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Preface

Well over 40% of the world’s population is affected by water scarcity. The World 
Bank works with the majority of nations to ensure that water use is sustainable, that 
climate resilience is built, and that integrated management is strengthened. Some 
countries are currently putting an unprecedented amount of strain on their water 
supplies. Water exists in various forms, such as lakes and rivers, glaciers and ice 
sheets, oceans and seas, subversive aquifers, and fog in air and clouds. The water 
cycle refers to how water enters and leaves the atmosphere; it evaporates from the 
Earth’s surface and falls back as precipitation. Like waterfalls, it accumulates in 
bodies of water and replenishes the groundwater level. 

The world’s population is rapidly growing with forecasts estimating that, if current 
systems continue, the Earth will confront a 40% gap between estimated demand 
and accessible water supply by 2030. Recurring water scarcity, hydrological 
unpredictability, and extreme weather events (floods and droughts) are significant 
global prosperity and stability challenges. The importance of water scarcity and 
drought in exacerbating fragility and conflict is becoming better recognized.

By 2050, providing for nine billion individuals will demand a 60% increase in 
food production (which presently uses 70% of the resource) and a 15% increase 
in water extraction. Separately from this increasing demand, water is at present 
in short supply in many world regions. According to statistics, 40% of the world’s 
population lives in water-scarce regions, and this dilemma affects about 14% of 
global GDP. By 2025, around 1.8 billion individuals will be living in water-scarce 
areas or countries. For several nations today, water security is a critical issue.

Climate change will aggravate conditions through changing hydrological cycles, 
resulting in inconsistent global water supplies, while floods and droughts are 
expected to be more frequent, erratic, and intense. These events will put roughly 
one billion residents in monsoonal basins and 500 million in deltas at serious 
risk. Historically, an estimated $120 billion per year is accrued just from property 
damage. Droughts pose potential subsistence limitations to poor countryside 
demographics, which are at the mercy of unpredictable rainfall. 

The fragmentation of water further hampers water security. A total of 276 trans-
boundary basins are divided by 148 nations, accounting for 60% of the world’s 
freshwater flow. From this, 300 aquifer systems are transboundary, meaning around 
two billion people depend on global groundwater. Fragmentation concerns are com-
monly mirrored at the national level, requiring teamwork to ensure adequate water 
resource management and development schemes for all riparian areas. Nations will 
need to enhance the way they manage their water resources and related components 
to handle these complex and interrelated water concerns.

Investors will need to invest in institutional consolidation, information management, 
and (natural and non-natural) infrastructure development to increase water security 
in the face of rising demand, water scarcity, growing unpredictability, more signifi-
cant extremes, and fragmentation concerns. Institutional mechanisms such as legal 
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and supervisory frameworks, water valuing, and incentives are mandatory to better 
allocate, control, and conserve water resources. Resource monitoring, decision-
making under uncertainty, systems analyses, hydro-meteorological forecasting, and 
cautionary involvement of information systems. Savings in innovative technologies to 
improve productivity, keep and protect resources, reprocess stormwater and waste-
water or groundwater, and develop alternative water resources ought to be explored 
to identify prospects to improve water storage. Ensuring swift dissemination and 
suitable adaptation or presentation of these advances will be critical to strengthening 
worldwide water security. Furthermore, innovative systems to improve water storage, 
including enrichment and reclamation of aquifers, should be explored to increase 
productivity, conserve and protect resources, reuse natural and wastewater, and take 
advantage of unconventional water sources. Rapid and appropriate adaptation of 
these advances is imperative to ensure global water security.

Healthy water management solutions for multifaceted water issues comprise uncon-
ventional knowledge and innovations integrated into water projects to intensify the 
impact. To this end, techniques operated in the spatial domain have the potential to 
successfully extract information about groundwater management and resources.

This book addresses the issues mentioned here in three sections:

1. “Introduction”

2. “Groundwater Management”: This section provides an overview of the book, 
expounding governance and governability of groundwater in arid areas.

3. “Water Resources” discusses the identification of water sources in coal mines 
using machine learning modeling. It also reviews fractal scaling properties in 
rainfall time series.

This book asserts that platforms, sensors, data, techniques, and applications are 
all interconnected and work in tandem. While organizing the chapters according 
to their major goals, we also recognize that the authors of each chapter convey a 
complete story, at times ranging from the introduction of a method to a detailed 
application.

Bahareh Kalantar
RIKEN Center for Advanced Intelligence Project,

Goal-Oriented Technology Research Group,
Disaster Resilience Science Team,

Tokyo, Japan
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Chapter 1

Characteristics and Assessment of 
Groundwater
Naseem Akhtar, Muhammad Izzuddin Syakir, 
Mohd Talha Anees, Abdul Qadir and Mohamad Shaiful Yusuff

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:

 Kk
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

VS
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 



Groundwater Management and Resources

14

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).
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I
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       (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,
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=       
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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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Chapter 2

Governance and Governability of 
Groundwater in Arid Areas
Edwin Pino and André Steenken

Abstract

The crisis of governance and governability in the use of groundwater in coastal 
aquifers in arid zones is an element that contributes to the depletion and deteriora-
tion of the groundwater quality, due to processes of marine intrusion. Under the 
current exploration conditions, the governance crisis is characterized in the overall 
consumption of groundwater by humans, their animals, and by their industrials. 
Interpreting current national and international regulations applicable to this type 
of system confirms this area of investigation. This problem goes beyond the laws in 
all its terms regarding the management regimes and limitations on the availability 
of groundwater resources. If immediate actions are not taken by the government, 
the crisis of the system could become irreversible, with the consequent economic 
damage that this involves.

Keywords: governance, governability, depletion and deterioration of groundwater, 
arid areas

1. Introduction

The arid regions have, as their main limitation for their development, the serious 
shortage of water. That is the reason why established producers in these areas use 
groundwater, this being probably the only source of supply. Currently, most of the 
coastal aquifers are being over-exploited, which results in a gradual and permanent 
decrease in the water table, compromising their non-renewable reserves, causing 
the phenomenon of marine intrusion. Faced with this problem, government entities 
have been preparing plans for the exploitation of groundwater, with the purpose of 
exploiting the water resource in an efficient, organized, and sustained manner. In 
the same way, to evaluate the hydrogeological conditions and characteristics of the 
subsoil of the aquifer, which allows determining the exploitable reserve of water in 
quantity and quality, feasible to exploit, in a long-term sustainable way, and pro-
pose measures to improve its management and conservation.

In these aquifers, the water shortage has been exacerbated in recent decades 
due to the frequent presence of droughts, the expansion of the unauthorized 
agricultural frontier with the consequent incorporation of new wells without a 
license to exploit groundwater, the accelerated population growth of cities, and 
the multiple economic activities that this brings with it. However, these aquifers, 
due to the lack of an adequate exploitation program, have been overexploited, 
which has resulted in a gradual and permanent decrease in the water table, com-
promising their non-renewable reserves, which has caused the phenomenon of 
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marine intrusion due to the high concentration of underground water exploitation 
wells in the area close to the sea line. Rapid economic expansion creates serious 
problems with the use of groundwater in arid zones, which normally have high 
rates of depletion [1].

The world’s main aquifers on which hundreds of millions of people depend are 
depleting at an alarming rate according to data obtained through Grace satellites 
and released by NASA of the 37 largest aquifers scattered worldwide, from India 
and China to the USA or France, 21 of them have exceeded their sustainability 
point, which means that more water has been extracted from them than has been 
incorporated over the 10 years of observation [2]. The NASA study confirms the 
suspicions that many researchers already had, especially in cases of aquifers that 
are not rechargeable due to rain. Likewise, a concern in the field of environmental 
sciences and environmental law itself is the notable deterioration and decrease 
of wetlands and groundwater, taking into account that one of its causes is the 
phenomenon of climate change [3].

Along with the natural processes that generate water deficit problems in aquifer 
systems, there are also problems of a social nature. Governance occurs in the sense 
that the State is considered as the central agent of society’s leadership; thus, their 
concern centers on “the ability to govern,” considering society as the entity to be 
governed and administered [4]. Thus, from the perspective of governance, the 
problem and its solution emanate from the capacities of the government, with some 
independence from society, while Governance is part of the recognition that the 
government lacks sufficient capacities to solve social problems.

Therefore, the objectives of this chapter are as follows: (a) we will refer to gov-
ernability when it comes to the institutional part conferred on the government and 
its institutions, that is, its capacity and range of action; (b) we will use governance 
when we refer to the joint action of government and society for a common posi-
tive objective (such as development), in order to achieve a balance. (c) In order to 
achieve integrated water management goals, it is necessary to harmonize the condi-
tions and environment dynamics of the populations in relation to the hydrographic 
basins and the hydrological cycle [5].

2. Governance and governability

Governance is denoted to have two closely related faces: the capacity to 
formulate adequate policies and the capacity to implement them. These capaci-
ties require the construction of consensus, the assembly of management systems, 
laws, national and regional public agencies, knowledge and information, prac-
tices, and the adequate administration of the system that implies social participa-
tion and the development of competences [6]. In the specific case of Chile, it has 
a water management system (SGA-CH) that can be considered as the only one of 
its kind, it considers water as a tradable commodity. This system is legally based 
on the National Water Code (CNA), which is at the same hierarchical level as the 
civil code [7].

After an exhaustive bibliographic review, seven versions of governance are iden-
tified that are highly relevant due to their degree of expression in the Colombian 
context and that are applicable to the South American sphere. These interpretations 
are shown in Table 1 and Figure 1 [8].

If we want to make optimal use of our valuable groundwater resources and 
ensure their sustainability, we must manage them with care [9]. In practice, the 
hierarchical and centralized management scheme in force for more than four 
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decades has been continued, and although the implementation of a water gover-
nance model from the perspective of Integrated Water Resources Management 
(IWRM) seems quite distant, there is the possibility of launching public actions 
from the territories from which networks are structured, articulate interests, and 
undertake collective actions [10].

Governance 
approaches

Definition

Good government It refers to processes and institutions that deliver results that satisfy the needs of 
society by making good use of available resources

Governing without 
government

Uses the laws of nature instead of legislation and one-way communication instead 
of dialog

Networks Consists of several elements that are connected to each other

Self-government Refers to the control of an organization by people independent of the central or 
local government

Economic 
governance

Refers to the policy and regulatory settings that governments adopt to manage the 
economy

Corporate 
governance

It refers to the set of rules, practices and processes through which a productive 
activity is directed and controlled. Corporate governance essentially involves a 
balancing of the interests of users, the government and the community

New public 
management

Is an approach to public service organizations that is used in government and 
public service institutions and agencies, at both sub-national and national levels

Table 1. 
Governance approaches.

Figure 1. 
Elements about the water governance crisis.
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3. The Dublin declaration

In the Dublin statement, according to international meetings on water 
resources management, it is recognized that water is essentially an economic good. 
Economists have insisted on the need to recognize that water is an economic good, 
so it should be possible to govern its distribution through the market [11]. There are 
a large number of approaches that explain the difficulty in improving water man-
agement systems, among them we have the lack of methods to design strategies that 
allow moving step by step from an existing situation to a desired situation [5].

