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Abstract 7 

Excessive exploitation of groundwater has led to a significant subsidence in Darab plain, located in Fars province, 8 

Iran. The compaction of aquifer layers especially in fine-grain sediments leads to changes in aquifer parameters 9 

including hydraulic conductivity, specific yield, and compressibility which consequently changes the permeability 10 

and storage of the aquifer. Accordingly, a precise estimation of aquifer parameters are essential for both future 11 

water resources planning and management. The main objective of this paper is to determine the most optimum 12 

values of aquifer parameters based on the groundwater information and subsidence measurements spanning from 13 

2010 to 2016. The proposed approach for inverse solution of groundwater flow is based on Lattice Boltzmann 14 

Method (LBM) integrated with Genetic Algorithm for optimization (GA). Subsidence measurements made by 15 

previous studies as well as the initial values of unknown parameters obtained from piezometric information are 16 

incorporated into the inverse modeling. The whole process of inverse modeling is repeated from 2010 to 2016 17 

which leads to annually estimation of the aquifer parameters. Due to the compaction occurring in the aquifer 18 

system, a decreasing temporal trend is observed in the aquifer parameters in most parts of the plain. By fitting a 19 

function to time-dependent aquifer parameters, their corresponding values and consequently the amount of 20 

subsidence in 2017 are predicted. The small average relative error (~3.5%) between the predicted land subsidence 21 

and the measurements demonstrates the high performance of the proposed inverse modeling approach.  22 

23 
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Research highlights26 

 LBM and GA were integrated to find the parameters of Darab unconfined aquifer 27 

 Compressibility equation as a link between subsidence and groundwater was used 28 

 The hydraulic conductivity and specific yield are decreased over the time 29 

 The predicted parameters were used to estimate the land subsidence in future 30 

31 
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1. Introduction 32 

 In recent decades, various numerical methods have been developed as essential tools to study the groundwater 33 

flow.  Nearly all groundwater flow equations consist of partial differential equations as a function of aquifer 34 

parameters such as hydraulic conductivity and storage coefficient. An accurate knowledge of the aquifer 35 

parameters are of essential importance for groundwater flow prediction.    Determining the aquifer parameters 36 

based on hydraulic head as observations is known as ‘inverse solution of the groundwater flow’ (Garcia and 37 

Shigidi 2007).  Various researches have been conducted to address the problem of aquifer parameters estimation 38 

and calibration.  In recent years, the inversion methods based on optimization have received special attention due 39 

to their efficiency and simplicity. The optimization approaches such as Genetic Algorithm (GA) basically employ 40 

a search method to find the unknown parameters that minimize the difference between observed and calculated 41 

head values (Hana et al. 2020).  GA is widely used in the optimization problems due to their specific advantages 42 

such as easy convergence to the global optimal solution and high accuracy (Ayaz 2017). Mahinthakumar and 43 

Sayeed used the real encoded genetic algorithm (RGA) and the binary encoded genetic algorithm (BGA) to 44 

integrate with different search methods to understand the location and release intensity of the two-dimensional 45 

pollution area (2005).  46 

Significant endeavors have been made to solve the inverse problems and automate the calibration process for 47 

aquifer parameters estimation (Sonnenborg et al. 2003; Geza et al. 2009; Abdelaziz & Merkel 2015; Lu et al. 48 

2014). For instance, GA was employed to solve the inverse problem by Gentry et al. (2003) in a semi-confined 49 

aquifer. In another study, GA is jointly applied with a groundwater modeling as an innovative model of 50 

groundwater pollution sources to identify the parameters of groundwater pollution sources. (Aral et al. 2001). The 51 

GA optimization was combined with transport model by Ayaz (2017) and integrated with MODFLOW and 52 

MT3DMS models by Sophia and Bhattacharjya (2020) to simulate the groundwater contaminant transport. 53 

