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ABSTRACT

Groundwater is one of the most important natural resources for mankind, it is 
necessary to launch a long-term monitoring of it, for the water resources protection. 
Remote sensing (RS) and geographic information systems (GIS) have become 
efficient tools in ground investigation, and shown great potential for groundwater 
surveying. As there is a close connection between groundwater and the surface above, 
this paper selected lithology, lineament density, recharge and slope as factors affecting 
groundwater formation, and thermal inertia and vegetation canopy as indicators of 
the groundwater occurrence. The groundwater-related information was obtained from 
conventional maps and remotely sensed data using RS and GIS techniques. A model 
based on analytic hierarchy process (AHP) techniques was built to understand the 
connection between the information and the groundwater potentiality, and was used to 
map the groundwater potentiality of the study area. The estimated potentiality index 
was compared with field-measured well yield data, and the results suggested that 
the potentiality index and the field measured data were exponentially related, with 
a Pearson correlation coefficient of 0.8034, indicating that this method is capable of 
groundwater potentiality estimation.

Keywords: AHP; GIS; groundwater potentiality; remote sensing; thematic layers.

INTRODUCTION

Groundwater is one of the most valuable natural resources, and has a substantial 
influence on human activities. Rapid population growth and social development are 
leading to a greater demand for water, and groundwater is becoming increasingly 
important, because it is stable in terms of quantity and quality, when compared with 
surface water, especially in some arid and semi-arid regions, where it is the only 
water resource available. However, in many places, the improper planning and over 
exploitation of groundwater have caused many problems, such as wastage of energy and 
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resources and the destruction of the local ecosystem. Therefore, proper management 
and planning of groundwater are necessary and important to maintain sustainable 
development. Conventional groundwater monitoring and detecting methods, such as 
establishing a weather station or a gauging station and digging a borehole, demand 
much time and effort (Jha et al., 2010), and can only provide point data that cannot 
clearly depict the regionally distributed information (Brunner et al., 2007).

Remote sensing is an advanced and efficient technology for surveying the ground. 
It has good spatial, temporal and spectral coverage of the earth (Prihodko & Goward 
1997), and the data carries information regarding spatial patterns that can be related to 
features on the surface or in the shallow subsurface. This type of information can be 
used directly or indirectly to deduce the underground features because there is a close 
connection between the surface and the underground. Geographic information systems 
enable us to manipulate, store and analyze large volumes of multi-resource geographic 
data, and is a perfect tool for spatial modeling. With the integration of RS and GIS, we 
can collect volumes of groundwater-related information that are as large as possible, 
and draw a general picture of the groundwater resources through modeling.

There are many ways to link the groundwater to the surface, because on one hand 
the occurrence and movement of groundwater in an area is controlled by many factors 
such as topography, lithology, slope, drainage pattern, landforms, and land use/land 
cover. On the other hand, groundwater occurrence affects the ground surface through 
capillary action or heat effects, and can result in different spatial features on the ground 
such as plant density, thermal properties and soil moisture.

Some researchers suggested that the water content in the ground is influenced by the 
groundwater within the capillary edge, and designed methods to estimate groundwater 
levels using remote sensing (Komarov et al., 1999; Huo et al., 2011). Many others 
(Yamaguchi et el., 1992; Heilman & Moore, 1982; Chen et al., 2006) also developed 
their own methods for groundwater surveying using RS by linking the groundwater to 
vegetation types and surface temperature.