The Dublin principles and the coherent action plans were collected at the Earth 
Summit held in Rio de Janeiro, in Chapter 18 of Agenda 21 [12], in the following 
terms: “A global ordination of fresh water as a limited and vulnerable resource 
and the integration of sectoral water plans and programs, within the national 
economic and social policy, are measures that are of the utmost importance among 
those adopted in the 1990s.” There are controversies over the issue of the results of 
changes in water governance. This, we believe, can best be characterized as an effect 
identification problem and concerns the question of the effects of changes in gover-
nance on a wide variety of empirical phenomena and associated policy issues [13].

4. International instruments on groundwater use

It can be said that rarely, international law has taken into account groundwater, 
being known that there are many surface water treaties, groundwater is not nominally 
included in the scope of these instruments, especially if it is “related “with territorial 
surface waters. Some legal instruments contain specific groundwater conditions and 
do not address it exclusively. FAO and UNESCO provide a variety of mandatory and 
non-mandatory instruments of international law in this important field [14].

Likewise, there are directives on water resources and environmental treaties that 
contain provisions on groundwater, as is the case of the United Nations Convention 
to Combat Desertification in those countries that suffer severe drought and/or 
desertification, particularly in Africa. There is also the United Nations Convention 
on the law of the uses of international watercourses for purposes other than naviga-
tion. These statements are important but are generalized to resources of all kinds 
and in the second case to international watercourses, not being specific to the 
groundwater issue, being a strategic basis to address it.

There are also interstate agreements on groundwater or with groundwater provi-
sions. United States, Idaho - Washington in the special form of the Inter-institutional 
Agreement on Coordinated Management Aquifer Groundwater Pullman-Moscow 
[14], it is agreed that management of groundwater resources in the aquifer will be 
in accordance with the management plan of groundwater adopted by the Pullman 
Moscow Water Resources Committee (PMWRC) to the extent that such plan can be 
implemented and administered according to the laws of each state.

5. National instruments on groundwater use: Peruvian case

In Peru, the granting of rights to use groundwater is regulated in Title IV of 
the Water Resources Law (article 110). In the aforementioned law, two additional 
provisions are required: the first states that in case of cessation of the use, either 
permanently or temporarily, the holders of the rights must adopt the necessary 
security measures in order to avoid causing damage to the aquifer and third par-
ties. The second indicates that it is the obligation of groundwater users to install 
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and maintain piezometers in the quantity and separation determined as provided 
by the corresponding authority, information which must be communicated to the 
“Autoridad Nacional del Agua (ANA)” [15].

According to Supreme Decree D.S. N ° 080-84-AG of September 6, 1984, the 
underground water of the pampas of La Yarada, and the D.S. N ° 020-87-AG of May 
1, 1987 gives an extension for two more years. By means of Ministerial Resolution No. 
0555-89-AG/DGAS of December 5, 1989, the execution of works intended to extract 
groundwater in the pampas of La Yarada is prohibited, later by RM No. 696-98-AG 
of December 16 of 1998 and based on the hydrogeological study of the Pampas de 
La Yarada, the closure of the increased exploitation of groundwater in the aquifer is 
declared. With a ruling by the Constitutional Court through a ruling issued in file No. 
1290–2002-AC/TC, it ruled on the declaration of closure and the non-application of 
regulations for the regularization of water licenses in the area declared closed.

Regional Ordinance No. 009-2004-CR/GOB.REG.TACNA, declared of regional 
interest the intangibility and conservation of groundwater and rough land in the 
state of the pampas of La Yarada. In 2006, by means of Supreme Decree No. 065-
2006-AG, the conservation and preservation of the Caplina valley water resource was 
declared of public necessity and national interest, extending the closure to the entire 
Caplina aquifer, ratifying it in the year 2009 through RJ N ° 327-2009-ANA of June 
15, which declares the aquifer of the Caplina river valley closed, where the La Yarada 
aquifer is included, the prohibition of execution of groundwater exploitation works 
and the provision that the Local Water Administrators are responsible for the control 
and surveillance of the aquifers that are in their respective jurisdictional areas.

The R.J. N ° 201-2010-ANA, of March 22, 2010, ratifies the measures for the 
conservation and preservation of groundwater, based on the study “Numerical 
Modeling of the La Yarada Aquifer”, which concludes that there is an overexploita-
tion of the aquifer and recommends maintaining the closure of the exploitation of 
the aquifer system. Finally, in 2015, the D.S. N ° 007-2015-MINAGRI, in its second 
complementary provision establishes that “The areas declared closed prohibit their 
condition, proceeding exceptionally and for the only time to formalize or regularize 
water use licenses, in accordance with the provisions of this Supreme Decree”.

6. The crisis of governance and governability

Governance refers to the management of collective affairs and involves the 
articulation of rules of conduct and the agreement of principles for the allocation 
of resources within the framework of a political community [16]. Likewise, govern-
ability has to do with the choice of goals and values that should guide society [17]. 
In Peru, we can affirm that there is no dispersion of legal provisions, nor a profu-
sion of laws, which if we estimate is to find both conceptual and strategy and action 
gaps, which are really important. In most cases, the provisions are outdated and 
unrelated to the regional and national reality. Likewise, we currently have impor-
tant instruments such as the integrating principle in water management, which is 
absent in the government actions taken to face the problem of the La Yarada aquifer.

The fragmentation of the actions regarding water management in the aquifer 
system is a relevant problem, the institutions act in isolation and without coor-
dinating the joint actions necessary to treat the problem. This denotes that there 
is a governing body of water management policies in the country such as the 
ANA, which is perceived to have no technical and regulatory solvency to execute 
current water legislation on the La Yarada aquifer. The regional and local govern-
ment has no participation in the management and territoriality of the water in the 
aquifer system.
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There are limitations to the effectiveness of governance and it lies in the relation-
ship of groundwater with society, there is a conception of water with inexhaustible 
resources, a culture of non-payment for water and the lack of responsibility for envi-
ronmental protection. Regarding public policies and their incorporation strategies, 
these are practically nil, the fragmentation of policies is notorious and most impor-
tantly, there is fragility of state institutions, related to the issue of groundwater, for 
the control of use and its exploitation. The lack of government planning to achieve 
an adequate use of water is notorious. We can also identify a lack of education on the 
preservation and sustainable use of groundwater in the La Yarada aquifer system.

The management of the system is a latent problem, the legislation on penalties 
for water use crimes without authorization or without licenses or permits is not 
clear. There is no reliable inventory of existing wells with and without using autho-
rization; therefore a water balance cannot be specified by region and considering 
levels of vulnerability. The incorporation of municipalities, governorates, and other 
institutions in the management of groundwater is sought through the formation of 
the Caplina - Locumba Water Resources Council, created by Supreme Decree No. 
019-2013-AG, as a space for agreement in which the institutions and organizations 
of the region, linked to the integrated management of water resources can present 
their needs, projects and claims, in order to plan and coordinate the sustainable 
use of water in the basin. In the constitution of this council, serious conformation 
problems have been reported, some of its members, especially the president of 
the council, do not meet the requirements indicated in Law No. 29338, the Water 
Resources Law and its regulations, this situation ends up establishing a climate of 
mistrust regarding non-compliance with the law from the same governing entity of 
the use and conservation of water in the country, that is, the ANA.

7. Governance and governance models

Improving water governance is the key to address water insecurity in developing 
countries. The literature does not pay attention to the study of incentive structures, 
interdisciplinarity and orientation with clear political implications [18]. In the Fung 
and Wright model [19], the governance approach is presented as a non-hierarchical 
form of government, characterized by cooperation with non-state actors within 
mixed decision-making networks between the public and the private [19].

The UNESCO model of water governance is a theoretical model that focuses 
on government issues. The purpose of this is the formulation of policies and their 
execution by the State. The model is integrated by the dimensions, social, economic, 
of political training, and environmental sustainability [20]. In Musetta’s hydraulic 
leviathan model [20], emphasis is placed on a centralized State, strong in terms of 
state presence, a State that plans and develops, that builds large works of hydraulic 
infrastructure (dams, dams, irrigation systems) and in this measure the potential 
of your strength. It is also a State that organizes the other actors in the economy and 
society, and never delegates the management of this position [21].

Guhl’s hard and soft line model [22] are a theoretical model, in the hard line, 
focuses on increasing the supply of water and making it more stable in time and 
space, through the construction of infrastructure works that allow us to have a 
greater and more stable supply of water throughout the year, or availability in areas 
with deficits. Its fundamental objective is the conservation of the water supply 
and its efficient use; it gives comprehensive consideration to the hydrological cycle 
based on changes in attitudes and behaviors of the users regarding the valuation 
of water as a finite resource and the consequent limitation of its availability and 
development and use of more efficient technologies [22].
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8.  Proposal for the adoption of a governance model: La Yarada aquifer 
case

As mentioned, there are several models applied in different parts of the world, 
each with certain peculiarities. Based on the characteristics of the La Yarada aquifer 
system (Figure 2), due to the characteristics of the state’s intervention in the eco-
nomic activities of the region and the country, we can establish that the Mussetta 
hydraulic leviathan model is the best suited to the particularities of the aquifer in 
question. This is a strong model in terms of state presence, plans, developments, 
and works of hydraulic infrastructure. It is the State that in turn organizes the other 
actors in the economy and society, and never delegates the management of this 
position. This type of action is required in a system such as the one studied where 
there is a general disorder, regulations and laws are not complied with, the stability 
of the aquifer system having been put in a chaotic situation, while the recharge is 
much lower than the exploitation because unauthorized users have been generated 
to whom no sanction has been applied.

A clear example of the weakness of the State and its institutions is registered 
with the grant of the D.S. N ° 007-2015-MINAGRI, which establishes that “the areas 
declared closed prohibit their condition, proceeding exceptionally and for the only 
time to formalize or regularize water use licenses, in accordance with the provisions 
of this Supreme Decree.” This decree is totally contradictory, existing the RM N ° 
696-98-AG that ratifies the closure in the La Yarada aquifer, the formalization of 
licenses for unauthorized wells is decreed, which has generated a great imbalance 
in the system, which has produced not only a decrease in the water table but also 
deterioration of water quality due to marine intrusion processes in a large part of 
the aquifer, as demonstrated by studies carried out by ANA.

The post emission experience of the D.S. N ° 007-2015-MINAGRI has shown 
that the situation worsened, in the period of time granted for the presentation of 
files, a massive and uncontrolled action was made to drill wells in the study area in 

Figure 2. 
La Yarada aquifer location map.
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order to achieve the regularization of the groundwater exploitation infrastructure. 
Likewise, after the regularization process carried out, well drilling continues 
indiscriminately, with which it is demonstrated that the effect, more than a pallia-
tive to the problem, was a trigger for the drilling of wells without control, ignoring 
the regulations current and most worrying, an attempt was made to implement an 
action without the required control and security mechanisms.