In addition to the above considerations, the solution of the groundwater flow equation is another issue to be 54 

addressed for parameters estimation. The lattice Boltzmann method (LBM) as an innovative numerical method in 55 

hydraulic problems (Ru et al. 2021), is one approach in this regard. The LBM is identified with its comfort of 56 

performance, parallel processing ability, and easy handling of boundary conditions which make it an appropriate 57 

method to simulate the complicated flows with complex boundaries (Budinski et al. 2015). The first application 58 

of the LBM was implemented by Gladrow (Gladrow 1994) who proposed Lattice Boltzmann equation (LBE) 59 

models for diffusion instead of lattice gas automata due to its greater flexibility and freedom. The LBM has been 60 

successful performance in fluid flow modelling such as Navier–Stokes (Ansumali et al. 2007), shallow water [Liu 61 
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et al. 2013, Peng et al. 2011, Zhou 2004], groundwater (Zhou 2007a; Zhou 2011; Budinski et al. 2015; Arsyad et 62 

al. 2017; Hekmatzadeh et al. 2018; 2019), and especially multiphase flow in porous media [Anwar and Sukop 63 

2008; Fattahi et al. 2016; Gharibi and Ashrafizaadeh 2020). LBM has been widely applied to explore heat and 64 

mass transfer problems such as pollutant transport (Lei et al. 2013), thermal response (Gao et al. 2021), saltwater 65 

intrusion (Servan-Camas and T.-C. Tsai 2009) and reaction diffusion (Lin et al. 2021).  66 

Recently, much attention has been paid to use the LBM for modeling the fluid flows and various researches have 67 

been conducted to solve advection, diffusion, dispersion and groundwater equations (Zhou 2011). Modeling the 68 

fluid flow through porous media is of great importance especially because of its applications in oil extraction, 69 

groundwater contamination, storage of nuclear waste, and chemical reactors (Fattahi et al. 2016). In one study, 70 

Zhou investigated the applicability of the LBM to isotropic groundwater flow modeling in confined aquifers (Zhou 71 

2007a, b; Budinski et al. 2015). Moreover, it has been shown that the LBM is an efficient numerical approach 72 

used to solve the groundwater flow in unconfined aquifer as well (Yousefi et al. 2020). 73 

By incorporating GA optimization into an approach for groundwater flow solution such as LBM, we will be able 74 

to take the advantages of both methods to estimate the aquifer parameters. This is the main novelty of this paper 75 

which is characterization of the aquifer system by integration of LBM and GA optimization in Darab plain, Iran. 76 

Severe groundwater exploitation has led to a significant land subsidence in Darab plain as a result of fine-grained 77 

sediments compaction occurred in the aquifer (Yousefi et al. 2019).  Land subsidence definitely affects the 78 

hydrology and hydrogeology properties of aquifer system. Hence, incorporation of the subsidence amount into 79 

the inverse solution of the groundwater flow is of significant importance. The aquifer parameters including 80 

hydraulic conductivity, specific yield and compressibility are yearly estimated using the proposed method of 81 

inverse solution and the annual measurements of the subsidence. The temporal trends of the aquifer parameters 82 

are further investigated to predict the parameters values associated with a desired time. This process is followed 83 

by prediction of the corresponding subsidence which is finally compared to the observed value.   84 

85 

1.2. Case study 86 

Darab plain is located in Fars province (Iran) with the area of 2400 km2 (Fig.1) surrounded by high mountains 87 

(Regional Water Company of Fars, 2016). The average temperature ranges from 14˚ C to 22˚ C and the average 88 

annual rainfall is recorded as 245 mm. The aquifer system in this plain is unconfined and the number of pumping 89 

wells located in the area is 3444 (Regional Water Company of Fars 2016). Over a period of 23 years (1993–2016), 90 

the groundwater level in the plain has dropped 26 m. The most amount of groundwater exploitation is due to 91 

https://www.semanticscholar.org/author/Michael-C.-Sukop/2025679
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farmlands irrigation. Due to the decrease of groundwater level, Darab plain is subject to land subsidence which is 92 

mostly happening in the agricultural lands in the main part of the plain (Fig. 1).  93 

94 

95 

Fig.1. Location of the aquifer system in the Darab plain superimposed on the LANDSAT 8 OLI color composite 96 

image (R:7, G:4, B:2). The yellow stars represent the piezometric wells while the green areas in the black 97 

polygon indicate the agricultural lands 98 

99 

Land subsidence happens due to the fine-grained sediments compaction as a result of increasing effective stress. 100 

The compaction occurred in the fine-grained interbeds, will influence the aquifer parameters including specific 101 

yield, compressibility and hydraulic conductivity. A precise knowledge of the aquifer parameters and their 102 

relationship with the compaction mechanism will enable us to predict the subsidence occurrence.  103 

