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Abstract  The article presents groundwater potential recharge zone analysis in the Wolf River watershed applying 
the Geographic Information System (GIS) technique. Six thematic layers: elevation, slope, drainage density, rainfall, 
land cover, and soil type are prepared and integrated for the spatial analysis. The analysis applies the multi-criteria-
based Analytical Hierarchy Process (AHP) to obtain each layer's weight. The thematic layers with the assigned 
weightage are overlain in a weighted overlay analysis to develop the study area's potential groundwater recharge 
zone map. Potential recharge zones are classified into four categories: very low, low, medium, and high. The result 
shows that the medium zone occupies a large portion of the watershed's central and southern regions. The study also 
reveals that the high and low zones cover a minimal watershed area. The findings can help policymakers make 
informed decisions for sustainable management of groundwater resources of the study area. 
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1. Introduction 

Around 40 percent of the USA's public water  
supply utilizes groundwater [1]. Over the past decades, 
rapid population growth, urbanization, irrigation,  
and industrialization caused over-exploitation resulting  
in decreasing groundwater resources [2,3,4,5]. An 
equilibrium between groundwater extraction, water supply 
demand, water quality, and the natural replenishment of 
the aquifer is essential. Although surface water (rivers, 
lakes, dams) and irrigated water contribute to groundwater 
recharge [4], infiltration of the precipitated water is the 
primary groundwater recharge source. Therefore, 
investigating the potential groundwater recharge zones 
and preparing a protection plan is critical for the 
sustainable management of groundwater resources.  

Numerous studies applied geological formation and 
hydrological properties to delineate the potential 
groundwater recharge zones [6,7,8,9]. The prior works 
suggest lithology, drainage density, lineament density, 
land use, rainfall, soil type, elevation, and ground slope as 
the primary parameters for the delineation [8,10]. 
Geospatial techniques are commonly used to integrate the 
parameters since these techniques are swift and cost-
efficient [5,6,7,8,9]. Of the geospatial techniques,  
 

Analytical Hierarchy Process (AHP) integrated with 
Geographical Information System (GIS) is efficient  
for groundwater exploration and potential recharge  
zone mapping [6,8,10,11,12]. AHP is suitable for  
multi-criteria problems like the potential recharge zone 
delineation because it assigns and calculates each thematic 
layer's weight for the overlay analysis for the delineation 
[8].  

This article presents potential groundwater recharge 
zone delineation for the Wolf River watershed, Memphis, 
Tennessee. We apply the AHP and GIS techniques to 
evaluate the potential recharge zones inside the delineated 
watershed. The study findings can help policymakers 
formulate and implement various regulations to ensure 
groundwater recharge in the Memphis area. The described 
technique can also help find future groundwater 
development locations for the city's water supply. 

2. Study Area and Data Used 

The Wolf River rises in the Holly Springs National 
Forest, Mississippi. It drains a large portion of Memphis 
and Shelby County, Tennessee, before discharging into 
the Mississippi River near downtown Memphis [13]. In 
this paper, we delineated the Wolf River watershed based 
on the stream gage USGS 07031650. The gaging station  
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acted as the outlet for the watershed. The elevation data  
for the study area were obtained from Digital Elevation 
Model (NED10m) retrieved from the national map data 
download and visualization services at 1/3 arc-second. As 
shown in Figure 1, the subsequent geoprocessing analysis 
steps were performed following the data acquisition while 
delineating the watershed. Figure 2 shows the delineated 
watershed with stream order based on a hierarchy of 
tributaries. The watershed has a total drainage area of 
1805.74 sq. km. Table 1 lists all the relevant data sets with 
their corresponding source to prepare the thematic maps 
for the study area. All the thematic layers were projected 
to the NAD 1983 UTM Zone 16N. 