According to the particularity of the La Yarada aquifer system and water man-
agement in Peru, it is observed, from the perspective of water governance, the 
presence and actions of social groups have increased over the years, exerting strong 
pressure on the aquifer. Thus, we can establish that the transition from governance 
to governance presents indicators that the institutions have not adequately managed 
their tasks and responsibilities and that the social agents have gained a presence in 
the excessive extraction of water from the aquifer, without the authority being able 
to intervene in concrete form. No sanctions are applied for violators of the laws and 
restrictive devices for the use of aquifer water, generating an increase in extraction 
wells that have grown geometrically in recent years with the consequent deteriora-
tion of the quality of the water in the aquifer.

9. Conclusions

Government policy in many countries of the world generates a serious collision 
between closed regulations on coastal aquifers and, on the other hand, decrees 
authorizing the formalization or regularization of water use licenses. This situation 
generates negative antecedents of government policy in the administration and 
management of water and in general of all-natural resources.

Governance and governance are altered and exceeded, the laws regarding the 
regimes of management and limitation of groundwater resources, both have quali-
ties that could provide a relevant benefit for the sustainable use of water resources, 
if no immediate action is taken On the part of the government apparatus, the crisis 
of the system could become irreversible with the consequent economic damage that 
this entails. In the area, there are large extensions of plantations that are the support 
of economic activity.

In the Peruvian case, it is necessary to have a specific regulatory framework 
for groundwater that recognizes its particularity. Institutions in the field of Water 
Law must be consolidated and strengthened, not being a unique need in the case 
of groundwater, but in general for water resources in all its forms. Therefore, the 
efficient and transparent participation of the public administration that allows 
adequate water management for sustainable use is urgent. In the Peruvian case, 
it would be advisable to adopt the Mussetta hydraulic leviathan model, strong in 
terms of state presence, planning, developing, and building hydraulic infrastructure 
works. In turn, the State is the one that organizes the other actors of the economy 
and society, and does not delegate functions. This type of action is required in a 
system such as the one studied, where there is a general disorder, regulations, and 
laws are not complied with, the stability of the aquifer system being put in a chaotic 
situation, while the recharge is much less than exploitation because unauthorized 
users have been generated to whom no sanction has been applied.
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Chapter 3

Groundwater Recharges 
Technology for Water Resource 
Management: A Case Study
Jatoth Veeranna and Pawan Jeet

Abstract

The irregularity in monsoon has severely affected the water availability at surface 
and sub-surface systems. Diminishing surface and sub-surface availability has not 
only decreased the water availability, but it additionally affected the ecosystem 
and increased disastrous situations like floods and droughts, resulting problems 
of stress on groundwater recharge. Groundwater recharge is a technique by which 
infiltrated water passes through the unsaturated region of groundwater and joins 
the water table. It is based upon soil type, land use land cover, geomorphology, 
geophysical and climate (viz. rainfall, temperature, humidity etc.) characteristics of 
a region. Over the years, due to variations in weather pattern and overexploitation 
of aquifers groundwater recharge has decreased and groundwater level has reduced 
in the most parts of the country. This has led to severe water deficit problems in 
several parts of the country. This can be solved by different direct and indirect 
methods of groundwater recharge technology. This technology can reduce the 
 wastage of water and enhance groundwater availability for uses in different sector 
like irrigation, domestic and industrial uses.

Keywords: groundwater recharge technology, groundwater, rainfall,  
water harvesting

1. Introduction

Groundwater is the foremost supply of freshwater that caters to the demand 
of household, agricultural and industrial sectors. It has become an essential 
for domestic uses especially for drinking water and food security for billions of 
population of the country. Approximately 70 percent water use in rural regions 
and approximately 50 percentage of water used in urban and commercial region 
are fulfilled by the sources of groundwater [1]. The average annual per capita 
water availability has been steadily falling since 1991 (2300 m3) to 2015 (1720 m3) 
in the country and these are projected to reduce to 1400 m3 and 1190 m3 for 
the years 2025 and 2050, respectively [2]. In last three decades an exponential 
growth in number of ground water structures has been observed, leads to enor-
mous withdrawal of groundwater for various uses in different sectors. However, 
speedy urbanization and land use adjustments has resulted in decreased natural 
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infiltration/recharge of aquifers. This has result in various issues related to quan-
tity and quality of groundwater, the decline in water table levels and depletion of 
groundwater resources [3].

Slow natural replenishment of groundwater reservoir is not able to keep pace 
with the excessive persisted exploitation of groundwater assets in numerous parts 
of the country. In order to increase the natural supply of groundwater, artificial 
recharge to groundwater has emerged as a vital and frontal management approach 
[4]. So, the recharge of groundwater is performed by using various direct and indi-
rect recharge technologies. The adoption of this technology depends on hydrology, 
geology and other factors of a region [5]. Thus artificial recharging of aquifer is one 
of the best options, in order to improve groundwater crises which are sustainable in 
the long term.

2. Need to recharge groundwater

Artificial recharge is the process by which the ground water recharge is aug-
mented at the rate much higher than those under natural condition of percolation.

According to [1] groundwater recharge meets the demand as

• By 2050 the demand for ground would reach to 1180 billion cubic meters.

• Water will be available to 1 person out of 3 and no food to 1/3rd population

In the country, either in pre- monsoon or post-monsoon or both the annual 
groundwater yields exceeds the annual groundwater recharge, resulting a significant 
fall in long term groundwater levels has been observed.

3. Problems associated with groundwater overexploitation

3.1 Lowering of the ground water level

The most critical effect of over-pumping of groundwater is that the water table 
may be lowered. For water to be withdrawn from the aquifers, water should be 
pumped from a well that reaches beneath the water table. If groundwater levels 
reduce too far, then the well owner may have to deepen the well, drill a new well, 
or, at least, lower the pump below the water table available. Also, as water levels fall 
down, the rate of water the well can yield might also reduce.

3.2 Increased costs for the user

As the depth of groundwater increases, the water must be lifted from the depth 
of groundwater to the ground surface. If water pumps are used to lift the water, 
more electrical energy is required to operate the water pump. Under this situation, 
using the well can become costly to users.

3.3 Reduction of water availability in water bodies

There may be more of an interaction between the water in water bodies such 
as ponds, lakes, rivers and streams, and groundwater than the most of the people 
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think. A proportion of water flowing in rivers contributed from seepage from  
the streambed to groundwater. Groundwater contribution mainly depends  
upon on the parameters of physiographic, region’s topography, soil, geology and 
climate.

3.4 Land subsidence

The primarily cause of land subsidence is a lack of support underneath ground 
surface. Sometimes, when groundwater is over-exploited, the soil collapses, 
compacts, and sinks. This depends on various factors, such as the type of soil, 
soil compressibility, physical attributes of the aquifer, water table levels and earth 
geology. It is most often caused by anthropogenic activities, mainly from the excess 
removal of subsurface water.

3.5 Deterioration of water quality

Saltwater intrusion is the major cause and threat to contamination of fresh 
groundwater supplies. Available volume of water in the aquifers is not fresh 
water; much of the very deep groundwater and water below seas is saline. Under 
natural conditions the boundary between the freshwater and saltwater tends 
to be relatively stable while under excessive pumping conditions it may result 
saltwater to migrate inland and rising upward and it leads to contamination of 
the water supply.

4. Benefits of groundwater recharge

There are following advantages of artificial recharging of groundwater  
aquifers:

• Subsurface storage space is available free of cost and inundation is avoided

• Evaporation losses are negligible and temperature variations are minimum

• Quality improvement by infiltration through the permeable media

• It has no adverse social impacts such as displacement of population, loss of 
scarce agricultural land etc.

• It is a environment friendly technology that controls soil erosion and flood 
like situations, and provides sufficient soil moisture during dry spell or water 
deficit conditions.

• Water stored in soil profile is relatively immune to natural and man-made 
catastrophes.

5. Artificial groundwater recharge technology

The artificial groundwater recharge technology can be broadly categorized as 
follows [6].
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Except above, water conservation structures like dams, sub-surface dykes (or 
locally termed as Bandharas) are entirely prevalent to capture sub-surface flows. 
Similarly, in hard surface areas rock fracturing strategies such as sectional blasting 
of boreholes with suitable techniques has been operated to inter-connect the frac-
tures and gear up the groundwater recharge. Cement sealing of fractures, through 
specially built borewell has been utilized in the state of Maharashtra to preserve 
sub-surface flow and increase borewell yield [7].

6. Direct surface techniques

This method of groundwater recharge is very simple and most widely used. 
Under this method stored surface water is directly conveys into an aquifer without 
infiltration and water percolates naturally through the unsaturated zones of soil 
profile and join the groundwater table.

6.1 Flooding/water spreading

This is a very common method of groundwater recharge (Figure 1) [8]. This is

• This method is suitable for relatively flat topography

• Water is spread as a thin sheet

• Higher rate of vertical infiltration is obtained

• Potential area for this method is alluvial region of country

6.2 Percolation tank/basin

• A percolation tank can be defined as an artificially created surface water body 
in a highly permeable land submerged area so that the surface runoff is made 
to percolate and recharge the groundwater storage (Figure 2) [9].

• It is the most prevalent structures in India because it is used to measure the 
recharge the groundwater reservoir in highly permeable land areas.

Direct technology Indirect Technology

Surface Sub-surface Combination surface 
and sub-surface

• Flooding/ Water 
spreading

• Basins or percolation 
tanks

• Stream 
augmentation

• Ditch and furrow 
system

• Over irrigation

• Injection wells or 
recharges wells

• Recharge pits and 
shafts

• Dug well recharge

• Bore hole flooding

• Natural openings, 
cavity fillings.

• Basin or percolation 
tanks with pit shaft 
or wells.

• Induced recharge 
from surface water 
source

• Aquifer 
modification
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• It is applicable in both alluvial as well as hard rock formations regions.

• Its efficacy and feasibility is more in hard rock formation regions than alluvial 
regions.

• Suitable in the States of Himachal Pradesh, Jammu & Kashmir, Uttrakhand, 
Sikkim, North Eastern States, Punjab, Haryana, Uttar Pradesh, Bihar, West 
Bengal, Madhya Pradesh, Maharashtra, Karnataka, Tamil Nadu, Andhra 
Pradesh, Kerala

6.3 Stream augmentation (Check dams/Nala bund/ gabions)

• It is feasible to construct across small streams having gentle slope (less than 
6 percent) [6].

• It is applicable in both hard rock as well as alluvial formation region.

• It is mainly confined to stream course and its height is normally very less 
(less than 2 m).

• To harness the maximum run off in the stream, series of such check dams can 
be constructed (Figure 3).

• A nala bund acts like a mini percolation tank.

• These are popular and feasible in Bhabar, Kandi and talus scree areas of Uttar 
Pradesh, Punjab, and Maharashtra.

Figure 1. 
Water spreading technique.

Figure 2. 
Percolation tank for water storage.
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6.4 Ditch and furrow technology

This technology is mainly suitable in areas of irregular topography, shallow and 
flat bottomed and closely spaced furrows or ditches that provide more surface area 
under groundwater recharge through canal, river, stream and so on. This requires 
fewer earthworks and also less sensitive to siltation.

7. Direct sub-surface techniques

7.1 Dug well recharge

• It is suitable in alluvial as well as hard rock areas having depth upto 50 meters 
(Figure 4) [10].