The primary objective of this paper is to present a novel method based on a combination of LBM and GA to solve 104 

the inverse groundwater flow equation for 2D problem in order to precisely estimate the aquifer parameters. To 105 

do so, initial values of the parameters and other required quantities are first extracted from the existing reports on 106 

groundwater information. Fig. 2 indicates the initial amounts of hydraulic conductivity which ranges from 0.32 107 

(m/day) and 18.31 (m/day) in the center and north of the area, respectively (Regional Water Company of Fars 108 

2016). 109 

110 

Fig.2. Initial hydraulic conductivity (m/day) of Darab aquifer system 111 

112 

Hydraulic head extracted from the piezometric information of 2010 is also shown in Fig. 3. According to this 113 

figure, the north and south parts of the area are inflow and outflow boundaries, respectively, while there is no 114 

flow border in east and west direction (solid boundary).  115 

116 

117 

Fig.3. Hydraulic head in Darab aquifer system118 

119 
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Moreover, the thickness of the Darab aquifer system obtained from the piezometric information is illustrated 120 

in Fig. 4. The maximum thickness of 250m belongs to the center of the plain which decreases to 20 m towards 121 

the area boundaries (Regional Water Company of Fars 2016).  122 

123 

124 

Fig.4. Thickness (m) of Darab aquifer system  125 

126 

In previous studies, the temporal behavior and spatial extent of the subsidence has been investigated by Yousefi 127 

et al. (2019) using Synthetic Aperture Radar Interferometry (InSAR). Two different SAR satellite images, Envisat 128 

ASAR and Sentinel-1A (spanning 2010 and 2015 – 2017) have been employed to extract the subsidence rate. As 129 

suggested by both datasets, there are three main subsidence lobes with different deformation rate as depicted in 130 

Fig. 5 (Yousefi, et al. 2019).  131 

132 

133 

134 

Fig.5. Subsidence velocity maps obtained from: (a) ENVISAT ASAR and (b) Sentinel-1A (Yousefi et al. 2019)  135 

136 

It is supposed to apply the subsidence maps to infer the aquifer parameters by inverse modeling of groundwater 137 

flow expressed in the LBM framework. The rationale behind the LBM and its usage for modeling the groundwater 138 

flow is first explained in below followed by the inverse modeling workflow.  139 

140 

2. Lattice Boltzmann Method (LBM) for Modeling the Groundwater Flow141 

General form of the 2D groundwater flow equation in unconfined aquifer is defined as (Budinski et al. 2015): 142 
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where K and Sy indicate the hydraulic conductivity and specific yield, h and R are the groundwater head and the 143 

recharge function, respectively and xi, shows two directions in the horizontal plane. The groundwater flow 144 

equation in unconfined aquifer which is solved in the form of LBM (Eq. 2) is represented as (Yousefi et al. 2021):145 
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where fk and fk
eq represent the particle distribution function and the local equilibrium distribution function, 146 

respectively, Δt is the time step, x is a vector in xy coordinate system, ck is the particle velocity vector, τ is the 147 

single relaxation time, and a is the number of the particle. In this study, D2Q9 lattice configuration is applied to 148 

model the groundwater flow using LBM (Fig.6), and accordingly, a = 9. Moreover, ck , indicates the velocity and 149 

is described as follows; (cx= Δx/ Δt) (Zhou 2004): 150 
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152 

Fig.6. Nine-velocity rectangular lattice (D2Q9) (Mohammad 2011) 153 

154 

fk is also specified as: 155 

(4) 
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where, h(x,t) and w are groundwater hydraulic head and weight factor, respectively for each direction according 156 

to the next terms. The weight factors are indicated as: 157 
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Four types of boundary conditions are applied in the simulation of groundwater flow, including the Dirichlet, 158 

Neumann, open and solid boundary conditions in line with Eq. (6) to Eq. (9). 159 

160 

161 

Fig.7. Solid boundary condition (Mohammad 2011) 162 
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163 