The integration of RS and GIS in groundwater monitoring and detection is 
developing rapidly. To depict a precise picture of the groundwater, most researchers 
tend to take as many groundwater-related factors into consideration as possible, and 
the most common factors include geomorphology, lithology, slope, land use/land 
cover, geology, drainage density, and lineament density (Rekha et al., 2011; Bagyaraj 
et al., 2013; Preeja et al., 2011; Narendra et al., 2013; Rao, 2006; Sener et al., 2005). 
Some others think that soil type, post-monsoon groundwater depth, proximity to 
surface water bodies and rainfall also play important roles in mapping groundwater 
potentiality (Machiwal et al., 2011; Elewa & Qaddah, 2011; Gumma & Pavelic, 2013; 
Singh et al., 2011).
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Those chosen factors were usually further analyzed to determine the relationships 
between them and the groundwater, and this step can be processed by GIS modeling 
techniques. There are many types of modeling methods, such as weighted linear 
combination, weighted aggregation, index overlay and multi-criteria analysis of the 
analytical hierarchy process  (AHP) (Manap et al., 2013). Over the past decades, many 
researchers have found that multi-criteria decision analysis (MCDA) is a very efficient 
tool for groundwater assessment, and one of the most widely used MCDA types is the 
AHP method, which has been applied in many environmental management problems 
(Rahmati et al., 2014).

The main purpose of this study is to discuss the possibility of using RS and GIS 
techniques for groundwater potential mapping, and the western Liaoning Province of 
China was chosen as the study area. Groundwater potentiality estimation in an area 
will help people gain a general understanding of the local water resources, and can 
provide them with guidance when they are making decisions related to site selection, 
municipal planning, environmental protection, and so on. The integration of RS and 
GIS provide a quick and inexpensive approach to groundwater surveying, and play an 
important role in maintaining sustainable development.

OVERVIEW OF THE STUDY AREA

The study area is located in the Chaoyang District, western Liaoning Province of China, 
extending between 41°20’ and 42°N latitude and 120°and 121°E longitude, and covering 
an area of 5000 km2; the overall picture of the study area is shown in Figure 1. This is 
a semi-arid area with a yearly rainfall of 485 mm, high evaporation of 2202 mm, and a 
mean annual temperature of 8.3℃. There are four main rivers in the study area, and only 
a few small lakes scattered on the northern part; thus, the groundwater recharge comes 
mostly from rainfall and runoff. Concerning the characteristics of the study area, this 
paper selected lithology, lineament density, recharge and slope as the factors affecting 
groundwater formation, and thermal inertia and vegetation canopy as indicators of the 
groundwater occurrence, and prepared the database using RS and GIS. 

Fig. 1. Location of the study area in Chaoyang, western Liaoning Province of China
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MATERIALS AND METHODS

Shuttle radar topography mission (SRTM) DEM data were used to generate the slope 
map and the recharge map, and a 1:200,000 scale conventional geology map (Map 
number: K-51-[19], 1980) was used to generate the lineament map and the lithology 
map. Landsat ETM+ data (Path/Row:121/31, Acquisition Date:19/06/2000) were used 
to generate the thermal inertia map and the vegetation canopy map.  These maps were 
downloaded from the Geospatial Data Cloud. Geometric registration was applied to the 
original data to make sure that the coordinate systems of all thematic maps generated 
agree with each other. Atmospheric correction based on the ENVI FLAASH module 
was applied to the Landsat ETM+ images to remove the influence of the atmosphere. 

The thematic maps were prepared in raster format with spatial resolution of 30m, 
and because each individual map was defined in different dimensions, it is impractical 
to use the original maps in the following model calculations. To remove this problem, 
all of the maps were made dimensionless. Finally, all of the processed maps had a 
uniform value range of 0-1, which represents poor (0) to good (1) contribution to 
groundwater enrichment. The normalized thematic layers were further processed 
using AHP techniques for the weight assignment and modeling, and were calculated 
in ArcGIS to generate the groundwater potential map. The procedures used to forecast 
groundwater potential zones in this study are illustrated in Figure 2.

Fig. 2. The procedure for groundwater potentiality estimation
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GENERATION OF THEMATIC MAPS

Slope

Shallow groundwater flow is usually driven by surface force, and the boundary of the 
terrain is mostly the boundary of the shallow aquifer. Slope is important in analyzing 
the terrain, as it can affect the groundwater in terms of its storage, flow and discharge, 
especially in mountainous areas. Groundwater is more likely to gather in flat field 
than a sloping field. The slope map was obtained from the DEM using ArcGIS, and 
it is shown in Figure 3. It was noticed that groundwater was scarcely found in areas, 
where slope was larger than 30 degrees. Therefore, the normalization of the slope can 
be expressed as :

                                        (1)

Here, S is the slope measured in degrees.