• The ground water reservoir, storm water, tank water, canal water etc. can be 
diverted into these structures to directly recharge the dried aquifer.

• Ordinary dug wells, borewell and tube wells can be used for recharging of gw 
recharge takes place by gravity flow.

• Suitable in Madhya Pradesh, Maharashtra, Karnataka, Tamil Nadu, Andhra 
Pradesh, Kerala.

7.2 Recharge pit and shaft

• These are the most efficient and cost effective structures to recharge the 
aquifer directly (Figure 5) [6].

• In area where impervious layer is encountered at shallow depth.

• Where phreatic aquifer is not hydraulically in connection with surface water.

• The diameter of shaft should be more than 2 m for recharging rate 7–14 lps.

Figure 3. 
Check dam for surface water harvesting.
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• These structures are common in the states of Maharashtra, Madhya Pradesh, 
Andhra

• Pradesh, Bihar, Gujarat, Himachal Pradesh, Jammu& Kashmir.

7.3 Injection wells

Injection well is generally recommended in urban areas (Figure 6). It is opera-
tional in certain hydrogeological setting for groundwater recharge where the 
aquifers do not get the natural recharge because of the confining layers of low per-
meability [11]. There are following advantages for installation of the injection well:

• It is made with the purpose of augmenting the ground water storage of a 
confined aquifer by pumping-in treated surface water under pressure.

• The aquifer to be replenished is generally over-exploited.

• It is suitable in coastal regions to capture sea water and also to withstand 
the land subsidence problems in the regions where confined aquifers are 
over-pumped.

Figure 4. 
Dug well groundwater recharge structure.

Figure 5. 
Recharge pit for groundwater recharge.
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• Water available for groundwater recharging is to be fairly treated for elimina-
tion of suspended material, chemical stabilization and bacterial manipulation.

7.4 Subsurface dykes

• It is a sub-surface barrier across a stream which slows down the natural sub-
surface /groundwater flow of the system and capture water beneath ground 
surface to meet the water demand (Figure 7) [12].

• The main cause of groundwater dam is to capture the flow of groundwater out 
of the sub-basin and increase the storage capacity of the aquifer.

• Suitable in hard rocks or alluvium forested area.

8. Case study

Direct and indirect method of groundwater recharge technology was adopted in 
different locations of India.

Artificial groundwater recharge system at Shram Shakti Bhawan, New Delhi.

Figure 7. 
Subsurface dyke for surface water harvesting.

Figure 6. 
Injection well for groundwater recharge.
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Shram Shakti Bhavan having catchment area of about 11,965 km2. Roof top 
rainwater harvesting may annually recharge about 2900 m3 water this is going as 
waste. Over the years, depth to water level has fallen by 2 to 3 m in the catchment 
area. Artificial groundwater recharge is proposed via recharge trenches with two 
injection wells in each at selected locations in catchment area [10].

8.1 Salient features

• Rainwater runoff: 3325 cubic meter

• Area of 11,965 sq.km

• Recharge Structures Trench & recharge wells: 3

• Year of construction: 2001

• Average recharge: 3000 m3/Year

• Rise in water levels Aug 2007: 1.68–3.33 m

• Cost: Rs 4.10 Lakh

9.  Artificial groundwater recharge system at President’s Estate,  
New Delhi

President’s Estate having catchment area of about 1.20 km2 is located on 
the Northern flank of Delhi ridge. Extravagant groundwater development has 
resulted in annually groundwater fallen by 6 to 13 m. Four metre thick aquifer has 
become de-saturated over an area of 0.7 km2. The artificial groundwater recharge 
in the catchment area is being done through two dried dug wells, one vertical 
recharge shaft, one injection well, two recharge trenches with injection wells and 
so on [10].

Annually approximately 28,170 m3 rainfall-runoff water collected and used to 
recharge groundwater (Figure 8).

Figure 8. 
Artificial groundwater recharge structure at President’s estate. 
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9.1 Salient features

• Campus area: 1.3 Sq.km

• Source of water: Rainwater & Swimming pool water

• Av annual rainfall:712.2 mm

• Depth of water table: 6–12 m. Bgl

• Year of construction: 2000

• Recharge structures:

 ○ Two existing dug wells

 ○ One recharge well

 ○ One recharge shaft

 ○ Two trench with recharge well

Rise in water level during 2003: Upto 4 m.

9.2 Artificial Recharge Structures (Sub surface Dykes) in Rajgarh district, M.P.

• District: Raigarh, M. P.

• Normal Rainfall: 950 mm

• Location: Barwa Kalan, Ajnar subbasin, Rajgarh district

• Type of Structure: Subsurface Dykes

• Cost: Rs. 2.0 lakhs

• Implementing Agency: Public Health Engineering Department, Govt. of M.P.

• Geology: Alluvium and basalt

• Year of completion: 2004–2005

• Study year: 2009–2010

Description: To capture the over groundwater flow to the river Ajnar, in the  
form of base flow, subsurface dykes were constructed near Barwa Kalan village 
(Figure 9) [10].

9.3 Impact

• Water level in the nearby dug wells recorded a rise in the range of 0.80 to 
3.80 m.

• In the hand pumps, the water level rise in the range of 6.0 to 12.0 m.
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• During the period the cultivated areas under rabi crop has increased from 97 to 
121 ha.

• The number of irrigation wells increased up to 102 from initially 38.

10. Conclusions

Artificial groundwater recharge technology is very impressive technology to 
increase water table and groundwater availability. It plays an important role in the 
reduction of surface runoff, increase availability of water for irrigation, domestic 
and industrial sector, improve the drainage, revival of springs and improvement 
of groundwater quality and so on. It is also considered to mitigate the impacts of 
variability in rainfall patterns under varying climatic conditions. Additionally, it is 
primarily important to meet the demand of spatial water productivity and availabil-
ity at regional and global scale.

Figure 9. 
Artificial groundwater recharge structure at Rajgarh district in MP. 

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 4

Cumulative Groundwater Impact 
Assessment and Management – An 
Example in Practice
Sanjeev Pandey, Randall Cox and Steven Flook

Abstract

Production of coal seam gas (CSG), or coal bed methane, requires large-scale 
depressurisation of a target formation by extracting groundwater, which, in turn, 
has the potential to affect overlying and underlying aquifers. This leads to wide-
ranging stakeholder concerns around the impacts on groundwater assets such as 
water supply bores, groundwater-dependent ecosystems and connected water-
courses. Around 2010, the CSG industry in Queensland, Australia grew rapidly with 
the expansion of operations in the Surat and Bowen basins by multiple operators. 
This particularly raised concerns about the cumulative effects, because the target 
coal seams are part of the Great Artesian Basin – one of the world’s largest aquifers. 
To respond to this challenge, an innovative framework was developed to provide 
for an independent cumulative impact assessment and to set up arrangements for 
managing those impacts. This chapter describes the main thrust of that framework.

Keywords: coal seam gas, cumulative impact assessment, groundwater management, 
Great Artesian Basin, groundwater, Queensland, regulatory framework, Surat Basin

1. Introduction

In the Surat Basin of Queensland, Australia, production of coal seam gas (CSG), 
or coal bed methane as it is known in the Americas, requires extraction of ground-
water to depressurise the Walloon Coal Measures (the target formation). CSG has 
grown to become the dominant source of natural gas in Queensland, Australia, 
comprising more than 95% of the gas produced and more than 99% of the remain-
ing proved and probable gas reserves [1]. The CSG produced from the Surat and 
Bowen basins is the feed stock for the liquefied natural gas export industry based 
in Gladstone. By 2009 to 2011, an unprecedented scale of CSG development was 
proposed in environmental impact statements (EIS) by four major proponents – 
Santos Limited, Australia Pacific LNG Pty Limited., QGC Pty Limited and Arrow 
Energy Pty Ltd – whereby a maximum of about 34,000 CSG wells were proposed in 
an area of about 37,000 km2 [2].

The target formation for CSG production in the Surat Basin is part of the Great 
Artesian basin (GAB) – one of the largest groundwater systems in the world. This 
geology raised issues surrounding impacts of this development on groundwater assets 
such as water supply bores, groundwater-dependent ecosystems (GDE) and con-
nected watercourses. There are an estimated 22,000 water supply bores in and around 
the CSG development area, along with a number of ecologically significant springs.
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Exploration for CSG commenced in Queensland in the 1980s. Commercial pro-
duction from the late Permian coal seams of the Bowen Basin commenced around 
1995. By the early 2000s, the focus for development had shifted to the overlying 
Surat Basin, a part of the GAB (Figure 1), targeting the Jurassic age Walloon Coal 
Measures. However, over time, the development plans were revised downward in 
response to emerging market conditions and resource availability. Based on current 

Figure 1. 
A map showing the Surat Cumulative Management Area boundary in relation to the Surat Basin and the CSG 
tenures.
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development plans, an estimated 21,000 CSG wells will have been constructed by 
the end of the life of the industry, of which about 7,000 are already in operation [3], 
extracting some 60,000 ML/year of groundwater from the CSG target formations 
in the Surat and southern Bowen basins.

This chapter provides some contextual background on the concept of cumula-
tive impacts and related issues, followed by a description of how a framework was 
developed and implemented for managing those issues. The framework is a good 
example of proactive and adaptive groundwater management covering a cycle – 
from identifying issues to assessment and modelling, reporting, implementation 
and monitoring.

2. Context

2.1 The concept of cumulative impacts

The concept of cumulative impacts in water and environmental management 
is not new, but the context in which it is used varies widely. The term is sometimes 
used in relation to impacts of a single project on multiple social, environmental 
and economic factors [4]. In other instances, it is used to refer to impacts from 
the interaction of multiple activities, and/or the collective impact of many similar 
activities over time and space [5]. In this chapter, the term ‘cumulative impacts’ 
refers to groundwater pressure impacts from multiple CSG projects.

Regional or strategic assessments are often seen as mechanisms to assess cumu-
lative impacts. Many authors have argued that cumulative effects are best assessed 
in a more regional and strategic context, at the level of strategic environmental 
assessment (for example, [6–9]). The Government of Alberta, Canada has devel-
oped a regulatory framework to better manage cumulative environmental effects 
from development through a regional planning instrument [10].

Although the term ‘cumulative impacts’ is not always used explicitly, the com-
bined effects of all consumptive water use have always been considered, typically 
in catchment-scale and/or aquifer-scale planning for the allocation and manage-
ment of water resources in Australia, following the 1994 Council of Australian 
Governments water reform agenda.

2.2 The Surat Basin

The Surat Basin underlies 180,000 km2 of southeast Queensland. It is connected 
to the Eromanga Basin to the west, the Clarence-Moreton Basin to the east and the 
Mulgildie Basin to the northeast. It is a Jurassic to Cretaceous age sequence of alternat-
ing sandstones, siltstones and mudstones, with coal seams of economic significance 
in some areas (Figure 2, Video 2) [3]. The Surat Basin overlies the Permo-Triassic 
Bowen Basin sediments and is overlain by inliers of Quaternary alluvium and Tertiary 
basalts, particularly in the east. The total thickness of the Surat Basin sequence 
is about 3,000 m, with sediments deposited on an older erosional surface of the 
Bowen Basin.