According to Fig.7, the distribution functions at solid boundary (south boundary) are computed by Eq.(6) as 164 

follows: 165 

(6) 
867542 ,, ffffff 

Assuming open boundary for the east boundary in Fig.7, Eq. (7) is employed for calculating the distribution 166 

functions: 167 
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Dirichlet boundary condition at the west boundary in Fig.7 suggests Eq. (8) to measure the distribution functions: 168 
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Regarding the case of Neumann Boundary condition (north boundary in Fig.7) the distribution function is 169 

estimated by Eq. (9) as follows:   170 
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Apart from the boundary conditions, the following equations have been already introduced as the equilibrium 171 

distribution function for unconfined aquifers (Yousefi et al. 2021):  172 
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Eqs. (10) are characterized by the following relations: 173 
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By taking into account Eqs. (3) to (13), the groundwater flow can be modeled using Eq. (2) which is a function 

of aquifer parameters, i.e. K and Sy as well as the aquifer compressibility (α). The initial values of K, Sy and α are 

first estimated using the piezometric measurements followed by calibrating the relaxation time. The optimized 

aquifer parameters are then estimated using (GA) by freezing the amount of relation time in the LBM equation. 

The whole process will be explained in more details in the following section.  

3. Proposed Methodology to Estimate the Aquifer Parameters 

The whole workflow applied to inverse modeling of groundwater flow for determination of the aquifer 

parameters of the study area is represented in Fig. 8.  

Fig.8. Block diagram of the proposed methodology for aquifer parameters estimation 174 

175 

The first parameter to be calibrated is the relaxation time with a little range of variation. An approximate amount 176 

of aquifer parameters, K, Sy and α, would suffice to estimate the relaxation time. The first attempt, hence, is to 177 

estimate the compressibility, α, using the relationship between the groundwater level and the land subsidence 178 

(aquifer compaction) at piezometric wells location.  Knowing about the compressibility would help approximate 179 

Sy and the sediment types. In addition, a rough estimate of K is already available from the existing reports. These 180 

values are further employed to solve the inverse groundwater flow equation using LBM which is combined with 181 

GA in order to estimate the precise values of aquifer parameters.   182 

183 

3.1. Estimation of Approximate Values of Aquifer Parameters using the Relationship between Land 184 

Subsidence and Piezometric Information 185 
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186 

In order to determine the approximate values of aquifer parameters, the relationship between land subsidence and 187 

groundwater level drop in an unconfined aquifer is defined using one dimensional compressibility equation (Eq. 188 

14) (Hoffmann et al. 2003): 189 

(14) 
zzd

bdb

'

/


 


Where α is compressibility, db is the amount of subsidence, b is the thickness of aquifer and dσꞌ is the effective 190 

stress increase. By replacing the amount of effective stress in Eq. 14, the new equation for compressibility is 191 

obtained as follows: 192 

(15) 
dhg

bdb


 /


Where ρ is the water density, g is the gravity acceleration and dh is the hydraulic head difference which   can be 193 

replaced by the difference between two piezometric measurements in a specific time period:  194 

(16) 
g

bdb
hh

/
12 

According to Eq. 16, the hydraulic head is a function of compressibility where the compressibility is also affected 195 

by land subsidence. To approximately achieve the compressibility behavior of Darab aquifer system, Eq. 16 is 196 

applied by incorporating the amount of subsidence and the variation of hydraulic head at piezometric wells with 197 

annual time step. The land subsidence is obtained from the results of InSAR (Yousefi et al. 2019). These results 198 

include the land subsidence time series from 2010 to 2017 which specifies the annual amount of subsidence. Based 199 

on the approximate values of compressibility, rough estimates of sediment types (S.T) and Sy are also obtained 200 

(Table 1). Sy is a dimensionless quantity, ranging between 0 and 0.4. Moreover, the maximum amount of 201 

compressibility occurs in the main subsidence zone (wells 3, 5, 9, 11), and consequently, the sediment type is 202 

mainly fine-grained as clay. On the other hand, despite the significant hydraulic head decrease at some piezometric 203 

wells (wells 1, 7, 10, 12), no remarkable subsidence occurs due to existence of coarse-grained sediment type such 204 

as gravel.  205 

206 

Table.1 Information of Darab aquifer at piezometric wells (average value from 2010 to 2015) 207 