.
Fig. 3. Slope map in the study area

Recharge

One of the most important reasons for the long term existence of groundwater is constant 
recharge. Groundwater recharge in the study area comes mainly from the surface water 
bodies and rainfall. When a groundwater funnel forms due to the natural discharge or 
over exploitation of groundwater resources, the nearby surface water will provide a 
steady recharge through infiltration. The river density was introduced to represent 
the recharge conditions and to quantify the influence caused by surface water, where 
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higher density provides better recharge conditions and vice versa. Flow accumulation 
was calculated in ArcGIS. It was noticed that river bodies tend to form, where the 
flow accumulation value is higher than 50000. Thus, pixels with flow accumulation 
values higher than 50000 were selected to represent river bodies. The river network 
was then obtained, and was used to generate the river density map as shown in Figure 
4. Additionally, the normalization of the river density can be expressed as:

  
                                                

 (2)

Here, R is the river density(km/km2).

Fig. 4. Recharge map of the study area

Lineament density

Lineaments have often been recognized as conduits of groundwater flow, and were 
used  for the site selection of the wells. Many researchers found that areas with 
high lineament density are good for groundwater development (Meijerink, 1996; 
Murugesan et al., 2011; Sander, 2007). A lineament map was prepared using the 
geology map, and was analyzed in ArcGIS to generate the lineament density map, as 
shown in Figure 5. 
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Fig. 5. Lineament density map of the study area

The normalization of river density can be expressed as:

                                                                            (3)

Here, L is the lineament density(km/km2).

Lithology

Lithology influences both the porosity and permeability of aquifer, and it has a direct 
impact on the occurrence and distribution of groundwater. The Quaternary alluvium in 
the study area consists mainly of sand and gravel, and their good permeability makes 
these areas a good place for groundwater movement; thus, these areas were assumed 
to have good groundwater potential. The Sinian system consists mainly of limestone, 
shale and dolomite. Groundwater yield in this system is mostly poor, except in some 
places with good joint development, where there may be a good abundance of fissure 
water. The Jurassic system is moderate in groundwater potential, and mainly consists 
of basalt and shale with good joint development. The Cretaceous system is relatively 
poor in terms of its groundwater storage. The lithology layer was prepared by digitizing 
the 1:250,000 scale geological map, as shown in Figure 6.
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Fig. 6. Lithology map of the study area

The normalization of lithology is shown in Table 1, the score of the lithology was 
given by experts according to the description in the hydrological and geological report 
of the study area.

Table 1. Normalization of the lithology

Lithology Quaternary 
system

Upper Jurassic 
system

Middle Jurassic 
system

Lower Jurassic 
system

Cretaceous 
system

Sinian 
system

Value 0.9 0.5 0.5 0.3 0.1 0.7

Vegetation canopy

One of the earliest applications of remote sensing was to use the species, density and 
living status of plants to deduce the hydrologic features (Fensholt et al., 2006). Most 
plants tend to grow in places with abundant groundwater, as they need to continuously 
absorb water from the soil during their growth process, which makes them indicators 
for inferring the existence of shallow groundwater. The vegetation canopy in this 
study was defined as:

                                             (4)

Here, the normalized vegetation index (NDVI) can be calculated using remotely 
sensed data, and the NDVI of soil and vegetation can be defined using the NDVI 
map. The vegetation canopy map is shown in Figure 7, and its normalization can be 
expressed as:
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                                                                               (5)

Fig. 7. Vegetation canopy map of the study area

Thermal inertia

Due to the influence of the high heat capacity of groundwater, the areas enriched in 
groundwater tend to appear as a heat sink in the summer and a heat source in the winter 
(Becker, 2006). Many researchers found this phenomenon and used it in groundwater 
resource studies (Chase, 1969; Falconer et al., 1981). The preparation of the thermal 
inertia map was carried out by the Equation (6) (Carlson,1986):

                                                     (6)

where the solar amplitude (S) and atmospheric transmission (V) can be regarded as 
constant, ΔT represents the temperature variation, and the calculation of the surface 
albedo was given by the Equation (7) (Liang, 2001):

          (7)

The temperature of the study area was retrieved using the Mono-window algorithm 
(Qin et al., 2001). The thermal inertia map is shown in Figure 8.