The outcrop is the recharge area, with groundwater flowing generally along 
the formation dip for the deeper aquifers in confined areas, although there is a 
significant proportion of flow in outcrop areas northward along the topographic 
elevations [11, 12]. For the most part, groundwater in the Surat Basin occurs under 
sub-artesian conditions. Artesian aquifer conditions are only encountered in the 
southwest corner.



Groundwater Management and Resources

52

There are some 22,400 private water supply bores within the GAB footprint of 
the Surat Basin, the equivalent Clarence-Moreton Basin and adjoining parts of the 
southern Bowen Basin [3]. A majority of these bores access groundwater from the 
shallower unconsolidated alluvium or tertiary formations. The underlying GAB 
formations are primarily accessed for agriculture, town water supply and stock and 
domestic use, totalling 41,000 ML/year.

GDEs, which are associated with springs and baseflow-fed streams and include 
deep-rooted terrestrial vegetation, occur within the area. Springs are known to 
source water from some of the GAB formations. Natural groundwater discharge 
along the outcrop areas also feeds into watercourses and supports flow in dry 
periods.

2.3 Groundwater management challenges

Groundwater in the Surat Basin has long been accessed primarily for con-
sumptive use. Long-standing arrangements for managing groundwater had been 
designed for consumptive use. The rapid emergence of the CSG industry, which 
extracts large amount of incidental groundwater (non-consumptive use) to depres-
surise coal seams, challenged those arrangements. For context, average CSG-related 
extraction over the life of the industry is expected to be about 51,000 ML/year [3], 
although these estimates have been declining over the years.

There are significant regional aquifers above and below the Walloon Coal 
Measures (Figure 2, Video 2) and therefore depressurisation for CSG production 
could potentially impact water supply bores and GDEs that rely on those aquifers 
(Video 3).

Figure 2. 
A 3-D schematic of the Surat Basin sediments showing the CSG target formation and its relationship with 
surrounding formations [3].
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Although the primary groundwater management concern was the management 
of the impacts of CSG water extraction on groundwater supplies and GDEs, there 
were also other concerns about non-pressure-related impacts on groundwater 
resources, such as: the potential for groundwater pollution from drilling activity; 
the beneficial use of the formation water extracted during development; and social 
impacts associated with the large workforce operating in the area [13]. These other 
concerns are beyond the scope of this chapter.

There was significant resistance to proposed CSG development from landholders 
and the community in the early stages [14]. Landholders with water supply bores 
in and around the CSG development areas were seeking better understanding of 
impacts and appropriate compensation, including provisions for alternative supply 
in advance of impacts occurring. There were also concerns about long-term impacts, 
monitoring and questions about the independence of scientific assessments pre-
sented in EISs by the CSG industry. At the same time, the industry was also seeking 
clarity on responsibilities where impacts may overlap.

3. Development of a groundwater management framework

To respond to the challenges outlined earlier, the existing regulatory arrange-
ments were reformed to provide for a framework for independent assessment 
and management of cumulative impacts from petroleum and gas (P&G) devel-
opment, including CSG. This was done in the context that, in Queensland, P&G 
tenure holders have a right to take groundwater that is unavoidably taken during 
the production of P&G. This right was made subject to certain obligations on 
managing impacts.

Development of the framework followed some key principles, such as: the 
cumulative assessment must be by an independent entity on a full-cost-recovery 
basis; the assessment and management arrangements must be periodic to adapt 
to evolution of knowledge of groundwater systems and changes to development; 
tenure holders must take the responsibility for making good the impacts on water 
supply bores; the management actions must be proactive; and there should be 
regular monitoring and reporting.

Two core elements of the framework that was established were: the establish-
ment of an independent entity – the Office of Groundwater Impact Assessment 
(OGIA) – to displace proponents’ responsibilities for preparing Underground 
Water Impact Reports (UWIR) in a declared Cumulative Management Area 
(CMA); and an ongoing three-yearly cycle of proponents preparing UWIRs con-
taining impact assessment and management strategies, including the monitoring 
arrangements.

The entire intensive CSG development area, covering about 450 × 550 km, was 
declared a CMA (the Surat CMA) (Figure 1, Video 1). OGIA is tasked with assess-
ing the cumulative groundwater impacts from P&G development in the Surat CMA. 
The costs associated with OGIA performing its functions are recovered through an 
annual levy payable by the tenure holders.

The technical assessment and arrangements for managing cumulative 
impacts are required to be reported by OGIA every three years in a UWIR. It is 
required that the report: includes an assessment and prediction of cumulative 
impacts in all affected aquifers; identifies the impact area for each aquifer; 
provides a list of affected water supply bores and GDEs; and outlines manage-
ment arrangements such as the monitoring, make good of water supply bores, 
mitigation of impact on GDEs and assignment of responsibilities to tenure 
holders.
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4. Implementation of the framework

The Surat CMA was declared in 2011. This was followed by the preparation and 
release of three iterations of assessments through UWIR 2012, UWIR 2016 and 
UWIR 2019.

The first cycle of assessment was completed within 12 months of the establish-
ment of the CMA, primarily using the existing knowledge and secondary data 
sources to build a regional groundwater flow model and design management strate-
gies. This was followed by a research program for the following three-year cycle, 
providing the foundation for the subsequent assessments in 2016 [2] and 2019 [3].

4.1 Hydrogeological assessment

A range of hydrogeological assessments were undertaken relating to the geology 
of the Surat Basin and aquifer interconnectivity. These investigations, in combina-
tion with complementary assessments by others, were then used to build a regional 
hydrogeological conceptualisation that underpinned the construction of a regional 
groundwater flow model and management strategies.

In the latest iteration, the geological model has 22 layers covering all major 
formations of the Surat and southern Bowen basins [15]. The geological model was 
based on the primary lithostratigraphic interpretation of geophysical logging from 
some 7,000 P&G wells. Primary interpretation ensures consistency in stratigraphic 
interpretation across the whole basin.

Most of the water use in the Surat Basin is for stock and domestic purposes, 
which is unmetered. Indirect estimates of water use were therefore made by devel-
oping a methodology utilising demand-based estimates per bore, while taking into 
account the availability of alternative water supply sources and seasonal variations 
[3]. The new methodology resulted in an estimate of groundwater use for stock and 
domestic purposes in the Surat Basin of 41,000 ML/year.

A major study was also undertaken to assess the connectivity of the overlying 
alluvial aquifer – the Condamine Alluvium [16]. The study involved multiple lines 
of investigation including drilling, coring, long-duration pump testing and moni-
toring. It concluded that there is a low level of connectivity.

A range of other complementary assessments was also undertaken including 
recharge estimation, fault characterisation and inter-aquifer connectivity. These 
studies provided the basis of a new regional conceptualisation [17].

4.2 Impact modelling

The most recent model developed by OGIA for the cumulative impact assess-
ment in 2019 [15] represents the third iteration of conceptualisation, construction 
and calibration, based on information and data collected from monitoring and 
strategies developed in previous iterations. Each iteration of the model is informed 
by a revised understanding of key hydrogeological processes or concepts operating 
within the Surat CMA at the time.

The domain of the current model covers an area of around 460 × 650 km, 
encompassing the entire Surat CMA. The model domain is discretised into cells of 
1.5 × 1.5 km areal extent, with 34 layers. The model is designed to simulate ground-
water flow within the Surat Basin sequence and overlying alluvial formations in the 
Surat CMA, and within the CSG-producing Bandanna and Cattle Creek formations 
of the Bowen Basin.

The model was developed using the MODFLOW-USG simulator with a range of 
modifications to accommodate specific and unique processes associated with CSG 
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extraction: the approximation of coal desaturation and dual-phase flow effects 
using a modified Richards equation formulation; use of a “descending drain” meth-
odology to extract water from coal measures; recognition of the gas-filled status of 
CSG production wells and the consequential steep vertical gradient of water head in 
the vicinity of these wells; representation of 16 major fault systems in the ground-
water model structure; and a new approach to parameterisation which maximised 
the use of the extensive lithological and other data from CSG well drilling activities.

Regional hydraulic properties were derived using numerical permeameters. The 
model was calibrated against a number of additional observation types including: 
monthly actual CSG extraction; vertical head differences between stratigraphic 
units; observed drawdowns; expected vertical head gradients; and saturations 
within the target formation.

The regional groundwater flow model was used to predict the impact of the 
cumulative industry development profile on groundwater pressures in aquifers. The 
profile was prepared based on information available at the time about historic and 
planned development of the individual CSG projects.

The current assessment [3] revealed that by the end of 2021, a total of 222 bores 
would be affected by a groundwater pressure reduction of more than five metres; 
these are referred to as Immediately Affected Area (IAA) bores. In the long term, a 
total of 571 water bores are predicted to be affected; these are referred to as Long-
term Affected Area (LAA) bores.

4.3 Impact management

For all 222 water supply bores that are predicted to be impacted in the short 
term, i.e. IAA bores, follow-up actions are assigned to individual tenure holders – 
the responsible tenure holders (RTH) – based on certain rules. Each bore initially 
requires a bore assessment by the RTH to assess if the predicted impacts are likely 
to affect the intended purpose of the bore. If it is found that a bore water supply is 
likely to be impaired, then the RTH will have to reach a proactive ‘make good’ agree-
ment with the bore owner.

The arrangement also involves the design and implementation of a monitoring 
network. Initially, in the first iteration, the UWIR 2012 specified the progressive 
installation of a network of 498 monitoring points across the Surat CMA. In recent 
iterations, the planned network has now been enhanced to 622 groundwater-level 
monitoring points and 103 water-quality monitoring points, of which about 500 
are currently installed. The network is an extensive undertaking by tenure holders, 
considering the formations monitored are typically 200 to 1,000 m below ground. 
The UWIR assigned responsibilities to individual CSG companies for implementing 
individual parts of the regional monitoring network and reporting monitoring data.

The strategy for managing GDEs is primarily imbedded in a spring impact 
management strategy. Source aquifers for springs were established through investi-
gations to predict impacts. Where the source aquifer for an identified spring was not 
known with confidence, the predicted pressure impact at the location of the spring 
was taken to be the maximum predicted pressure impact in any aquifer below the 
location of the spring.

4.4 Stakeholder consultation

OGIA undertakes formal and informal engagement activities to assist communi-
ties to understand the assessments that have been made, and to hear community 
views on groundwater impact issues. After the publication of a consultation draft 
UWIR, written submissions are invited and public meetings are held at community 
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centres around the basin to hear questions and provide explanations, before finalis-
ing the UWIR. Current views on issues relating to groundwater impacts from CSG 
development can best be gauged by the submissions received on the consultation 
draft of the current UWIR 2019 [18].

Landholder and community groups have raised a range of issues relating to: 
the effect of both CSG and non-CSG groundwater take on the sustainability of the 
GAB, particularly in the Hutton Sandstone; the effect of climate change; the impact 
of migrating gas in water bores; delays in finalising ‘make good’ arrangements; the 
indirect impact of ‘make good’ bores in the Hutton Sandstone; overall impacts of 
CSG development; construction of CSG wells; the effect of the modelling scale on 
predicting impacts in water supply bores; and the inherent limitation associated 
with the modelling of impacts. There was a general expectation that, although 
many of the issues are outside the scope of the UWIR, broadening of scope should 
be considered in the future.