208 

3.2. Inverse Solution of Groundwater Flow Equation based on LBM Combined with GA 209 

210 
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Eq. 16 is utilized for inverse modeling of the groundwater flow using LBM. Regarding this equation, h2 is 211 

assumed to be computed using LBM while h1 is the initial head. By substitution of h2 as a final solution of 212 

groundwater flow equation based on LBM, Eq. 16 can be written as: 213 

(17) 12

/
h

g

bdb
fh

k

k  

In other words, the final solution of groundwater flow equation based on LBM should satisfy the above 214 

relationship. In order to obtain the inverse solution of the groundwater flow equation, a gridded layer with a cell 215 

size of 500 m (including 102×50 lattices) and thickness of the aquifer (Fig. 4), is generated. The relaxation time 216 

and the time step required for modeling are to be considered as 1.35 and 0.002 day, respectively. The relaxation 217 

time is estimated using approximate values of the aquifer parameters. Based on the hydraulic head contour lines 218 

of Fig. 3, the north part of the aquifer is inflow boundary with known hydraulic head (Dirichlet boundary). The 219 

south boundary is, however, the outflow one whose hydraulic head is not known (Open boundary) whereas, the 220 

east and west borders are no flow boundaries (solid boundary). The annual amount of hydraulic head extracted 221 

from the piezometric information in addition to the recharge and discharge of the aquifer for the time period of 222 

2010 – 2016 which is determined from the existing reports are used in the process (Regional Water Company of 223 

Fars, 2016). The piezometric head corresponding to 2010 is considered as the initial head, h1. Moreover, the 224 

highest and lowest values of rainfall are 400 and 100 mm, at high altitudes and in the plains, respectively. The 225 

annual evaporation and annual infiltration of rainfall in the study area are considered to be about 67% and 30% 226 

which are equivalent to 120 and 11 MCM, respectively. According to the existing reports, there were 3444 active 227 

pumping wells in the study area in 2010, which corresponds to the annual groundwater discharge volume of about 228 

431.36 MCM which is mostly utilized for agricultural irrigation. 229 

Inverse modeling of groundwater flow with three unknown aquifer parameters including K, Sy and α is performed 230 

with incorporation of GA optimization. The objective function to be minimized in GA is the relative difference 231 

between the calculated hydraulic head from LBM and the one computed using the subsidence value (the right 232 

hand of Eq. 17). The initial population size of 50, the number of generation of 300 and the number of elites equal 233 

to 5% of the initial population are considered for GA optimization. The lower and upper bounds of the aquifer 234 

parameters which are extracted from Table 1 and Fig. 2, are illustrated in Table 2. 235 

236 

Table 2. Lower and upper bounds of the aquifer parameters used for GA optimization 237 

238 
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4. Results 239 

By integration of LBM and GA and application of the annual amount of subsidence, K, Sy and α are annually 240 

optimized for 2010 to 2016 (Figs. 9-14). 241 

242 

243 

244 

245 

Fig.9. Optimized K, Sy and α in 2010-2011 246 

247 

248 

249 

250 

Fig.10. Optimized K, Sy and α in 2011-2012 251 

252 

253 

254 

255 

Fig.11. Optimized K, Sy and α in 2012-2013 256 

257 

258 

259 

260 

Fig.12. Optimized K, Sy and α in 2013-2014 261 

262 

263 

264 

265 

Fig.13. Optimized K, Sy and α in 2014-2015 266 

267 

268 
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269 

270 

Fig.14. Optimized K, Sy and α in 2015-2016 271 

272 

As observed in Figs 9 to 14, the maximum and minimum amounts of K and Sy occur in the north and center of 273 

Darab plain, respectively. On the other hand, the maximum value of α is detected in the main zone of the 274 

subsidence which are consistent with the geological setting of the area. The annual relative errors between the 275 

calculated hydraulic head and the one observed at the locations of piezometric wells are indicated in Table 3. 276 

277 

Table 3. Model misfit as the relative error calculated at the locations of piezometric wells 278 

279 

The maximum and minimum amounts of relative error are 0.0008 and 0.00001 which occur in wells 2, 5, 9, and 280 

11, respectively. The small range of the relative error confirms that the results of the proposed model are strictly 281 

consistent with the observed measurements which is an indication of the accurate estimation of the aquifer 282 

parameters.  283 

In order to further evaluate the estimated parameters, the corresponding values in 2017 are predicted by 284 

investigation of their temporal trend. Figs. 15-17 depict the temporal behavior of K, Sy and α at piezometric wells 285 

which can be simply modeled as a function of time.   286 

287 

288 

Fig.15. Model fitted to the values of hydraulic conductivity (kx) at the locations of piezometric wells in 2010-289 