Table 1. List of collected data with corresponding sources  

Data type Source 

Digital Elevation 
Models 

The National map data download and visualization 
services at 1/3 arc-second (approximately 10 m) 

Land use/land 
cover 

NLCD 2016 Land Cover (CONUS) at 30 m 
resolution based on a modified Anderson Level II 
classification system 

Soil Map FAO-UN-Land and Water Division 

Rainfall map CRU monthly climate dataset 
 

Figure 1. Workflow for stream and watershed delineation 

 
Figure 2. The Wolf River watershed delineated under this study based on the stream gage USGS 07031650 
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3. Methodology 

The selection of contributing factors to identify 
potential groundwater recharge zones depends on insight 
and data availability [6]. This work selected elevation, 
slope, drainage density, rainfall, land cover, and soil type 
as the contributor to the mapping due to their availability. 
We developed a pairwise comparison matrix using 
Analytical Hierarchy Process (AHP) to find the weights 
for each influencing factor [6,14]. Table 2 presents a 
pairwise comparison scale ranging from 1 to 9, as Saaty 
(1990) [15] described. The weights for each thematic layer 
were verified using the consistency ratio (CR). If the CR 
value is less than or equal to 0.10, the comparison  

matrix is consistent [8,10,15]. Table 3 lists the pairwise 
comparison and weights of thematic layers with a CR 
value of 0.08. 

All six thematic layers were integrated with the 
weighted overlay analysis for the wolf river watershed 
using Eqn. 1 [14]. We classified the obtained groundwater 
potential zones into four categories: very low, low, 
medium, and high potential zones. Figure 3 shows the 
flowchart that summarizes the different steps followed in 
this work. 

 i iGWPZ W *X= ∑  (1) 

Where, GWPZ = groundwater potential zone; Wi= weight 
for each thematic layer; Xi= individual map. 

Table 2. Scale of relative importance (Source: Saaty (1990) [15]) 

Intensity Definition Explanation 
1 Equal importance Two elements contribute equally to the objective 
3 Moderate importance Experience and judgment slightly favor one element over another 
5 Strong importance Experience and judgment strongly favor one element over another 
7 Very strong importance One element is favored very strongly over another. Its dominance is demonstrated in practice 
9 Extreme importance The evidence favoring one element over another is of the highest possible order of affirmation 
2, 4, 6, 8 can be used to express intermediate values 

Table 3. Pairwise comparison and weight assignment using the AHP process 

a   
j 

Criteria More important? Scale b No Criteria Weights (per cent) +/- (percent) 
 i A B A or B (1-9)  1 Rainfall 36.4 18.5 
 1 2 Rainfall Soil type A 1  2 Soil type 20.3 7.7 
 1 3  Drainage density A 3  3 Drainage density 19.2 9.9 
 1 4  Slope A 5  4 Slope 5.1 1.1 
 1 5  Land cover A 5  5 Land cover 13.8 7.0 
 1 6  Elevation A 5  6 Elevation 5.2 1.5 
 2 3 Soil type Drainage density A 1      
 2 4  Slope A 5 
 2 5  Land cover A 1 
 2 6  Elevation A 3 
 3 4 Drainage density Slope A 3 
 3 5  Land cover A 3 
 3 6  Elevation A 3 
 4 5 Slope Land cover B 3 
 4 6  Elevation A 1 
 5 6 Land cover Elevation A 5 

 
Figure 3. Flowchart for delineating the potential groundwater recharge zone 
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4. Results and Discussions 
We classified six thematic maps of elevation, slope, 

drainage density, rainfall, land cover, and soil type, and 
weighted them to delineate the potential groundwater 
recharge zone. The elevation layer depicts the ground 
surface undulations available for precipitated water 
retention [8]. The areas with lower elevation offer 
sufficient resident time for the precipitated water to 
infiltrate, indicating a higher potential recharge zone. 
Figure 4 shows the elevation maps classified into four 
categories. The green areas indicate a low elevation and 
get the highest score in the reclassified map.  

The land surface slope is also a critical factor affecting 
surface runoff and infiltration [16]. Areas with steep 
slopes expectedly generate more runoff resulting in a low 
infiltration potential [6,7]. Therefore, this work considers 
steep areas as low potential recharge zone. The slope 
values are reclassified into four categories again, where 
red areas denote a steep slope. Figure 5 shows the slope 
map of the Wolf River watershed where the red regions 
receive the lowest score. 

The drainage density of an area inversely affects soil 
permeability that influences the overall infiltration rate of 
the area. Higher drainage density increases surface runoff 
resulting in a lower infiltration of precipitated water [10]. 
We calculated the drainage density for the studied area by 

dividing the stream's total length in the delineated 
watershed by its total area [7,10]. Red marked regions in 
Figure 6 indicate the highest drainage density areas in the 
Wolf River watershed, and thereby, we assign the lowest 
rating score to it. 

