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Abstract

Groundwater system is very vital to humanity and the ecosystem. Aquifers are 
determined based on the absence or presence of water table positioning, that is, 
confined, unconfined, leaky aquifers and fractured aquifers. The objective of this 
chapter is to discuss the characteristic and assessment of groundwater within the 
scope of vertical distribution of GW, types of the aquifer system, types of SW-GW 
interface, and SW-GW interaction at both local and regional scales. The properties 
of the aquifer depend on the physical characteristics of the materials (porosity, 
permeability, specific yield, specific storage, and hydraulic conductivities) which 
are determined by techniques like resistivity surveys and pumping tests followed by 
remote sensing and geographic information system for better information on the 
groundwater system. Furthermore, understanding the SW-GW interactions through 
available methods (seepage meter, heat tracer, and environmental tracer) is useful 
in watershed management, that is, risk management and assessment of the aquifer 
system.

Keywords: aquifer characteristics, GW distribution, SW-GW interaction,  
SW-GW methods, resistivity survey, pumping test, RS, GIS

1. Introduction

Groundwater (GW) belongs to all subsurface water, including saturated and 
unsaturated zones. More than 1.5 billion inhabitants around the globe depend on 
the groundwater for agriculture usage and industrialization consumption. However, 
pollutions were identified as one of the major challenges in hampering GW with-
drawal (Figure 1) [1]. The exchange of the chemical and physical characteristics in 
water will affect the quality of groundwater resources, hence leading to the avail-
ability of humans in terms of quantity [2].

Groundwater is deposited between the pore spaces of rock/soils, cracks, joints, 
and fractures and various geological formations. The movement of groundwater 
in soils and rocks depends on the hydraulic characteristics of the shape and size of 
void spaces. Water can flow easily through certain rocks through the soil into the 
underground aquifer system, but water typically penetrates through fractures, 
cracks, and some other geological formations. Generally, there are three distinct 
types of geological formations of groundwater that determine the availability of 
groundwater resource, namely, aquifers, aquitard, and aquiclude.
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An aquifer is a highly permeable or porous saturated formation (conglomerate, 
sandstone, limestone, unconsolidated sand, gravels, fractured limestone, fractured 
basalt, etc.) that not only stores water but also provides adequate amounts of water 
and thus is considered as significant groundwater resources. The aquitard is a par-
tially saturated formation (shale or clay) that allows water through it but does not 
provide enough available water than the aquifer. An aquiclude is an impermeable 
layer (clay) produces a considerable volume of water because of its high porosity 
but does not provide significant amount of water.

Groundwater passes from recharge zones to discharge zones along flow routes 
of variable lengths and comes in contact with surface water (SW) essentially at low 
elevated areas [3]. Surface water resources mostly depend on regional precipitation/
rainfall and it may be lost by infiltration through the streambed, layer of soil-mois-
ture, and cracks or fractures to interacts with the groundwater system and the area 
of mixing of both known as the hyporheic zone [4]. The interaction of surface water 
and groundwater takes several forms in which if surface water moves toward the 
groundwater system, it is referred to as a losing stream whiles the other way round 
is called gaining stream [5].

The surface water (SW)-groundwater (GW) interactions in the hyporheic zone 
take place within the close-streambed sediments at few scales, which depend on the 
hydraulic-potential strengths and bed geometry [6]. In SW-GW interactions and 
hyporheic exchange, earlier studies used three types of scales such as sediment scale 
(<1 m), local scale (1–1 km), and catchment scale (>1 km) [7]. However, Todd and 
Mays [8] classified only two scales such as local scale and regional scale which are 
associated with small watershed and large watershed, respectively. Here, SW-GW 
interaction is associated with the direction of streamflow, shallow GW aquifer 
property, and local GW flow system.

The scope of this chapter is to discuss the vertical distribution of GW, types of 
the aquifer system, types of SW-GW interface, and SW-GW interaction at both 
local and regional scales. This chapter has been divided into four sections; (i) 
groundwater distribution and aquifer characteristics, (ii) the SW-GW interactions 
at local and regional scale, (iii) types of SW-GW interface, and (iv) the methods for 
investigation of SW-GW interactions and aquifer system.