2016. Solid line illustrates the temporal model. 290 

291 

292 

Fig.16. Model fitted to the values of specific yield (Sy) at the locations of piezometric wells in 2010-2016. Solid 293 

line illustrates the temporal model. 294 

295 

296 

Fig.17. Model fitted to the values of compressibility (α) at the locations of piezometric wells in 2010-2016. 297 

Solid line illustrates the temporal model. 298 
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299 

Figs. 15-17, indicate that the temporal trends of K, Sy, and α, between 2010 and 2016 are mostly decreasing. The 300 

values of K and Sy are, however, constant out of the subsidence zones (wells 4, 6, 10, and 12). The compressibility 301 

(α) at wells 2, 5, and 12 increases with time while K and Sy are constant or have a decreasing trend. Using the 302 

fitted functions at every grid cell, the aquifer parameters corresponding to 2017 are predicted. This process is 303 

followed by modeling the subsidence in 2017 using LBM (Fig.18) which can be further evaluated by InSAR 304 

measurements.  305 

306 

307 

Fig.18. Predicted subsidence using the anticipated values of the aquifer parameters in 2017   308 

309 

Fig. 19 shows the relative error as the model misfit calculated between the predicted subsidence and the one 310 

obtained from InSAR measurements (Yousefi et al. 2019).  311 

312 

313 

Fig. 19. Relative error between the predicted subsidence and InSAR measurements 314 

315 

The maximum relative error is estimated as 15%, which belongs to only 1% of all pixels at boundaries. In the 316 

subsidence area, however, the amount of the model misfit is considerably smaller. The averaged relative error of 317 

the whole study area is estimated as 3.5% which is an indication of the high performance of the proposed method 318 

for aquifer parameters estimation. Moreover, investigation of the temporal behavior of the aquifer parameters 319 

enables us to predict the subsidence in near future which is as one of the innovative outcomes of the present study.  320 

321 

5. Conclusions 322 

As an effective and novel method for inverse solution of groundwater flow equation, LBM combined with GA 323 

optimization was employed to determine the aquifer parameters including hydraulic conductivity (K), specific 324 

yield (Sy) and compressibility (α) in Darab plain. Using the compressibility relation in unconfined aquifer systems, 325 

the compressibility (α) at piezometric wells locations is estimated using the subsidence values measured by InSAR 326 

and hydraulic head measurements. A rough estimate of the specific yield (Sy) and sediment types are then 327 

approximated based on the compressibility values while the hydraulic conductivity (K) is obtained from the 328 
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existing reports. By considering the possible ranges of the aquifer parameters extracted from the previous step, 329 

the LBM combined with GA optimization is applied to precisely achieve the aquifer parameters. The optimization 330 

process tries to minimize the relative error between the calculated hydraulic head from LBM and the one computed 331 

using the subsidence value at every grid cell in the study area.  332 

Thanks to annually estimation of the aquifer parameters, we are able to investigate their temporal behaviors. The 333 

decreasing trend of hydraulic conductivity and specific yield at most locations is an indication of the effect of land 334 

subsidence on the aquifer system properties. By fitting a function to time-dependent aquifer parameters at each 335 

grid cell, it is possible to predict the parameters in the near future which are further used to calculate the 336 

corresponding land subsidence. The small relative error between the predicted subsidence and the InSAR 337 

measurements demonstrates the significant performance of proposed method. 338 

The temporal variation of the aquifer parameters suggests that the aquifer system is highly affected by the land 339 

subsidence. The compaction occurred in the fine-grained sediments results in the decreasing temporal trends 340 

observed in the specific yield and hydraulic conductivity values. This indicates an ongoing permanent reduction 341 

in the total storage capacity of the aquifer system which most probably leads to large surface runoff after a 342 

precipitation event. It means that the aquifer can no longer store water from the atmospheric predication. There is 343 

really a cause for severe concern specifically during drought events where people mostly rely on the groundwater 344 

resources. Precise information on the aquifer system properties and storability which is an outcome of this 345 

research, plays an important role for a successful groundwater management which is of important significance.  346 

347 
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0.25 Sandy gravel 9.15E-09 -0.017 -1.17 8 