                                                                           (8)
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Fig. 8. Thermal inertia map of the study area

ASSIGNMENT OF WEIGHTS AND WEIGHT NORMALIZATION

In this case, six thematic layers, namely slope, lithology, lineament density, recharge, 
thermal inertia, and vegetation canopy, were selected as the controlling factors or 
indicators of the groundwater occurrence in Chaoyang District, western Liaoling 
Province of China. To gain a clear view of the connections between the layers and the 
groundwater prediction, the analytical hierarchy process (AHP) method was used to 
determine the weight of each thematic layer. AHP is a systematic analyzing method 
for decision making and planning, and is widely used in the field of natural resources 
and environmental management (Saaty,1990).

A total of ten experts in the fields of hydrogeology and geology were invited to a 
discussion to seek their opinions on the selected thematic layers regarding their ability 
to predict groundwater potentiality. Those thematic layers were compared in pairs 
to decide their relative importance. All of the layers were given a score to represent 
their importance, and the total score of each pair was 10. The normalized weights 
for each thematic layer were derived by the eigenvector technique, and the pair-wise 
comparison matrix is shown in Table 2. 
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Table 2. Pair-wise comparison matrix of layers

Themes Slope River 
density

Lineament 
density Lithology Thermal 

inertia
Vegetation 

canopy
Slope 1 6.5/3.5 7/3 5.5/4.5 8/2 7.5/2.5

River density 3.5/6.5 1 6/4 3/7 6.5/3.5 6.5/3.5

Lineament density 3/7 4/6 1 3/7 7/3 6/4

Lithology 4.5/5.5 7/3 7/3 1 7.5/2.5 7/3

Thermal inertia 2/8 3.5/6.5 3/7 2.5/7.5 1 4/6

Vegetation canopy 2.5/7.5 3.5/6.5 4/6 3/7 6/4 1

Before the assignment of normalized weights for the layers, there is a need to 
examine the consistency of the matrix to avoid unreasonable results. The consistency 
ratio (CR) was calculated  by:

                                                                                           (9)

where the values of the random consistency index (RI) are as shown in Table 3, and 
the consistency index (CI) was calculated using the following equation:

 Table 3. The values of RI used in the calculation

Number of Layers 1 2 3 4 5 6 7 8 9

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45

                                                   (10)

where n is the number of layers and λmax was computed by the eigenvector technique.

The value of CR should be less than 0.10 to guarantee the reliability of the result. 
Here, the result showed that:

CR=0.0103

The consistency ratio of the matrix was found to be less than 10%, thereby 
suggesting that the assigned weights are consistent. The normalized weights were 
shown in Table 4.

Table 4. The normalized weights assigned to each layer

Themes Slope River 
density

Lineament 
density Lithology Thermal 

inertia
Vegetation 

canopy

Weights 0.291 0.152 0.128 0.262 0.071 0.095
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RESULT AND DISCUSSION

The groundwater potential map was prepared by the integration of the individual 
thematic layers. It was processed in the ArcGIS software using the spatial modeler 
module, and is shown in Figure 9. Integration of the thematic layers was carried out by 
the weighted overlay analysis method, as given by the following equation:

                                                                         (11)

where Xi represents each individual thematic layer, and Wi is the weight assigned to 
the corresponding layer .

The groundwater potential map is a raster map with spatial resolution of 30m, and it 
is shown in Figure 9. The pixel value of the map represents the estimated groundwater 
potentiality. Theoretically, the pixel values range from 0 to 1, representing non-
potential to extremely high potential for groundwater.