Figure 1. 
The figure is showing unconfined aquifer and confined aquifer.
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2. Groundwater distribution and aquifer characteristics

The distribution of groundwater is classified into two zones based on the water 
table, namely, unsaturation zone and saturation zone. The aquifer system is mainly 
divided into confined and unconfined aquifers, and its characteristics depend upon 
the main physical parameters such as porosity, permeability, transmissivity, specific 
yield, specific storage, and hydraulic conductivity.

2.1 Vertical distribution of groundwater

The groundwater occurrence is typically categorized into two major zones based 
on the water table namely unsaturation zone and saturation zone. The zone of 
unsaturation is also known as the zone of aeration (vadose zone), which is also sub-
classified into the soil moisture zone, intermediate vadose zone, and capillary zone. 
The unsaturation zone is comprised of interstices or void spaces that are partially 
filled with water and air. All interstices are fully saturated with water under hydro-
static pressure in the saturated zone under the water table.

2.1.1 Soil-moisture zone

The soil-moisture zone occurs across the main root zone beneath the earth’s 
surface, but its thickness varies with the types of soil and vegetation. This zone plays 
a significant role in the recognition of hydrological processes [9] and also important 
for the interaction of the land-surface atmosphere [10]. The practices of agriculture 
and irrigation, particularly in arid and semiarid areas, primarily depend on the 
timely characterization of spatial and temporal soil moisture fluctuations in the root 
zone as a consequence of the soil moisture effect on health status and production of 
crops and salinization [11]. Several environmental factors such as physicochemical 
characteristics of water, surface slope and roughness, soil hydraulic conductivity, the 
porosity of the soil, and pre-existing soil pore moisture content are controlling the 
soil matrix’s capacity to transfer water of which affecting the infiltration process [12].

2.1.2 Intermediate vadose zone

The intermediate vadose zone is located beneath the soil moisture zone and 
upper part of the capillary zone. Water that drops into this zone can be either drawn 
into the capillary interstices of the transition area through the molecular attraction 
or drawn downwards to the adjacent saturated zone.

2.1.3 Capillary zone

The zone is the lowest part of the aeration zone and directly above the water 
table where water as a component of the capillary action can be drawn back toward 
it. For a capillary zone of clay with a 0.0005 mm porous radius, the typical height 
may be 3 m, contrasted with fine sand of less than 10 cm with a 0.02 mm porous 
radius. Capillary water is the water stored above a surface of the water table in the 
capillary openings of unsaturated or saturated substances.

2.1.4 Saturation zone

The saturation zone is above the water table which is often referred to as the 
phreatic zone or aquifer system. Water that has profoundly infiltrated through  
the vadose zone enters the saturation zone and filled all pore spaces with water. 
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The thickness of the saturation zone varies from several meters beneath the earth’s 
surface to numerous hundred meters. The factors to determine the thickness of this 
zone depend upon the local geology, accessibility of openings or pores in the rock 
formation, and water flow within the zone from recharging to discharge points. 
This saturation can take place range from several days or weeks to many months in 
duration. Moreover, groundwater is controlled by quantity and rainfall intensity, 
temperature, rock porosity, and permeability, dryness of the air, vaporization 
intensity during the rainy season, land slope, vegetative covering, and water absorp-
tion ability for soil. As well, significant volume of water can be contained within 
fractures and joints structures. The following are typical opening types contained in 
rock: (1) openings in gravel and sandstone formations with individual particles; (2) 
vugs, caverns, and solution channels in dolomite and limestone rock; and (3) joints, 
crevices, gas holes and faults in metamorphic rocks and igneous formations.

2.2 Types of aquifers

Aquifers are generally categorized into two major classifications, confined and 
unconfined aquifers; leaky and fractured aquifers are sometimes addressed in some 
other aquifers (Figure 1).

An unconfined aquifer is a layer of water-bearing formations or rocks that do not 
have a confining bed at the top of the groundwater which is referred to as the ground-
water table where the pressure becomes equivalent to the atmospheric pressure. The 
variation of groundwater levels varies and depends on the pumping from the wells, 
permeability, area of recharge and discharge, in effect impacting the increasing or 
declining water rates in wells that are extracted from aquifers. The water table is free 
to rise or to fall which is often called the free or phreatic surface. Contour graphs and 
water table profiles of wells that use the water to determine water quantities available 
as well as water distributing, and movement may be prepared from elevations of 
wells. The perching water sources, as shown in (Figure 1) are a case of unconfined 
aquifers. Their high susceptibility to contamination is a major problem with non-
confined aquifers. If something dumps on the surface, it will penetrate vertically and 
go down into the storage of groundwater.

