminated from the 627 

outset. 628 

The results of applied approach were presented to expert participants. There was consensus 629 

among participants about the usefulness of the tool especially in similar cases where there is a 630 

lack of data which is able to incorporate the stakeholder opinions and values into the decision 631 

making. They confirmed that the proposed method allowed the joint evaluation of groundwater 632 

quality and quantity management options. Similar outcomes were also depicted by Cain et al. 633 

(2003), and Henriksen et al. (2007). 634 

Dividing the study area into three zones based on the hydrogeological properties from north to 635 

south helped in better implementation of the groundwater management in Kord Kooy plain. They 636 

perceived this as an effective way to consider the hydrogeological limits and differences with in 637 

the Kord Kooy region.  638 

The application of the proposed methodology as a practical tool can also be useful for water 639 

resources companies and other responsible authorities in groundwater management section. This 640 

enables the decision makers to make the most appropriate decisions based on the real conditions 641 

of the variables in different zones. It is clear that prioritization of management options to 642 

represent the decision maker’s preferences and major groundwater problems can help managers 643 

to consider various groundwater quantity and quality policy options. This will result in different 644 

conceptual models, BDN structure and different management endpoints. In other words, others 645 

might have different priorities and collect additional data and information and use it to develop 646 

different BDN framework and improve the CPTs relevant to the model. 647 



Thus, further developments in relation to the Bayesian decision network (BDN) to evaluate the 648 

impacts associated with a variety of groundwater quantitative and qualitative management 649 

policies would improve the managers understanding about different effects and help in making 650 

the best choices relevant to the problem at hand.  651 

 652 

 653 

Conclusions 654 

 655 

Groundwater resources management plays a key role in maintaining the sustainable conditions in 656 

arid and semi-arid regions such as Iran. Bayesian Decision Network (BDN) methodology was 657 

applied for the aquifer of Kord kooy plain in northern Iran. Three separate BDN models were 658 

developed for three zones of the study area. To evaluate the possible impacts of future domestic 659 

water demand along with population growth and changing cropping patterns on the groundwater 660 

resources system of the study area, 12 scenarios were developed and simulated by the models. 661 

The results were presented in terms of probability values for groundwater quantity and quality 662 

endpoints under deferent management scenarios. Overall, the results revealed that there is a 663 

higher probability of drawdown in groundwater levels in zone 1 compared to zones 2 and 3. 664 

Groundwater resources of zone 1 are already at risk. So, if the groundwater is over-exploited, it 665 

will result in a widespread decline in groundwater level and the aquifer will be unable to meet 666 

the demand in the future. Groundwater withdrawal from zones 2 and 3 should be limited due to 667 

the groundwater quality problems associated with shallow groundwater in these two zones. 668 



Bayesian decision networks were perceived by experts participating from agriculture sector and 669 

water authorities, as effective means to communicate complex issues through a graphical 670 

interface, as well as to represent the uncertainty by using the probabilities which implies that the 671 

use of Bayesian decision networks in Kord kooy region achieved the goal. 672 
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