Fig. 9. Groundwater potential map of the study area

To understand the significance of the map in terms of its ability to predict 
groundwater potentiality, field surveying was made to link the well yield with the 
groundwater potential index. Groundwater yield data of 47 wells were obtained 
through field surveying and were compared with the index, as shown in Figure 10. The 
results show that the predicted groundwater potential index is exponentially related to 
the measured well yield data, and the correlation coefficient is 0.8034, suggesting that 
the map is capable of estimating groundwater enrichment.
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Fig. 10. Comparison between the groundwater potential index and well yield

According to the relationship between well yield and the index, the groundwater 
potentiality was classified into five zones according to the predicted groundwater yield: 
very good, good, moderate, poor and non-potential. The groundwater potentiality index 
(GPI) and the corresponding predicted groundwater yields are shown in Table 5.

Table 5. The GPI and the corresponding predicted groundwater yields

Class Predicted groundwater yield GPI
Very Good 1000t/d or more >0.58

Good (500-1000t/d) 0.505-0.58
Moderate (300-500t/d) 0.45-0.505

Poor 100-300t/d 0.331-0.45
Non-potential 100t/d or less <0.331

The very good groundwater potential zones account for 5.63% of the total area, and 
are mostly located in the alluvial plain or valley adjacent to the Daling River and the 
middle and lower reaches of its branches. Those low-lying areas receive good water 
recharge from the nearby runoff, and are comprised mainly of quaternary alluvium 
deposits with high permeability, which make it a perfect aquifer for groundwater 
storage.

The good groundwater potential zones account for 7.01% of the total area, and 
lie mainly in the upper reaches of the Daling River branches and in the plain at the 
northern part of the Beipiao City. Those areas are similar to the very good groundwater 
potential zones. However, the water recharge from surface runoff is relatively poor 
due to the lower river density.
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The moderate groundwater potential zones constitute approximately 11.43% of the 
whole area, and are found mostly in the vicinity of the alluvial plain and near small 
creeks, or at the higher parts of the proluvial fan. These areas are short of surface water 
supply and are mountainous with rugged terrain. 

The poor and non-potential zones account for more than 75% of the study area. 
Most of those places are mountains and hills, where it is hard for water to infiltrate and 
contribute to groundwater.

CONCLUSIONS

In this study, the Western Liaoning Province was chosen for groundwater potential 
mapping using RS and GIS. The groundwater formations are affected by lithology, 
lineament density, recharge conditions and slope, and the enrichment zones are likely 
to have different features on the surface, such as thermal inertia and vegetation type. 
Thus, those factors were picked as themes related to groundwater potentiality. The 
thematic layers were obtained from remotely sensed data and conventional maps 
using ENVI and ArcGIS. Here, the AHP method was used to analyze the relationship 
between the layers and groundwater potentiality, and each layer was assigned a weight 
according to its relative importance. The groundwater potentiality was represented 
by the index map calculated from the thematic layers, and the index was compared 
with field measured well yield data from 47 wells. The results showed that they are 
exponentially related, and the coefficient is 0.8034. 

The layers selection and weight assignment depend mainly on the experts’ 
knowledge and experience and their opinions about the whole study area, which 
means that the groundwater potentiality estimation represents the joint opinion of the 
experts and it can be both objective and subjective.  Therefore, the validation using 
field measured data is very important as it is the way to link the result to the actual 
groundwater yield. This result may not be able to provide accurate prediction in pixel 
level; however, it draws an overall picture of the groundwater distribution.

The integration of remote sensing and GIS can be an applicable method for rapid 
and large scale groundwater resources assessment. Compared with conventional 
groundwater surveying, this method is less time consuming and much more cost-
efficient, and will give reliable support for researchers by providing detailed hydro-
geologic information needed for well site selection and proper management of 
groundwater resources, as well as play a substantial role in sustainable development.
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