2.2.1 Confined aquifer

The definition of the confined aquifer as “a formation in which the groundwater 
is isolated from the atmosphere at the point of discharge by impermeable geologic 
formations; confined groundwater is generally subject to a pressure greater than 
atmospheric” [13]. It is also known as “artesian or pressure aquifers” and it occurs 
mostly just above the base of confined rock bodies or layers which is mostly 
composed of clay that can protect it from surface pollution. Punctured wells from 
artesian aquifers are more prone to fluctuate with their depth of water because of 
changes in pressure than the amount in stored water. When such an aquifer is well 
penetrated, the water level should increase over the base of the confined layer, 
as illustrated by the flowing and artesian wells of (Figure 1). The water reaches a 
confined aquifer in a region in which the confining layer reaches the surface. The 
groundwater flow system into aquifers is frequently affected by gravity and geologi-
cal formations in such areas either vertically or horizontally. A zone that provides 
water to a restricted area is considered a recharge area and water may even be leak 
into a restricted bed. Water ups and downs in confined aquifers penetrating wells 
mainly result from pressure changes instead of storage volume changes. Confined 
aquifers thus show only limited variations in storage and are predominantly used as 
conduits to move water to natural or artificial discharges from recharge areas.
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2.2.2 Leaky aquifer

Aquifers that are fully unconfined or confined appear less often than aquifers 
that are leaky, or semi-confined. This is a common occurrence of plains, alluvial 
valleys, or former lake basins where a semi-pervious aquitard or semi-confining 
bed is underlain or overlain by a permeable layer. Pumping water from a well into 
a leaky aquifer eliminates water in two directions such as the vertical flow into the 
aquifer through the aquitard and the horizontal flow in the aquifer.

2.2.3 Fractured aquifer

The fractured rock aquifers vary from the subsurface water systems that are 
stored in the geological formation. Although sedimentary aquifers hold and move 
a significant amount of water between specific sedimentary granules through pore 
spaces, however, fractured rock aquifers hold and move water in an otherwise 
impermeable rock mass through as cracks, joints, and fractures (Figure 2).

Therefore, fractured rock aquifers have hydraulic characteristics that vary from 
those found in sedimentary aquifers with accessible water (common in terms to be 
described as bore yield) and are typically defined by nature (opening, size, and extent) 
and degree of interconnection between discontinuities in the rock mass. The long-
term yield from well in fractured rock aquifers depends on the location of the degree 
of discontinuity and the relationship of discontinuities in the total mass of the rock 
instead of on the permeability of the geological substances near the extraction phase. 
The aquifers in fractured rock typically depend on the amount of precipitation that 
caused the surface water runoff of which considerably greater than in flat regions. 
Moreover, permeability fractured rock aquifers can also be dramatically decreased by 
the weight of the overlying rock mass as open spaces progressively decrease between 
fractures and cracks.

2.3 Characteristics of aquifer

Several properties that contribute to the identification and characterization of 
the aquifer are discussed.

2.3.1 Porosity

Porosity (n) is the intrinsic characteristic of a substance and refers to the amount 
of void or empty space in each material. The porosity (void space) occurs between 

Figure 2. 
The figure is showing the aquifer system in fractured rock formations.
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the fragments of soil or rock. It is defined by the ratio between the volume of the 
void space and the volume of rocks/soils.

 100%vVn
V

= ∗  (1)

where vV is the volume of void space in a unit volume of earth material; andV is 
the unit volume of earth material (solids and voids).

2.3.2 Hydraulic conductivity and permeability

Permeability is defined as the ability of water movement through rock or soil 
which is directly related to porosity and it applies to the interconnected of pore 
spaces in rock or soil. Considering the relationship between driving and resisting 
forces on a microscopic scale during flow to porous media, hence, the permeability, 
k, is a function only of the area where the hydraulic conductivity K is defined:

 
K

k
g

µ
ρ

=  (2)

where k is the permeability, K is the hydraulic conductivity, g is the acceleration 
due to gravity, ρ is the fluid density, and µ is the viscosity.

