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Introduction Material and methods Result Conclusion

• Population growth followed by increased agricultural, industrial, and urban water 
consumption, on the one hand and limited surface water resources on the other, have 
caused irreparable damages to the aquifers in Iran during the past two decades.

• Artificial recharge (AR) is one of the effective methods for increasing aquifer reserves.

• The Clustering techniques are among the methods that take into account several criteria 
to identify the most suitable sites that have standard features

• MODFLOW was used to simulate the groundwater level and cluster the sites selected, 
with regards to increase in groundwater level
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𝐶𝑅 =
𝐶𝐼

𝑅𝐼

𝜆max : average value of the consistency vector
ො𝑎 : matrix geometric mean
W(i. j) : alternative weight or priority
N : number of compared alternatives
n : matrix size
CI : consistency index
CR : consistency rate
RI : inconsistency index of the random matrix

𝜆max =
1

𝑁


𝑖=1

𝑛
ො𝑎 ⋅ 𝑤 𝑗,𝑗

𝑤 𝑖,𝑗
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𝜆max − 𝑛

𝑛 − 1

• AHP technique
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• AHP technique
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Criterion-3Criterion-2Criterion-1

Option-4Option-3Option-2Option-1

Target

1. Preparing the paired comparison matrix 
for each level of the hierarchy starting 
from the top and continuing downward

2. Calculating a weight for each element 
of the hierarchy

3. Estimating the consistency rate (CR)

• CR < 0.1 indicate a consistent matrix  
• CR > 0.1 indicate a discontinuous matrix
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1. slope
2. specific yield 
3. depth to groundwater
4. aquifer thickness 
5. qualitative land use and 

hydraulic conductivity

• AHP technique
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• K-means clustering

𝑱 𝑿; 𝑽 = 

𝒊=𝟏

𝒄



𝒌∈𝒊

𝒙𝒌
𝒊

− 𝒗𝒊

𝟐

𝑣𝑖 =
σ𝑘=1

𝑁𝑖 𝑥𝑘

𝑁𝑖
, 𝑥𝑘 ∈ 𝐴𝑖

V = {vi|i = 1,…,c} : cluster centers
𝒙𝒌

𝒊 : the kth object belonging to the ith cluster

𝒙𝒌
𝒊

− 𝒗𝒊

𝟐
:  distance measure norm indicating the 

distance between data points and their respective 
cluster centers. 
𝐴𝑖 : set of 𝑁𝑖 objects belonging to the ith cluster
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𝑅𝑗𝑘 =
𝜎𝑗 + 𝜎𝑘

𝜇𝑗 − 𝜇𝑘

, 𝑗, 𝑘 = 1,2, … , 𝑔；𝑘 ≠ 𝑗

𝜎𝑗 =
1

𝑛𝑗


𝑥𝑖∈𝐶𝑗

𝑥𝑖 − 𝜇𝑗
2

𝐼𝐷𝐵 =
1

𝑔


𝑖=1

𝑔

𝑅𝑗

• Davies-Bouldin Index (DBI) 

𝜇𝑗 : mean of all the objects in cluster j 

𝜎𝑗 : the within class scatter of the jth cluster

𝐶𝑗 : associated with the cluster j 

𝑛𝑗 : number of objects in jth the cluster. 

𝑅𝑗 : maximal pair score with the cluster j

𝑅𝑗𝑘 : the score for all the possible pairs of clusters
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𝐶𝑅
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1
2,𝑘

ℎ𝑖,𝑗+1,𝑘
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+𝑃𝑖,𝑗,𝑘ℎ𝑖,𝑗,𝑘
𝑚 + 𝑄𝑖,𝑗,𝑘

ℎ𝑖,𝑗,𝑘
𝑚 : head at cell i,j,k at time step (L); 

𝐶𝑉,𝐶𝑅, 𝐶𝐶: hydraulic conductance, or branch conductance, between node i,j,k and a 
neighboring node (L2/T)
𝑃𝑖,𝑗,𝑘  : sum of coefficients of head from source and sink terms (L2/T)

