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COUPLED GROUNDWATER SIMULATION-
OPTIMIZATION MODELLING OF AGRARIAN SUB-

CATCHMENT   
A.O. Ibeje 

 

Abstract—The numerical groundwater flow model, MODFLOW, was used to solve the 3-D groundwater flow equations and the results 

were input for the optimization of groundwater withdrawal. The groundwater model was applied at Awarra community in Ohaji-Egbema 

L.G.A. of Imo State. The unconfined aquifer was modelled with a finite-difference discretization of 200 rows and 100 columns. Eighteen out 

of 24 wells served as observation wells. The sensitivity analysis indicated that the natural processes have the most impacts on the 

groundwater budget of the aquifer. Using linear programming, the results of the optimization of groundwater withdrawal showed that rainfall 

recharge in the rainy season maintained the water levels within the constraints of drawdown. The results showed that coupling flow-

simulation and optimization models could be a very useful procedure when solving groundwater management problems. 

Index Terms—groundwater withdrawal; simulation; optimization; flow 
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1 INTRODUCTION

roundwater reserves are being increasingly exploited all 
over the world for meeting irrigation, industrial and mu-
nicipal demands (Vermeulen et al., 2010). Managing 

groundwater has two major components. The first component 
is simulation of groundwater flow which involves modelling 
the groundwater flow through porous media along with its 
linkages with other hydrologic systems (Middlemis, 2010). 

 
 The second management component is optimization of 

groundwater extraction which involves the determination of 
the maximum flow rate that can be pumped from a certain 
number of wells, subject to a given set of constraints limiting 
the drawdown values (Yazieigil and Rasheeduddin, 2015). 
Groundwater simulation model aids understanding of the 
behavior of the aquifer system whereas optimization of 
groundwater helps to mitigate the environmental and ecologi-
cal side effects caused by over-exploitation of water resources 
(Delleur, 2010).  This study was focused on coupled applica-
tion of simulation and optimization in groundwater manage-
ment. 

2 MATERIALS AND METHOD 

The study considered mean values of monthly rainfall, 
temperature and pan evaporation data over a period of 30 
years (1980-2014) as made available by NIMET (2016) in Table 
1. Data of aquifer parameter were based on field test 
conducted by SPDC (2010). Initial hydraulic heads for the 
model were sourced from the steady-state model completed 
by Nwofor (2014) in Table 2. The average pumping rates of 
wells were obtained from IWWDA (2016) as shown in Table 2.   

 

 

2.1 Study Area 

Awarra is located at 5.350 latitude and 6.76670 longititude on 
the southern part of Ohaji/Egbema L.G.A (Okorie et al., 2012). 
Ohaji-Egbema Local Government Area lies in the southwest-
ern part of Imo state, Nigeria. The lithologs showed a multi-
aquifer system with the top unconfined aquifer zone varied in 
thickness from 30-40m (Odoemene, 2013). Increase in popula-
tion due to agricultural production and crude oil exploration 
has resulted in the average drawdown of 4.14 x 10 m year-1 
(SPDC, 2012). The intense agricultural activities in the area 
have increased water demand for irrigation (Amadi et al., 
2010). There has been a decrease in water replenishment to 
groundwater, so farmers over pumped groundwater for irri-
gation. The area was therefore chosen for the application of 
the coupled groundwater simulation-optimization model. 

 

2.2 Simulation Model 

The 3-D groundwater flow is:  
 

 
 

R1 = Rate of water produced (rainfall), P = Rate of water 
consumed (pumping well and evapotransportation), s = the 
specific storage of the porous material. Under steady-state 
conditions, the flow through isotropic medium is given by 

 

 

 
The groundwater flow equation was simplified by assuming 
an aquifer of homogeneous, isotropic sand mass in which the 
flow was laminar. The aquifer recharge rate of 90% of the av-
erage annual rainfall was also assumed (Hills, 2010). Evapo-
transpiration losses from vegetation were assumed as 10% of 
the pan evaporation (Domenico, 2010). Drichlet, Neumann 

G 
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and Cauchy conditions were found in the north-east, east and  
 
 
 
 
 
 
 
 
 
 
 south boundaries of the model domain. Head data was re 
 
 
 
 
 
 
 
 
 
 

Figure 1: Location of the Study Area 
 
south boundaries of the model domain. Head data was re-
ceived from 14 observation wells. Using the MODFLOW soft-
ware, a grid of 200 rows and 100 columns that covered an area 
of 71 km2 represented the aquifer. The location of the wells in 
the aquifer is indicated in Figure 2. The model calibration was 
done using automatic model calibration interface called PEST 
in MODFLOW (Zeng, 2013). The model was validated with 
the input data from November, 2014 condition; compiled by 
Nwofor (2014). Some parameters, e.g. K-values, were adjusted 
to fit November, 2014 observed heads data. 