Hydraulic conductivity (K) is a physical characteristic that calculates the capacity 
of substance in the context of an applied hydraulic gradient to transfer water across 
the pore spaces and fractures of rock/soil [14]. It depends on various physical variables 
including porosity, the structure of the soil matrix, grain size distribution, type of soil 
fluid, particle arrangement, water contents, void ratio, and other factors [15, 16].

2.3.3 Transmissivity

The transmission (T) is the rate of discharge where the water is transferred 
under a hydraulic gradient over a unit width of an aquifer. It is calculated by a 
formula and expressed in m2/s, or m3/day/m or l/day/m.

 ( )T Kb confinedaquifer=  (3)

 ( )T Kh unconfinedaquifer=  (4)

where K is the hydraulic conductivity, b is the aquifer thickness, and h is equiva-

lent to the depth of confined aquifers.

2.3.4 Specific yield

Specific yield ( yS ) as defined by Freeze and Cheery [14] is the storage term for 

unconfined aquifer where the amount of water from the unconfined aquifer releases 
from the storage per unit surface area of aquifer per unit decline in the water table. It is 
also known as unconfined storativity.

In other view, specific yield can be defined as the ratio of the volume of water 
that a saturated rock or soil will yield by gravity to the total volume of the rock or 
soil [15]. It is expressed in percentage.
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 100%w
y

V
S

V
= ∗  (5)

where wV denotes the volume of water in a unit volume of earth materials; andV  
indicates the unit volume of earth material, including both voids and solids.

2.3.5 Specific storage

Specific storage (Ss) is the volume per unit amount of a saturated formation that 
is a deposit from the storage because of the compressibility of the mineral skeleton 
and the pore water per unit change in head. The specific storage is given by Jacob 
(1940) and is typically represented in cm−1 or m−1.

 ( )sS g nωρ α β= +  (6)

where ωρ denotes water density, g is the acceleration of gravity,α shows com-
pressibility of the aquifer skeleton, n indicate porosity, and β is the compressibility 
of water.

3. Groundwater and surface water interaction

Groundwater moves across flow paths arranged in space and develop a flow sys-
tem. GW flow system is classified into local, intermediate, and regional flow systems 
(Figure 3) [17]. Water travels to the adjacent discharge area in a local flow system. 
One or more topographical low and high located between their discharge and recharge 
regions describe an intermediate flow system; however, contrary to the regional flux 
system, it does not occupy both the bottom of the basin and the major topographic 
high [18]. Water flows at a longer distance than the local flow system in a regional flow 
system and often discharge into large streams and lakes.

3.1 Characteristics of SW-GW interactions at the local scale

The range of groundwater at the local flow system is from 10 m to 10 km 
between the adjacent aquifers system and the stream reach. The recharge and 
discharge zones are associated with high and low areas respectively, associated 
with sub-watershed boundaries and local streams, respectively. The local GW 
flow system depends on the slope of topography and hydrogeology of the region 
(subsurface rock, streambed-sediment characteristics, and climatic conditions). At 
this scale, the seasonal effect on the hydrological response to recharge is high due to 
local flow systems, high water flux, and unsteady flow conditions. The fluctuation 
of the water table in local GW flow systems varies in different climatic condi-
tions. For instance, the low water level in arid and semi-arid climate due to the low 
amount of precipitation and infiltration while the higher water level in a tropical 
environment is due to higher rainfall and infiltration. Therefore, SW-GW interac-
tion is found more in a tropical and humid climate.

Generally, SW-GW can be introduced for homogeneous interaction of a stream 
and adjacent shallow aquifers system with hydrological processes, which is controlled 
by a SW-GW head and a streambed leakage coefficient. In hydrological processes, 
water moves with huge quantities of nutrients and streambed sediment and modifies 
the earth’s surface through deposition and erosion. The hydrological processes give 
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Figure 4. 
River water and groundwater interactions in the hyporheic zone at the local scale.

information about the drainage basin, small watershed, stream basin, evaporation, 
transpiration, evapotranspiration, runoff, and infiltrations rate (Figure 4). The 
hydrological exchange between GW and SW is through the downwelling and upwell-
ing processes (Figure 5). Upwelling processes are those in which local GW flow 
moves toward SW and on the other hand, the situation is referred to as downwelling 
processes. During these processes, if the shape of the longitudinal streambed profile 

Figure 3. 
GW flow system at the local and regional scale.
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is convex then the SW movement is through downwelling processes in the hyporheic 
zone whereas, if the shape of the longitudinal streambed profile of SW is concave then 
SW movement is through upwelling processes in the hyporheic zone [19]. The shapes 
of longitudinal streambed profiles are related to pool-riffle sequence and sediment 
bars, dunes, and ripples. The movement of stream water from riffles to pools is show-
ing in (Figure 5) which is affected by the channel’s sinuosity and bed load materials.