Issues raised during engagements are considered both in finalising the UWIR 
and in designing and implementing the subsequent research. For example, in 
2012, the community raised specific concerns about connectivity between the 
target coal formation and the Condamine Alluvium. As a result, OGIA launched 
a research project on improving understanding of the connectivity through an 
extensive field program for data gathering and analysis. Ongoing community 
engagement on interim findings and field testing to build community understand-
ing and confidence was an integral component of this program. Similar other 
engagements have continued, in collaboration with public and private sector 
organisations.

5. Conclusion

Extractive resource industries have a potential to impact groundwater resources. 
Particularly where the development is large-scale and involving multiple operators, 
the impacts can magnify due to their cumulative effects. In such situations, there are 
often a number of difficulties in managing impacts due to: different approaches to 
impact assessment by individual operators; lack of clarity on management responsi-
bilities where impacts may overlap; constantly changing plans for development and 
evolving knowledge; and lack of community trust in assessments by industry.

These generic issues were well manifested in Queensland, Australia, where 
large-scale CSG development in 2010 brought them to the surface. In response, an 
innovative cumulative assessment and management framework applying adap-
tive groundwater management principles was developed and has been applied 
since then.

The framework involves an iterative cycle of independent impact assessment 
using progressively updated data and information, supported through secure fund-
ing arrangements. The cyclic assessment underpins progressive revision of strate-
gies for managing impacts and enables identification of knowledge gaps to drive 
subsequent investigation.

The framework and its implementation are broadly regarded as effective in 
providing stakeholders with information and a mechanism to address issues relating 
to groundwater pressure impacts from CSG water extraction. As an independently 
funded and scientifically focused body, OGIA links assessment with regulatory 
management arrangements, and in doing so, has been able to build stakeholder 
confidence. For CSG companies, the framework provides clarity about statutory 
obligations. The involvement of OGIA reduces concerns about conflicts of interest, 
benefitting both CSG companies and bore owners.
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Videos

• Video 1: Introductory overview of the Surat CMA (https://www.business.
qld.gov.au/industries/mining-energy-water/resources/environment-water/
coal-seam-gas/surat-cma/location-geology).

• Video 2: The basins and geological formations, the complexity of the geological 
layers, effects of these layers, and movement of groundwater in the Surat CMA 
(https://www.business.qld.gov.au/industries/mining-energy-water/resources/
environment-water/coal-seam-gas/surat-cma/location-geology).

• Video 3: How groundwater impacts may occur in aquifers surrounding the CSG 
formations in the Surat Basin. (https://www.business.qld.gov.au/industries/
mining-energy-water/resources/environment-water/coal-seam-gas/surat-cma/
location-geology).
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Chapter 5

Sources Identification of Water 
Inrush in Coal Mines Using 
Technique of Multiple Non-Linear 
Machine Learning Modelling
Yao Shan

Abstract

Water inrush is a major threat to the working safety for coal mines in the 
Northern China coal district. The inrush pattern, threaten level, and also the 
geochemical characteristics varies according to the different of water sources. 
Therefore, identifying the water source correctly is an important task to predict and 
control the water inrush accidents. In this chapter, the algorithms and attempts to 
identify the water inrush sources, especially in the Northern China coal mine dis-
trict, are reviewed. The geochemical and machine learning algorithms are two main 
methods to identify the water inrush sources. Four main steps need to apply, namely 
data processing, feature selection, model training, and evaluation, in the process of 
machine learning (ML) modelling. According to a calculation instance, most of the 
major ions, and some trace elements, such as Ti, Sr, and Zn, were identified to be 
important in light of geochemical analysis and machine learning modelling. The ML 
algorithms, such as random forest (RF), support vector machine (SVM), Logistica 
regression (LR) perform well in the source identification of coal mine water inrush.

Keywords: water inrush, source identification, coal mines, non-linear machine 
learning, groundwater

1. Introduction

Water inrush is one of severe hazards to coal mines in China. According to 
statistical material, more than 25 billion tons of coal resources are at the risk of 
water inrushes in China. From 2000 to 2015, 1162 water inrush accidents were 
reported, causing 4676 deaths. The number of accidents and deaths took 3.3% and 
7.8% of all accidents in coal mines. In spite of the low proportion, major accidents 
often took place, leading to severe property and live loss.

Northern China district is an important coal base area, reserves of which takes 
nearly 40% of all country. Therefore, the prevention of water inrush accident is 
a key issue to the mining safety. The main threats of water inrush to the working 
face can be grouped into mainly four types, namely surface water, coal roof aquifer 
water, coal floor aquifer water, and goaf water. The coal roof water is usually relative 
to coal seam sandstone aquifers, sometime associate with quaternary aquifers. 
Goaf water formed when the working face closed and ground water filling up this 
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space. The coal floor water is usually relative to limestone aquifers in the Ordovician 
system and the Taiyuan Formation in the Carboniferous system.

The different types of water inrush threats show various foreshadow, bursting 
behaviour, and hazard rating, and corresponding treating technology is essential. 
Therefore, the technique to predict and evaluate the accident potential, forecast the 
accident occurrence, and identify water inrush sources, is a key step to prevent the 
accidents or disasters, and protect the working safety and human health and lives.

In this chapter, the main techniques that used to identify water inrush sources 
and its application, mainly focusing on the Northern China district, are illustrated.

2. Methods and it’s applications for source identification

A basic strategy to identify source of water inrush is based on the geochemical 
characteristics. Some researchers have compared concentrations of major ions, 
including K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, CO3
2−, HCO3

−, and also total dissolved 
solid, between different aquifers to determine water sources.

In different aquifers, the water composition is a response of its original char-
acteristics and water-rock interaction process. In the Northern China, two main 
groups of aquifers are coal bearing strata aquifers and limestone aquifers. The 
geochemists used to find key ions in water, sometimes using geochemical figures, to 
determine the water sources.

While the geochemical strategy is based on some unique ions and parameters 
in a lower dimension, another strategy, namely the machine learning (ML) algo-
rithms, is based on multivariate analysis, including some specific methods, and 
provide more quantitate and reliable results.

2.1 Geochemical methods

The geochemical method is a popular technique in the water inrush identi-
fication, for mainly two reasons. First, some coal mines, especially for the large 
companies, have their own laboratory to test water geochemistry. Therefore, it 
is easy to obtain data. Second, the experienced technicians are familiar with the 
water geochemical data, especially for the major ions and important parameters. 
Researchers usually begin their study from the normal water geochemistry, to 
investigate water characteristics in every aquifer, set up identification model 
to distinguish water type from others, and find out the water-rock interaction 
mechanism for the water composition.

An easy-to-handle method to identify water source is to analyse the major 
ion characteristics. Cheng et al. [1] analysed water geochemistry in quaternary 
aquifers, magmatic aquifers, limestone aquifers in the Huaibei coal mine district, 
Anhui province. The data was grouped into different chemical types, which can be 
used as database for the water source identification. Chen and Gui [2] discussed 
water geochemistry in Wanbei coal mine district in Anhui province. Zhang and 
Cao [3] analysed ground water in Hancheng coal mine district in Shannxi prov-
ince, founding that the potential water burst point was related with the limestone 
aquifer. Dai et al. [4] discussed water characteristics in Xiangshan coal mine in 
Shannxi province. The data was grouped using SPSS to set up a database for further 
coal mine monitoring and forecasting. The author’s group have collected and anal-
ysed more than 30 water samples in the Lu’an coal mine district in Shanxi province, 
the pattern of water flow underground and water characteristics in every ground 
aquifer were summarised, some important ions, trace elements, and parameters, 
were identified and used to distinguish water sources from others.
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A geochemical chart, the piper diagram, is usually used to analyse and group 
water samples into different groups by drawing the data as points in two triangle 
and a diamond figure. Zhang and Cao [3], Dai et al. [4] have applied this tech-
nique to identify the water sources. Author’s group have collected samples in 2019, 
Table 1 shows part of the data, and Figure 1 shows the water geochemistry in a 
piper diagram.

As Figure 1 showing, water in coal bearing seam shows similar characteristics, 
Na+ and K+ take more than 80% and up to more than 95% of all the cations. TDS 
of the most water sample were less than 1000 mg. The limestone water shows a 
spanning pattern. TDS of the limestone aquifer water also showed a much wider 
range, from less than 500 mg to higher than 3000 mg. In the limestone aquifer, 
water volume is larger, and water-rock interaction is stronger than that in the coal 
bearing seam, which maybe the reason to the water characteristics in the limestone 
aquifers.

The source identification using basic geochemical technique is a qualitative, or 
semi-quantitative method, which may mainly depend on researchers’ experiences. 
If distinguished differences between aquifers are observed in low dimensions, the 
basic geochemical technique is useful and easy to use. However, while the differ-
ences reveal in a higher dimension, i.e. the difference of ions’ composition, this 
method system may lead to a confusing result.

Not only the major ions, but also trace element concentrations and isotope values 
can be used to distinguish one source from others. Some researchers have used 
the trace elements to distinguish water samples from others or set up discriminant 
models. Feng and Han [5] analysed concentration and occurrence of trace elements 
and modelled its formation using PHREEQC. Chen et al. [6] collected 24 samples 
from the quaternary aquifers, coal seam sandstone aquifers, and limestone aquifers 
in Wanbei coal mine district in Anhui province and tested 24 types of trace elements, 
including Be, B, Sc, V, Cr, etc. The samples and trace elements were clustered. Then 
eight trace elements, including Be, Zn, Ga, Sr, U, Zr, Cs, Ba, were found to be key 
parameters to set up discriminant model. The key trace elements were used to train 
Bayes discriminant analytical model with a good performance.

Isotopes are also used in the water inrush in the coal mines. The most popular 
isotopes are δD and δ34S of water. In recent years, the studies are applied in Wanbei 
coal mine district [7–9], and Fushun coal mine district [10], etc.

No. K++Na+ Ca2+ Mg2+ Fe3+ Fe2+ NH4
+ Total

1 363.95 0.84 0.23 0.03 0.09 0.00 365.14

2 17.07 138.56 38.96 0 0 0 194.59

3 12.86 61.84 13.63 0 0 0 88.33

4 41.58 69.88 32.14 0 0 0.07 143.67

5 12.01 65.87 32.14 0 0 0.2 110.22

6 240.88 0.08 0.02 0.15 0 0.44 241.57

7 315.05 12.44 4.14 0 0 1.51 333.14

8 88.16 356.63 38.96 0.11 0 0.38 484.24

9 351.19 1.07 0.54 0.07 0 0.47 353.34

10 334.4 0.21 0.21 0 0 0.41 335.23

Table 1. 
Major ion data in ground aquifer (mg/L).
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In the author’s research in Lu’an coal mine district in Shanxi province, the major 
ions and trace element were treated together, then SO4

2−, Ti, Sr, Mg, K + Na, Zn, 
and Cl− were chosen to be typical ions or elements to train models.