2.3 Optimization Model 

The objective of the optimization model was to maximize the 
total pumping rate from a certain the constraints limiting the 
well drawdown and the irrigation water demand of the area. 
The linear programming model was formulated as:      
 
 
 
 
 
 
 
 
 
 
 
where 𝑄𝑇𝑗

𝑘= the total pumping rate at well j (m3/s) at month k; 
sjk= drawdown at well j in month k (m); HJ= hydraulic head at 
well j (m); 𝑄𝑗

𝑘= pumping rate of well j for the month k (m3/s); 
αij = aquifer influence coefficient describing the change of 
head at node i with respect to a change in pumping rate at 
well j; HOj= initial hydraulic head at well j (m) 

 

3 RESULTS AND DISCUSSION 

Table 1 shows the descriptive statistics of the rainfall and 
evaporation data used inputted in model. Table 2 shows the 
initial hydraulic heads and mean monthly pumping rates of 
the wells used for the simulation. 
 
3.1 Results of Steady-State Simulation of Ground-
water Flow  

The simulated heads 𝐻𝑗
𝑘 for each month, k and each well j, 

are shown in Table 3.The results of MODFLOW simulation in 
Table 5 indicated that the water level of the aquifer takes a 
maximum value of 18.7m in well W13 in September.  

When compared to the initial head of 1.7m in the same well 
in April, this value appears to be very high. This is because the 
month of September has the highest monthly rainfall, which in 
turn recharges the aquifer.  

The minimum value (0.58m) of water level in the aquifer 
occurred in April, March, October and November, during the 
dry season at Well W2. The drawdown in this case was quite 
obvious, compared to the initial head of 5.5m (Table 2). Hence, 
these months are considered to be the most critical. It should 
be noted that among these months, the month of November 
had one of the lowest record of groundwater recharge from 
rainfall (58mm). This follows from the findings of Ibeje et al. 
(2012) who had similar results when they optimized water 
resources in semi-arid region of Nigeria. The comparisons 
between computed groundwater head and the observed heads 
from November, 2014 conditions showed a very good match 
with a correlation coefficient of 0.99 (Figure 2). In this study, 
the sensitivity analysis was performed by varying (increasing 
or decreasing) by 10 %, the input parameters including K-
value, recharge, pumping rate and heads. The results of the 
sensitivity analyses are summarized in Table 4. 

The sensitivity analysis shows that recharge and K-values 
cause the greatest change in the simulation heads with the 
heads 6.2 to 8.9 % different from the normal condition (Table 
4). The other parameters show small differences and less sensi-
tive to the changes. This is consistent with the findings of An-
derson (2013). On a spatial scale, wells W1, W3 to W8 were 
located near the riverine communities in neighboring Rivers 
state. As such, they recorded optimal flow rates throughout all 
the months of the year. This was unlike wells W9 to W14 
which were located near communities in Imo state. These 
communities in Imo state have lower water table than the 
communities in Rivers state (Ehirim and Nwwankwo, 2010). 

 

3.2 Results of Optimization of Groundwater Extrac-
tion 

From Equation 5, the water demand constraints, Dk, of 
Awarra aquifer for each month, i.e from January (k=1) to De-
cember (k=12) at well j (j=1.. .18), is as follows: 
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Table 1: Descriptive Statistics of Monthly Evaporation and Rainfall (mm) Data 

 

Table 3: Simulated Heads for all Time Periods in all wells (m) 

Table 2: Pumping Rate and Initial Hydraulic Heads Data 
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Observed Head (m)Figure 2: computed and observed groundwater head for November, 2014 
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Thus by this finding, this result confirms similar reports by Ibe 
and Onu (2009). On a temporal scale, optimal flow rates were 
recorded in the months of May through September which are 
the rainy months in the area. The highest flow rate of 
16370m3/day was recorded in W4 between May and Septem-
ber.  

But this value dropped to 64301m3/day in December owing to 
high evaporation and lack of rainfall to recharge the aquifer; a 
feature characteristic of dry season (NIMET, 2016). As de-
scribed in the study area, the month of January, February and 
March was the main irrigation period because of the com-
mencement of the first planting season. It was also character-
ized with absence of rainfall, drop in water table due to low 
recharge and over pumping of aquifers. This translated to in-
creased demand on the groundwater as the only reliable 
source of water. The model produced a total optimized value 
of 21464, 20464 and 48135m3/day in the respective months.  In 
the months of May, June, July August and September, the fre-
quency of the rain had improved remarkably leading to re-
duced demand on water demand as users have alternative 
source of water such as rainfall harvesting etc. Therefore, for 
these months, there were optimum flow rates in all the wells 
under study. Wells W16 to W18 could not record optimum 

The drawdown constraints, 𝑠𝑖
𝑘, for each month, k and each well, j are shown in Table 5. IJSER
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flow rates in all the months and were therefore removed from 
Table 6. 
 

4 CONCLUSION 

A steady-state groundwater flow model was developed to 
simulate the existing hydrological system and the dominant 
processes that control groundwater flow in Awara communi-
ty. The numerical model was calibrated against existing data  
The results served as the input for the optimization of 
groundwater withdrawal in the area. The groundwater extrac-
tion from the wells was optimized subject to constraints limit-
ing the drawdown values using linear programming. It is rec-
ommended that future studies should focus on: the spatial 
distribution of the K-values and model validation with obser-
vation data that covers a longer period.  An accurate method 
for recharge estimation which will take into account the rela-
tionship of rain and temperature, and the flow in unsaturated 
and saturated zones, is recommended. It is recommended that 
good understanding of recharge process under different cli-
matic scenarios and spatially distribution of recharge is also 
needed for a more accurate recharge estimation and conse-
quently more accurate groundwater resources assessment and 
management.  
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