3.2 Characteristics of SW-GW interactions at the regional scale

The interaction of SW-GW is related to low topographical pathways vary-
ing from 10 to 100 km or more at a regional scale. The recharge or discharge 

Figure 5. 
Downwelling, upwelling, and hyporheic exchange processes.

Figure 6. 
River water and groundwater interactions at the regional scale.
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trends of groundwater, regional topographic, hydrological conditions are mainly 
characterized by the regional groundwater flow system at a regional scale. The 
hydrological processes of the large watershed such as precipitation, surface 
run-off, infiltration, evapotranspiration, base flow, streamflow, and channel 
conditions are described in Figure 6. All hydrological processes can cover on 
the regional scale of a large watershed and a small stream reach conditions can 
cover local scales. Slow hydrological response to recharging areas will result in 
an insignificant seasonal impact on the regional GW flow system. The regional 
flow system is developed with long-distance SW flows and low charging levels 
on higher topographical slopes. It explains why recharging and discharge lev-
els fluctuate more at the local level than at the regional level. The recharge or 
discharge rate investigation of the regional flow system can be analyzed using 
environmental tracer isotopes and hydro-chemical characteristics (major ions 
and heavy metals) [6].

4. Different types of SW-GW interactions

There are several types of interactions between GW and SW. A losing river 
does not lose water as it flows downstream by percolation, but it can also lose water 
through evaporation, use of plants, and consumption of human activities.

Figure 7. 
Types of stream water and GW interactions, while (A) a stream water gains from GW, known as gaining 
stream, (B) a stream loses water to GW at shallow depth known as disconnected or losing or transition stream, 
(C) a stream loses water to GW at great depth known as a disconnected stream, (D) a stream loses water, but 
connected with GW known as a connected stream (E) a stream stage and the GW head are equally known as 
the parallel Stream, and (F) a stream shows the gain on one side and the loss on the other side to GW known as 
flow-through stream.
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4.1 Gaining stream or effluent stream

In this connection, the level of GW is higher than the riverbed which recharges 
the river (Figure 7A). It can also be described as entering of GW into SW when SW 
reaches its base level which results in gaining stream connection.

4.2 Losing stream or influent stream

In this connection, given the level of GW is lower than the streambed, hence, 
SW recharges the GW. Losing streams connection divided into two types in which 
it is either connected or disconnected with the GW table. The term “transition” is 
used to define the condition of connected and disconnected streams. As shown in 
(Figure 7B), the unsaturation zone is presented in transition with a shallow GW 
table between riverbed. Note, there are distinguished interactions of the discon-
nected stream with shallow and deep water table [20].

4.3 Losing disconnected stream

In this connection, the unsaturation zone of sediments exists between the chan-
nel and regional water table hence it can be said that the system may be hydrauli-
cally disconnected (Figure 7C). The term disconnected has been criticized because 
it can suggest a system where there is no exchange of recharge and discharge of the 
GW system [21]. Therefore, the rate of infiltration of a disconnected system has 
been referred to as a “maximum losing condition”—stream discharge mechanism. 
Thus, the water table occurs at greater depth in the disconnected system and at 
shallow depth in the transition zone.

4.4 Losing connected stream

A stream is a stream that loses water while it flows downstream. The water 
penetrates the ground and recharges the local GW flow as the water table lies below 
the level of the channel with the absence of an unsaturation zone (Figure 7D).

4.5 Parallel stream

This interaction occurs when the stage of the stream and the head of the ground-
water is equal (Figure 7E).

4.6 Flow-through stream

Where the stage of the channel is less than the head in the groundwater on one 
bank side and larger than the head in the groundwater on the opposite bank side, 
this process is seen as a flow-through reaches (Figure 7F). This interaction occurs 
most frequently when the stream cuts perpendicular to the regional GW flow, 
which in the case of fluvial plains is along their axis.