Furthermore, the water form in a scale of whole water unit, therefore the analy-
sis should be carried out in a scale of whole water unit, but not a single point. In the 
Northern China area, several ground units can be divided, the water-rock interac-
tions among which show similar pattern in different coal mine district. Therefore, 
the analysis of coal mine district scale and comparison between different coal mine 
district is an important task to summarise the common mechanism of the water-
rock interaction and distinction models.

2.2 Machine learning methods

The geochemical method is effective only if the water samples can be grouped 
and divided very clearly by one or very few parameters. In most scenario, the 
ion-distinguishing method is confusing and lack of accuracy. The difference of 
water samples is embedded in a high dimension, i.e. the combination of major ions, 
trace elements and other parameters. It is hard to find the dividing mode just by 
observation or simple drawing. Benefiting from the developing of data science and 
technology, the environmental and geological issues, including the ground water can 
be described, and divided by ML methods.

The ML algorithm can be simply divided into supervised, unsupervised, and 
semi-supervised, depending on how the target variables are labelled. For some 
environmental and geological problems, the target variables cannot be labelled, 
then the unsupervised ML algorithm, such as principal components analysis (PCA) 

Figure 1. 
Piper drawing of the ground water (In the figure, the squares stand for surface water, the triangles stand 
for quaternary water, the circles stand for coal bearing seam water, and the stars stand for limestone aquifer 
water).
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are applied. For example, Shan et al. [11] applied the PCA method to analyse the 
occurrence and leaching mechanism in coal and host rock, Pumure et al. [12] found 
out successfully of the occurrence of As and Se in coal host rock. Self-Organising 
Maps (SOM) is a kind of unsupervised artificial neural network (ANN) used in a 
large data amount scenario [13–14]. The PCA algorithm is only used for the water 
inrush if the target variables cannot be labelled [15–17].

While the researchers carrying out their studies, discriminant models should be 
trained. The training data is obtained from the samples collected from every aqui-
fer. In this step, the data is usually marked clearly. Therefore, the target variables 
can be obtained for most research cases, and the supervised ML algorithm can be 
used, which shows high precise and accuracy than the unsupervised ML algorithm. 
There are several algorithms are suitable for the model training, such as artificial 
neural network (ANN), support vector machine (SVM), discriminant analysis 
(DA), decision tree (DT), random forest (RF), boosting, and regression, etc.

In the Northern China, supervised ML algorithm has been used in several coal 
mine districts. Table 2 shows part of the research cases in the Northern China 
area in recent years. It can be concluded from the table that DT criterions are most 
implemented, some other methods, such as SVM, and ANN, are also used.

2.2.1 Supervised machine learning algorithm

Up to present, the DA is a most popular method analysis to identify sources of 
water inrush in the Northern China district. Two criterions are usually used, namely 
Fisher criterion and Bayes criterion. In the framework of Fisher-criterion based 
DA algorithm, high dimensional data is projected to a one-dimension space, then a 
discriminant criterion is obtained to achieve the maximum variance between two 
groups and the minimum in-group variance. Because this method is used to handle 
a two-group problem, many rounds of calculation are needed for a multiple-group 
problem. The Bayes-criterion base DA method calculate the posterior probabilities 
of the sample in each group, then the sample can be classified into the group with 
the highest posterior probability. Comparing with the Fisher criterion, the Bayes 
criterion is more frequently used.

The DA is a kind of linear algorithm. Along with the development of ML tech-
nology, non-linear modelling is widely used in researches, including the geological, 
environmental, and engineering area. In order to deal with problems of surface 
water and ground water, the SVM method is applied to predict water quality and 
water level [23, 24], ANN and DT are used to predict the [NO3

−] of ground water 
[25], set up the water quality monitoring system [26]. Boosting tree is also used to 
classify distributed water and ground water.

However, the non-linear ML method is relatively less applied to deal with the 
water inrush problems in coal mines, though higher accuracy maybe achieved 

Coal mine districts Years Algorithm Sources

Anhui province 2014 Fishes discriminant [18]

Henan Province 2015 Feature ions- discriminant [19]

Shanxi Province 2015 Support vector machine [20]

Anhui Province 2016 Bayes Discriminant [6, 7, 21]

Henan province 2019 PCA – grey relationship analysis [22]

Table 2. 
Some implementation of water inrush source identification in the northern China in recent years.
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compared to the linear algorithm. According to literature research, the ANN [27] 
and SVM [20] have been implement in this area. The ANN is a very popular tech-
nique in many areas, including figure and voice identification, driverless driving, 
etc. However, the ANN usually needs large amount of data to train model to control 
its over-fitting problem. On the other hand, the data of the environmental and 
geological area, including the water inrush analysis are usually structured data, and 
limited to a small data quantity. As a result, the problem of over-fitting problem is 
hard to control, which means low accuracy of prediction is prospected while using 
the ANN model to check using the testing data, though a high accuracy may be 
obtained while testing the model using the training data. The algorithm of SVM 
perform better to control the over-fitting problem. Other than SVM, the DT, DT, 
boosting tree, Bayes network (BN) also have good prospect, in consideration of the 
characteristics of the coal mine ground water, i.e. structured small data quantity.

2.2.2 Data selection and feature engineering

The tested data of ground water is material of model training. However, the data 
preparing is essential to ensure or enhance the model quality. The data preparing 
work mainly includes data selection and feature engineering.

In a wide sense, the data selection includes data cleaning, which means treat-
ment of unit and missing data. Then the data should be selected to determine those 
used in the model training step. The data selection is applied in two stages, before 
model training and after model training. Before the model training, the suitable 
data for the model training means to make sure all the data is labelled correct. 
Uncorrected marked data leads to wrong model definitely, regardless of the quality 
of models. After the model training, the training data should be checked again. 
The data have to be checked very carefully to find wrong classified data. While it is 
determined to wrong pre-labelled, then the data should be deleted, and new model 
need to be trained.

The other important work before the model training is feature engineering. The 
basic mechanism to process feature engineering is to achieve a best performance 
of the model. Figure 2 shows the idea of feature engineering. Number of features, 
or parameters, means the model complexity. More features in the model lead to 
a higher complexity of the model. As Figure 2 showing, the prediction perfor-
mance is related to model complexity. A very simple model lead to very bad model 

Figure 2. 
Correlation of the model complexity and prediction error.
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performance, that’s why the non-linear models are used. Along with the increasing 
of model complexity, the prediction error of the training samples becomes lower 
steadily. On the other hand, the prediction error of the testing samples gets lower 
at first, then higher again. That suggested over-fitting problem in the ML model. 
Therefore, the feature has to be processed if a good performing model is acquired.

The feature engineering includes feature fusion and feature selection. A com-
mon feature fusion method is PCA. The PCA can reduce dimension of data, then 
the features in a lower space could stand for most data information. As combina-
tion of the original features, the new feature cannot reflect the data characteristics 
directly. While the researchers want to analyse the importance of the parameters in 
the original data, the feature selection technique should be used.

Popular feature methods include RF, and Lasso regression, etc. The RF based 
feature selection undergoes the following steps.

1. The data set X contain N samples, draw samples randomly from the data set X 
using the bootstrap resampling method. The resampling is carried out k times, 
to construct k regression tree. In this process, the probability of no drawing 
of each sample is p = (1–1/N) N. The p tends to 0.37 while the N increasing to 
infinity. That means that about 37% of the samples in the data set X are not 
drawn, these data are not used in the DT training, calling out-of-bag (OOB) 
data. These OOB data is used to test the regression trees.

2. For k bootstrap samples, k unpruned regression trees are created respectively. 
In the training process, for each node, m attributes are randomly selected from 
the total M attributes as internal nodes. Then, an optimal attribute is selected 
from m attributes as a split variable to make the branches grow, according to 
the minimum Gini index principle.

3. The k decision tress comprises a random forest, the model quality could be 
evaluate using two indices: large mean square error of OOB (MSEOOB) and low 
coefficients of determination (R2

RF).
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Where n is the total number of the samples, iŷ is the predicted output 
obtained by the generated RFR regression model, iy is the observed output 
value, and the 2

yσ̂ is the predicted variance of the OOB output.

4. The RF regression model provides two methods to determine the importance 
degree of each variable index: mean decrease in Gini index and mean decrease in 
accuracy. In a regression model, the mean decrease in Gini is usually used, and 
the mean decrease in accuracy is more applied for the classification  problem. 
The water inrush source identification is a kind of classification problem, 
 therefore the mean decrease in accuracy is selected.

While carrying out the inrush source identification, the attributes could be 
used in the model includes major ions, trace elements, important parameters, and 
isotopes, etc. In which, the data of major ions and important parameters are easier 
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to obtain. On the other hand, adding of trace elements and isotopes into the models 
may enhance the model performance, for these parameters carries a lot of informa-
tion of the water samples. In consideration of easy using, only major ions and impor-
tant parameters is used, while considering for the model accuracy, more parameters 
could be added. Therefore, it is a balance need to consider while building models.

In our previous study in the Lu’an coal mine district in Shanxi Province, all the 
prescribed parameters have been tested. In the first step, the feature selection was 
applied on the major ions and important parameters. Figure 3 shows the calculation 
result while using the algorithm of RF. As Figure 3 showing, key attributes to the 
mode are SO4

2−, C (stands for CO3
2− and HCO3

−), K++Na+, Mg2+, Cl−, and Ca2+, in a 

Figure 3. 
Feature selection result of major ions and important paraments using RF algorithm.

Figure 4. 
Feature selection result of all data using RF algorithm.
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descending order. It can be concluded that all the major parameters contribute to 
the explanation of water source identification.

For the trace elements and isotopes may carry information of the water samples, 
all the parameters were calculated following the same process of feature selection 
illustrated in the previous section, which is shown in Figure 4. As the figure show-
ing, the key attributes for the model turned out to be SO4

2−, Ti, Sr, Mg2+, K++Na+, Zn, 
and Cl−. Comparing with the first feature select, the major ions still play important 
role in the water inrush identification, that’s because of the significant water-rock 
interaction in the ground aquifer. However, some trace elements are also important 
in the distinguishing water source from others, including Ti, Sr, and Zn. These trace 
elements show low concentrations in coal bearing seam water, and higher concentra-
tions in limestone aquifer water.

We have also applied the Lasso regression to determine important attributes for 
the model training. The RF perform better, so only the RF result is illustrated in this 
chapter.

2.2.3 Model selection

In the previous description, the data and attributes have been selected to train 
models, and the model frameworks need to select and evaluate. According to the lit-
erature review, the non-linear ML modelling is seldom applied to solve the problem 
of water inrush in coal mines in the Northern China area. However, by consideration 
the mechanism of ML algorithm, and relative studies in the environmental and geo-
logical area, some non-linear ML method were applied, evaluated and compared.

Li et al. [20] applied the SVM algorithm to determine the source of water inrush. 
The SVM algorithm project data from a lower dimensional space to a higher dimen-
sional space by applying the kernel functions. Then the data that cannot divided in a 
lower dimensional space can be separated. Several types of kernel can be evaluated, 
such as radial basis and poly-nominal functions, etc.