𝑄𝑖,𝑗,𝑘 : sum of constants from source and sink terms, with 𝑄𝑖,𝑗,𝑘 < 0.0 for flow out of the 

ground-water system, and 𝑄𝑖,𝑗,𝑘 > 0.0 for flow in (L33/T)

𝑆𝑆𝑖,𝑗,𝑘  : specific storage (L-1)

𝐷𝐸𝐿𝑅𝑖,𝑗,𝑘 : cell width of column j in all rows (L)

𝐷𝐸𝐿𝐶𝑖 : width of row i in all columns (L)
𝑇𝐻𝐼𝐶𝐾𝑖,𝑗,𝑘 : vertical thickness of cell i,j,k (L)

tm : time at time step m (T). 
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=  𝑆𝑆𝑖,𝑗,𝑘 𝐷𝐸𝐿𝑅𝑖,𝑗,𝑘 × 𝐷𝐸𝐿𝐶𝑖 × 𝑇𝐻𝐼𝐶𝐾𝑖,𝑗,𝑘

ℎ𝑖,𝑗,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚−1

𝑡𝑚 − 𝑡𝑚−1

• Groundwater level simulation of Yasouj aquifer by MODFLOW 
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• Groundwater simulation

Aquifer thickness varied from 80 to 260 m
Cell size was considered 500 m × 500 m
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500m

500m

80~260m

Locations of the observation wells, exploitation wells,
input flow, and output flow in the Yasouj aquifer

abnormal
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Situation in the calibrated observation wells and 
simulated groundwater level in the transient state

Comparing the northern region with the
southern parts of the aquifer figure show that
the groundwater level in the northern region of
the aquifer is higher, which keeps declining as
we move towards the southern areas of the
aquifer
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Head(m)

• Groundwater simulation
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values of calibrated hydraulic conductivity

The highest value for hydraulic conductivity is
13 m/day, belongs to the central part of the
aquifer, and the values for its other regions vary
from 3 to 13 m/day
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HC(m/day)

• Groundwater simulation
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• Groundwater simulation

◼ RMSE(root-mean-square error) : 

𝑅𝑀𝑆𝐸 =
σ𝑖=1

𝑛 𝑦𝑖−𝜒𝑖

𝑛

◼ MAE(Mean absolute error) : 

MAE =
σ𝑖=1

𝑛 𝑦𝑖−𝜒𝑖

𝑛
Yi : simulation value
Xi : observation value
N : number of consider point

Yi : simulation value
Xi : observation value
N : number of consider point
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Seven clusters were selected as the optimal 
clustering, and the entire aquifer area was 
divided into seven different regions based on 
these clusters.

• Aquifer clustering
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• Aquifer clustering
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• Aquifer clustering
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Choosing the appropriate
cluster for AR
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• Aquifer clustering
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• Aquifer clustering
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• Aquifer clustering
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• Due to limited surface water resources in warm and dry arid regions, the implementation 
of Aquifer Recharge (AR) projects must be approached with caution

• A brief review of previous studies was conducted to extract criteria influencing the optimal 
performance of AR projects. The aquifer was divided into various clusters with similar 
physical characteristics using traditional clustering methods

• Considering the critical situation of aquifers in Iran, the use of clustering and MODFLOW as 
a numerical modeling tool for aquifers can be applied to prevent cost losses and increase 
aquifer replenishment
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• Groundwater level simulation of Yasouj aquifer by MODFLOW 

𝑘𝑥𝑥, 𝑘𝑦𝑦, 𝑘𝑧𝑧 : values of hydraulic conductivity along the 

x, y, and z coordinate axes(L/T)
h : potentiometric head (L)
W :  volumetric flux per unit volume representing sources 
and/or sinks of water, with W<0.0 for flow out of the 
groundwater system, and W>0.0 for flow in(T-1)
SS : specific storage of the porous material (L-1)
t : time (T)
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