5. Methods

The methods for the investigation of aquifer systems such as remote sensing 
(RS) and geographic information system (GIS), resistivity test, and pumping tests 
will be discussed. Several related approaches also will be discussed such as seepage 
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meter, Darcy’s law, heat tracer method, and environmental tracer method for the 
investigation of SW-GW interactions.

5.1 Resistivity survey

In groundwater system, evaluation geophysical methods (geothermal gravity, 
electrical resistivity, etc.) have been well recognized. The electrical resistivity 
survey is one of the tools that is very effective to identify subsurface profiles 
without interfering with the structure of the soil [22]. The usage of this method 
enables the measurement of groundwater quantities and quality. This includes 
detailed knowledge concerning the geological and hydrological information of 
the GW system such as subsurface mapping to identify aquifer-protective struc-
tures, the analysis of infiltration of the vadose zone, measuring the extent of 
volume and internal aquifer structure, and groundwater contamination [23]. It is 
effectively used to estimate soil porosity and soil permeability as a non-destruc-
tive process. In addition, it is commonly utilized for the interaction of changes 
in the resistivity of the subsurface with the soil characteristics. The negligible 
porosity and permeability of the hard rock, as well as igneous and metamorphic 
rocks, in terms of soil exploitability, but the alteration processes taking place in 
the first 10–100 m of depth can significantly increase their fracture permeability. 
In the zone influenced by modification, this may create moderate secondary 
porosity aquifers.

These aquifers are very critical for irrigation and the availability of potable water 
in many parts of the world. Altered methods often influence the overall porosity 
of the rock such as water content which results in a varying spectrum of electric 
resistivity within the transition region [24]. Consequently, it is a good potential 
technique for the study of alteration zones in hard rocks, electrical resistivity in 
rocks influenced by differing weathering degrees. Schlumberger array system [25] 
was used to perform the resistivity survey. “ABEM SAS 1000 Terrameter” was the 
device used for performing Vertical Electrical Sounding (VES). For resistance mea-
surement, four electrodes were selected at a certain time. Two existing electrodes 
situated on the outside of the potential electrodes were inserting currents into the 
field. The potentially different electrodes were quantified and the ground resistance 
was measured by Eq. (2).

 
g g

V
K resistanceofearth K

I
ρ  = ∗ = ∗ 

   (7)

 

2 2

/
2 2

g

AB MN
K MNπ

     = ∗    
       (8)

where ρ denotes the apparent resistivity (ohm-meter), gK is the geometric 
constant, I indicate current (ampere),V is the voltage (volt), AB is spacing between 
the current electrode (m) and MN is spacing between the potential electrode (m). 
The geometric factor ( gK ) is based on field observation calculation and by multiply-
ing the geometric factor with data of resistivity the apparent resistivity values can be 
calculated. For instance, the transmissivity estimates were 0.588, 0.578, and 
0.756 m2/min, respectively, by the analysis of grain size distribution, the resistivity 
survey, and the pumping test [25]. The finding on the results indicated that the 
values of aquifer transmissivity have been found much similar to each other by 
measurement of grain size distribution, pumping test, and resistivity survey.
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5.2 Pumping test

Pumping test is a field technique and it is used for the assessment of the aquifer 
characteristics such as hydraulic conductivity (K), storage coefficient (S), and 
transmissivity (T). Aquifer hydraulic parameters are spatially and temporarily 
influenced by their heterogeneity, complicated geologic conditions, as well as multi-
part boundaries but these characteristics in various aquifer areas, are challenging to 
describe efficiently [26]. The geological formation of the aquifer (confined, leaky, 
unconfined, and fractured aquifer) influences the hydraulic parameters to estimate; 
thus, various interpretive techniques are applied. Implementation of geophysical 
studies and pumping test techniques may be used to maximize the comprehension 
of hydrogeology models by accurately detecting such essential aquifer characteris-
tics: permeability, thickness, porosity, transmissivity, hydraulic conductivity, etc. 
Various pumping test methods are used to determine aquifer hydraulic characteris-
tics; but, long term, step pumping, and recovery tests are mostly utilized. Aquifer 
characteristics can be found by using easy methods such as the first analytical 
solutions proposed by [27] Thiem (1906) for a steady-state condition that gives an 
equation for the groundwater flow in aquifers subject to pumping. After this, [28] 
Theis (1935) and Cooper and Jacob (1946) [29] find extremely restrictive condi-
tions in terms of a transient state that limit their implementation to aquifers that are 
uniform, homogeneous and isotropic, constant thickness, porous and permeable 
which produce pumping with a constant discharge in a completely penetrating well. 
The following formulas calculate the aquifer properties by Theis-Jacob method:

 ( )
24

,
4 4 p

Q S
s r t W

T Ttπ

  
=       

 (9)
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µ
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where Eq. (5) shows that the ( ),s r t  is the drawdown,Q is the pumping rate,T is 

the hydraulic transmissivity,W is the well function for a confined aquifer, S  is the 
aquifer storativity and pt is the pumping period (t) for t ≤ tp. The Eq. (6) is showing 

that K is the hydraulic conductivity, fN is defined by imposing fN × 3
mb = ne × B, and 

ne is the effective porosity (≅0.003 ± 0.002) of the studied fractured aquifer given 
by tracer tests [29]. For example, Alfy et al. [30] were used the pumping test and 
geophysical logging for the investigation of the hydraulic and petro-physical 
characteristics of the folded UmmerRadhuma (UeR) Formation, Saudi Arabia. The 
findings were obtained showing that, concerning efficient porosity, permeability, 
hydraulic conductivity, and transmissibility, the average values of 220%, >100 mD, 
3.30 × 10−5–1.34 × 10−3 m/s, and 1.49 × 10−3–6.04 × 10−2 m2/s.

5.3 Remote sensing (RS) and geographic information system (GIS)

Intensive performance applications of RS and GIS are spatial data analysis and 
monitoring methods for groundwater sources. RS data integration with the GIS 
environment seems to be very beneficial in considerably identifying the specific 
groundwater potential areas. In the short time available, RS and GIS cover a vast 
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and unacceptable region of the earth’s surface to assess areas of possible groundwa-
ter and to identify natural recharging locations [31]. RS and GIS information are 
valuable for many geological resources including mineral exploration, hydrogeol-
ogy conditions, structural, geomorphological, lithological features, depth, and 
thickness of the aquifer system and other geological areas [32]. Furthermore, in the 
area of groundwater studies, researchers have used thematic layers such as geomor-
phology, geology, drainage patterns, lineaments, vegetation, intensities of rainfall, 
and slopes [33]. A geophysical resistivity survey was performed by [34] and bore-
hole lithology results were compared for aquifer characterization with groundwater 
potential mapping which was created by RS and GIS. For a hydrogeological study, 
[35] integrated electrical resistivity survey data with RS outputs in a GIS environ-
ment. Moreover, [36] suggested that the geophysical resistivity data integrated with 
high-resolution satellite data collected from RS and GIS techniques provide more 
accurate information on geological and hydrological characteristics and also give 
possible groundwater potential zones in the hard rock formations.

5.4 Seepage meter

Seepage meter is one of the most common instruments for directly measuring 
SW-GW seepage flux. Initially, it was developed to measure water loss from a canal 
in 1940 by [37], and also it is used for other purposes such as measuring seepage 
flux in small lakes, estuaries, rivers, and several other environments [38]. The basic 
concept of the seepage meter is the difference between initial ( oV ) and final ( fV ) 
volume of water through a surface area (A) in time (t) and is given as

 ( )
( )f oV V

Seepageflux Q
tA

−
=  (11)

This method was described as a plastic bag type seepage meter, which is based 
on isolating principle and covers a portion of SW-GW interactions with a bottom-
less cylinder which important in determining the directions of water exchange at 
the local scale [38]. The streambed features (riffle-pool sequences) can be recog-
nized by seepage meters at the local scale because this method is useful to investi-
gate the water flux estimates of lower streambed sediments [39]. Seepage meters 
can also be used to determine the volumetric change in flow, discharge, or recharge 
zones along with the streambed sediments in the hyporheic zone at a local scale. 
The seepage meter is favorable for those streams which have low current velocities 
which represent a local scale stream [17]. For instance, four seepage meters have 
been used, along with riverbed sediments of Biebrza River, Poland to quantify the 
hyporheic exchange flux at a local scale [40].