As the only source of groundwater recharge, rainfall is 
the most influential factor in mapping a region's potential 
recharge zones [8,10]. A higher rainfall distribution can 
increase infiltration potential resulting in a higher recharge 
to the aquifer. This work interpolates the annual average 
rainfall data of 2016 by applying the Kriging method to 
obtain the spatial distribution map of precipitation. The 
areas with higher rainfall marked as green are assigned the 
highest score in the reclassified map, as shown in Figure 7. 

The land cover thematic map is another decent indicator 
for quantifying recharge, runoff, and infiltration [17]. We 
use a land-use map for 2016 developed by the U.S. 
Geological Survey [18], as shown in Figure 8 for the land 
cover thematic map generation. We assign different land-
use areas with different scores for the weighted overlay 
analysis based on the infiltration and water runoff 
capacities. The open water body and cultivable land 
having the highest groundwater potential receive the 
highest score in this work. Likewise, the agricultural and 
the forest lands get a medium score in the weighted 
overlay analysis. In contrast, buildings and barren land 
having lower infiltration capacity get the lowest score. 

 
Figure 4. Elevation map of the study area 

 
Figure 5. Slope map of the study area 
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Figure 6. Drainage density map of the study area 

 
Figure 7. Rainfall map of the study area 

 
Figure 8. Land use map of the study area for 2016 (source: Jin et al. (2019) [18]) 

We also use soil texture classes called hydrological soil 
groups (HSGs) provided by the U.S. Department of 
Agriculture (USDA). The data set has a resolution of 250 
meters. The data set indicates two major soil types in the 
Wolf River watershed: HSG-C and HSG-C/D, as shown in 

Figure 9. HSG-C soil type has a high runoff potential, 
therefore, gets the lowest score. 

The groundwater potential recharge zone map 
developed under this work is presented in Figure 10.  
The map suggests that the potential recharge zone follows 
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the rainfall distribution in the Wolf River watershed.  
The northwest of the watershed shows a very low to  
low potential for groundwater recharge. Urbanization and 
low rainfall in this part of the watershed support our 
findings. The map also depicts the northeast of the 
watershed as having low recharge potential due to 
comparatively less rainfall, steep slope, higher elevation, 
and denser drainage. The presence of higher drainage  
in the vicinity of the Wolf River illustrates a potentially 

low recharge along the center of the watershed. In contrast, 
the south and north-central areas of the watershed exhibit 
a medium potential for groundwater recharge. Gentle 
slope, low elevation, and comparatively higher rainfall are 
the primary contributing factors defining a higher 
potential for infiltration of the precipitated water in these 
areas. The study also finds very few areas with a high 
groundwater recharge potential to the south of the 
watershed. 

 
Figure 9. Soil map of the study area 

 
Figure 10. Potential groundwater recharge zone map of the study area 
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5. Conclusion 
The study applied two widely used tools, Analytical 

Hierarchy Process (AHP) and Geographical Information 
System (GIS), to delineate the potential groundwater 
recharge zones for the Wolf River watershed in western 
Tennessee's Memphis area. Six thematic layers of elevation, 
slope, drainage density, rainfall, land cover, and soil type 
were weighted with appropriate scores. This work's potential 
groundwater recharge map divided the Wolf River 
watershed into four subregions: very low, low, medium, 
and high recharge potential zones. The results indicated 
that the watershed's northwest and northeast areas are very 
low recharge potential zone. In contrast, the watershed's 
north-central and southern regions exhibited the medium 
potential for groundwater recharge. A few areas also 
showed high and very low potential for groundwater 
recharge located to the south and west of the watershed. 

The study's primary limitation is the lack of verification 
of the obtained results from the potential zone map  
with the watershed's observed groundwater levels. The 
verification by drilling new boreholes is also out of the 
scope of the present study. The results indicated that the 
rainfall distribution heavily influenced the potential 
groundwater zones. Since the current work only used 
annual average rainfall data for 2016, comparing the 
groundwater potential zone maps developed for five-year 
intervals can help identify the zones more precisely. 
Nevertheless, this study provides an insight for the 
decision-makers and scientists working in this study 
region to help manage and develop its groundwater 
resources in a sustainable manner. 
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