0.07 Clay 9.52E-07 -1.146 -0.68 9 

0.25 Sandy gravel 6.07E-09 -0.054 -8.06 10 

0.07 Clay 5.36E-07 -0.265 -0.86 11 

0.21 Medium sand 3E-08 -0.053 -8.9 12 

441 

442 

443 

Table 2. Lower and upper bounds of the aquifer parameters used for GA optimization 444 

Aquifer parameter Lower bound Upper bound 

Sy 0.001 0.3 

K (m/day) 0.08 20 

α (m2/N) 0.00 3E-7

445 

446 

Table 3. Model misfit as the relative error calculated at the locations of piezometric wells 447 

Wells 

Relative error (difference between observed and calculated hydraulic head) 

2010 – 2011 2011 – 2012 2012 – 2013 2013 – 2014  2014 – 2015  2015 - 2016

W1 0.6E-3 0.6E-3 0.6E-3 0.6E-3 0.6E-3 0.6E-3 

W2 0.8E-3 0.4E-3 0.5E-3 0.6E-3 0.6E-3 0.5E-3 

W3 0.5E-3 0.4E-3 0.6E-3 0.5E-3 0.4E-3 0.4-3 

W4 0.1E-3 0.4E-3 0.2E-3 0.2E-3 0.1E-3 0.6E-3 

W5 0.6E-3 0.6E-3 0.7E-3 0.8E-3 0.7E-3 0.7E-3 

W6 0.6E-3 0.4E-3 0.4E-3 0.4E-3 0.5E-3 0.5E-3 

W7 0.4E-3 0.3E-3 0.2E-3 0.2E-3 0.2E-3 0.2E-3 

W8 4E-05 0.1E-3 8E-05 5E-05 0.1E-3 9E-05 

W9 0.5E-3 0.8E-3 0.8E-3 0.3E-3 0.4E-3 0.4E-3 

W10 0.4E-3 0.1E-3 0.1E-3 0.1E-3 0.1E-3 5E-05 

W11 0.2E-3 0.1E-3 0.1E-3 2E-05 1E-05 0.1E-3 

W12 0.7E-3 0.7E-3 0.7E-3 0.7E-3 0.7E-3 0.7E-3 

448 

449 

450 

451 

452 

453 
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454 

455 

456 

Fig.1. Location of the aquifer system in the Darab plain superimposed on the LANDSAT 8 OLI color 457 

composite image (R:7, G:4, B:2). The yellow stars represent the piezometric wells while the green 458 

areas in the black polygon indicate the agricultural lands 459 

460 

461 

Fig.2. Initial hydraulic conductivity (m/day) of Darab aquifer system 462 

463 

464 
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Fig.3. Hydraulic head in Darab aquifer system465 

466 

467 

468 

469 

Fig.4. Thickness (m) of Darab aquifer system  470 

471 

472 

473 

474 

475 

476 
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Fig.5. Subsidence velocity maps obtained from: (a) ENVISAT ASAR and (b) Sentinel-1A (Yousefi et 477 

al. 2019)  478 

479 

480 

481 

Fig.6. Nine-velocity rectangular lattice (D2Q9) (Mohammad 2011) 482 

483 

484 

485 

Fig.7. Solid boundary condition (Mohammad 2011) 486 

487 

488 
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Fig.8. Block diagram of the proposed methodology for aquifer parameters estimation 518 
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Fig.9. Optimized K, Sy and α in 2010-2011 526 
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530 

Fig.10. Optimized K, Sy and α in 2011-2012 531 
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Fig.11. Optimized K, Sy and α in 2012-2013 536 
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540 

Fig.12. Optimized K, Sy and α in 2013-2014 541 
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545 

Fig.13. Optimized K, Sy and α in 2014-2015 546 
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Fig.14. Optimized K, Sy and α in 2015-2016 551 
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561 

562 

563 

Fig.15. Model fitted to the values of hydraulic conductivity (kx) at the locations of piezometric wells 564 

in 2010-2016. Solid line illustrates the temporal model. 565 

566 

567 

Fig.16. Model fitted to the values of specific yield (Sy) at the locations of piezometric wells in 2010-568 

2016. Solid line illustrates the temporal model. 569 

570 
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571 

572 

Fig.18. Predicted subsidence using the anticipated values of the aquifer parameters in 2017   573 
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577 

Fig. 19. Relative error between the predicted subsidence and InSAR measurements 578 
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