5.5 Heat tracer method

Subsurface temperature variation is associated with the movement of water. 
This variation affects the chemistry of water which can be traced by the heat tracer 
method. According to Anderson [41], the heat tracer method is used to determine 
hyporheic exchange, GW flow patterns, and rate of discharge and recharge at the 
local regional scale. SW temperature fluctuates throughout the season and also 
daily while GW temperature remains constant throughout the year. This method 
has been used by Schmidt, Raich, and Schirmer [42] for SW-GW interactions at 
the local scale and suggested that streambed temperatures can be quickly, reliably, 
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and cheaply assessed the SW-GW interactions at several locations. The successful 
combination of their conceptual methods described by Constantz [43] with these 
technical improvements to assess SW-GW interactions, GW discharge or recharge, 
SW movement through the streambed, and GW flow systems. In the past, heat trac-
ers’ methods have been used to evaluate losing and gaining stream. For instance, the 
temperature was investigated by Cox, Su, and Constantz [44] and also determined 
the special conductance, and chloride between the aquifers system using the heat 
tracer method in the Russian River, Mendocino, California. Their results indicated 
that the special conductance and chloride data were not correlated with RW data. It 
means GW was not significantly varied by the exchange of SW and GW system and 
temperature variations in GW were negligible.

5.6 Darcy’s law method

Darcy’s law [45] measures the hydraulic gradients, aquifer hydraulic conductiv-
ity, cross-sectional area of the aquifer perpendicular to the flow, and to evaluate the 
rate of GW flow. Darcy’s law expressed as,

 ( ) ( )
Darcy s

dh
law q K

dl
′ = −  (12)

where q is a specific discharge (L/T), K is hydraulic conductivity, l is the distance 
(L), and h is the hydraulic head. The hydraulic gradient is measured by piezometers 

and mini-piezometer at both local and regional scales. Piezometer indicates that the 
hydraulic head difference at great depth or vertical GW flow while mini-piezometer 
at shallow depths indicate GW downwelling or upwelling processes. The hydraulic 
conductivity is based on streambed sediments. It can be utilized as  
the estimation of streambed sediments by the slug test. A slug test is based upon the 
immediate increase or fall of the water level in the bore and the conformity of the 
water level to the original position when the water returns. The velocity and direction 
of GW flow can be determined by the mini-piezometer method. Furthermore, the 
estimation of flow between the SW-GW aquifer systems through semi-impervious 
stratum in one dimension which is used based on Darcy’s law.

 ( )Darcy s law q K h′ = ∆  (13)

where q flows between SW-GW, h∆ is the river head and aquifer head, and K is 
hydraulic conductivity of the semi-impervious streambed stratum. The investigation 
of the Platte River by Chen et al. [45] in eight tributaries of eastern and south-central 
Nebraska, the USA, with the help of this method. The river joins the Missouri River 
in the eastern part of Nebraska and its interactions with high plains aquifer systems.

5.7 Environmental tracer method

Environmental tracer method is used to analyze the SW-GW interactions on 
both local and regional scales which are based on isotope data and geochemical data 
such as major ions or heavy metals. Stable hydrogen and oxygen isotopes are useful 
for assessing the flow of precipitation, source of water, age of water, and hydrologi-
cal processes. In addition, this method has been used to determine the GW influx to 
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a tropical river with major ions to supplement GW flux results [46]. Furthermore, it 
has been used to determine the gaining, losing disconnected and connected stream 
reach condition based on the geochemical parameters and stable isotopes [47–53]. 
Moreover, it is important to understand the recharge or discharge zone along with 
the GW flow system.

6. Conclusions

The number of groundwater studies continues to increase globally. This chapter 
discusses the SW-GW interactions and groundwater characteristic with appropriate 
assessment methodologies encompassing subsurface investigation (resistivity), 
hydraulics aspects of groundwater (pumping test), and mapping (RS and GIS).

Furthermore, understanding the SW-GW interactions through available meth-
ods (seepage meter, heat tracer, and environmental tracer) is useful in watershed 
management, that is, risk management and assessment of the aquifer system. 
Moreover, environmental tracer method is also a useful for the evaluation of the 
hydrological process, source of water, age of water, and gaining and losing discon-
nected and connected stream conditions.
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