Li et al. [20] compared the performance of geochemical and machine leaning 
methods on the water inrush issues based on the Lu’an coal mine district. It was found 
that, the accuracy by using the SVM method has achieved 100%, while only 42% 
and 48% have obtained while using one (SO4

2−) or two (SO4
2− and Ca2+) parameters 

as the key attributes, respectively. In this research, the radial basis and poly-nominal 
function were not compared. However, a mixing kernel function was proposed.

The ANN has also used to identify the source of coal mine water inrush [27]. For 
example, in the research of Li et al. [27], an improved genetic algorithm combining 
PCA and back propagation ANN were applied. The research had achieved a simple, 
reasonable, and effective distinguishing result.

In a previous study carried out by the authors’ group, 42 samples were collected 
from the Lu’an coal mine district, Shanxi province, which belong to six water types, 
namely sandstone aquifer water, Ordovician limestone water, Taiyuan forma-
tion limestone water, goaf water, spring water, and fault-oxidising zone water, 
respectively. The parameters tested included K+, Ca2+, Mg2+, SO4

2−, pH, Fe, NO2
−, 

I, Cl− and temperature. The data was normalised before the model training. Some 
non-linear ML was applied. The research has focused on the following issues: first, 
the key attributes should be selected by the ML method, which has been described 
in the previous section, second, the data need to be cleaned and selected, third, a 
wide scope of parameters should be considered, including major ions, important 
traditional parameters, trace elements, and isotopes, and the fourth, the ML frame-
work need to be evaluated and compared.

We have applied several algorithms; the identification result is shown in Table 3. 
Considering the easy using of the model, only major ions, and key parameters are used 
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in the first-round model training. In a traditional process, the data should be divided 
into two groups with a ratio of 7:3. The first part is used to train models, and the second 
part is used to evaluate the model performance. Because the amount of data is limit, 
the models’ test was carried out by using the method of re-calculating the sample data 
using models. Other than the ridge regression (RR), other algorithm showed better 
performance. The DA was based on the Bayes criterion, showing an acceptable result. 
Comparing the two SVM method, poly-nominal kernel got a better result than that of 
the radial kernel SVM.

The wrong identified data is important to the modelling. Four main reason 
may lead to the result: First, the water sample was wrong labelled; second, the 
water is a mix of multi water sources; third, the attributes selected is not suit-
able; and fourth, the model need to be improved or more suitable model frame-
work is needed.

For the first reason, the data should be analysed very carefully. If not representa-
tive, the samples should be deleted. For the second reason, the water mix should 
be calculated using other method, such as the nonlinear programming. In order 
to improve the model performance, the scope of the attributes enlarged to include 
trace elements and isotopes. For the trace elements of some samples was not tested, 
the overall sample data was less than the first-round training. According to the 
results, better performance was observed when using the trace elements. It sug-
gested that some trace elements can be used as the key attributes in the water source 
identification. And the wrong-identified samples were probably because of poorer 
performance of the first-round modelling, rather than the wrong-labelling of the 
samples. Comparing the ML framework, the RF, SVM, LR, and the Bayes-based 
discriminant analysis all showed high accuracy. The accuracy of ridge regression 
(RR) is less than others. Comparing the two kernels used for the SVM, the poly 
nominal based SVM showed a better performance.

3. Conclusions

In this chapter, the main methods to identify water inrush sources in the coal 
mines, especially in the Northern China area, were reviewed.

Attribute scope ML algorithm Corrected identification

Major ions and parameters RR 28/31

Major ions and parameters RF 29/31

Major ions and parameters SVM (radial basis) 29/31

Major ions and parameters SVM (poly-nominal) 30/31

Major ions and parameters LR 29/31

Major ions and parameters DA 29/31

All data RR 23/25

All data RF 25/25

All data SVM (radial basis) 24/25

All data SVM (poly-nominal) 25/25

All data LR 25/25

All data DA 25/25

Table 3. 
Identification result of water resource using the non-linear ML algorithm.
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Chapter 6

Fractal Scaling Properties in
Rainfall Time Series: A Case of
Thiruvallur District, Tamil Nadu,
India
Ibrahim Lawal Kane and Venkatesan Madha Suresh

Abstract

In the present study, the features of rainfall time series (1971–2016) in 9
meteorological regions of Thiruvallur, Tamil Nadu, India that comprises
Thiruvallur, Korattur_Dam, Ponneri, Poondi, Red Hills, Sholingur,
Thamaraipakkam, Thiruvottiyur and Vallur Anicut were studied. The evaluation of
rainfall time series is one of the approaches for efficient hydrological structure
design. Characterising and identifying patterns is one of the main objectives of time
series analysis. Rainfall is a complex phenomenon, and the temporal variation of
this natural phenomenon has been difficult to characterise and quantify due to its
randomness. Such dynamical behaviours are present in multiple domains and it is
therefore essential to have tools to model them. To solve this problem, fractal
analysis based on Detrended Fluctuation Analysis (DFA) and Rescaled Range (R/S)
analysis were employed. The fractal analysis produces estimates of the magnitude of
detrended fluctuations at different scales (window sizes) of a time series and
assesses the scaling relationship between estimates and time scales. The DFA and
(R/S) gives an estimate known as Hurst exponent (H) that assumes self-similarity
in the time series. The results of H exponent reveals typical behaviours shown by all
the rainfall time series, Thiruvallur and Sholingur rainfall region have H exponent
values within 0.5 < H < 1 which is an indication of persistent behaviour or long
memory. In this case, a future data point is likely to be followed by a data point
preceding it; Ponneri and Poondi have conflicting results based on the two methods,
however, their H values are approximately 0.5 showing random walk behaviour in
which there is no correlation between any part and a future. Thamaraipakkam,
Thiruvottiyur, Vallur Anicut, Korattur Dam and Red Hills have H values less than
0.5 indicating a property called anti-persistent in which an increase will tend to be
followed by a decrease or vice versa. Taking into consideration of such features in
modelling, rainfall time series could be an exhaustive rainfall model. Finding
appropriate models to estimate and predict future rainfalls is the core idea of this
study for future research.

Keywords: Hurst Exponent, Detrended Fluctuation Analysis (DFA), Rescaled
Range (R/S) Method, Fractal Analysis, Long memory
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1. Introduction

It is challenging task to represent many natural phenomena such as rainfall,
earthquakes, wind speed, groundwater flow which vary randomly over time with
a physical model. Normally natural phenomena exhibit a high degree of random-
ness, which will not easily show any pattern beside seasonality and trend. Hydro-
logical phenomena are often regarded as principal examples for non-linear
systems and apprehended as complex systems. Indeed, most hydrological phe-
nomena are considered as the outcome of simple systems with nonlinear
interdependent but sensitive dependence on initial conditions [1]. Studies have
shown that the so called random phenomena exhibit some correlations which can
be exposed with some analytical tools. Most of these natural phenomena are not
subjected to pure chance but exhibit some kind of correlation e.g. [2, 3]. Monoto-
nous trends may lead to an uncorrelated pattern, under the impact of a trend, to
look like long-term correlated pattern [4]. Furthermore, it is difficult to distin-
guish trends from long-term correlations, because stationary long-term correlated
time series exhibit persistent behaviour or long memory and a tendency to stay
close to the momentary value [5].

Rainfall is one of the challenging components of the hydrological cycle that
exhibits a high non-linear and complicated phenomenon and requires standard
and well detailed modelling to obtain accurate prediction. The complex nature
of rainfall time series has been appreciated for decades, for example, Tiwari &
Pandey [6] studied the trend of rainfall long-term record from 1851 to 2006 for
seven meteorological regions of India using the methods of Linear trend analy-
sis, innovative trend analysis, sequential Mann–Kendall test and partial cumula-
tive deviation tests. Rakhecha [7] analysed rainwater features using descriptive
statistics on seasonal features of rainstorms, areal rainfalls, quantum and rain-
water variability that produced droughts and floods in West Rajasthan. He had
used rainfall data of 124 years (1871–1994) in a manner that the information
became useful in utilising water resources for human activities. Graham &
Mishra [8] modelled with 31 years rainfall data (1985–2015) for Allahabad,
Uttar Pradesh-India using Box-Jenkins Methodology. Their results indicated that
the seasonal Autoregressive Integrated Moving Average model (ARIMA) model
provides consistent and satisfactory predictions for rainfall parameters on
monthly scale. Uba & Bakari [9] analysed 372 rainfall data observations for the
period of 1981–2011 in Maiduguri-Nigeria. Their results indicated that ARIMA
(1, 1, 0) provides a good fit for the rainfall data and is appropriate for short
term forecast. Olatayo & Taiwo [10] presented a study that utilised emerging
Fuzzy Time Series (FTS), ARIMA and the Thiel’s regression methods for the
analysis and forecasted the dynamical pattern of rainfall occurrences based on
historic data.

Rainfalls data modelling is very essential to many hydrological issues, for exam-
ple, in identification of intense, moderate and low rainfall areas; detecting areas
prone to flood, drought, and other hazardous events; and for agricultural purposes
[11]. However, most of the literatures deal either with linear or nonlinear modelling
approaches e.g. [12, 13]; both approaches achieved successes in their domains.
Nevertheless, none of approaches is found to be a common model that is suitable for
all circumstances. These problems strengthen our thinking to extract more infor-
mation from the available rainfall data. In fact, one of the purposes of measuring
data is to learn about the mechanisms in the data themselves and to make conclu-
sion about its present and future state.

Thiruvallur is a region of highly variable rainfall in both spatially and tempo-
rally. Therefore, the study of rainfall variability is fundamental to examine its
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impact on socio-economic activities. Rainfall in Thiruvallur is highly seasonal that is
nonlinear with an organised pattern of clustered structure and may exhibits multi-
scaling features. Understanding the nature of the temporal variability of rainfall is
important to improve the predictability of climatic events such as floods and
droughts [14]. Thus, it is essential to develop a systematic method that will capture
the observed characteristics of the data. This study objectively detects the
Thiruvallur rainfall patterns for better understanding of researchers in modelling
rainfall time series.

2. Data used and study area

The data used in this study is from the Thiruvallur monthly rainfall records of
nine locations such as; Thiruvallur, Korattur_Dam, Ponneri, Poondi, Red Hills,
Sholingur, Thamaraipakkam, Thiruvottiyur and Vallur Anicut for the period of
over 30 years (1971–2016) collected from Institute of Water Studies, Public Works
Department, Government of India. Thiruvallur is one of the fastest developing
districts in Tamil Nadu, India. it lies between 12°150 and 13°15' North latitude and
79°150 and 80°200 East longitude. The district experiences semi-arid sub-tropical
monsoonal climate. Thiruvallur forms part of Coromondal coastal region, topo-
graphically flat with some few hills undulated. The average maximum temperature
is between 29°C to 36.6°C with the minimum within 17.3°C to 24.4°C. The average
normal rainfall of the district is 1104 mm. Out of this about 50% is received during
north east monsoon period and about 40% is received during south west monsoon
period (http://www.tnenvis.nic.in. retrieved 02/04/2021). The geographical map of
the study area is given in Figure 1.

Figure 1.
Geographical map of Thiruvallur district.
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3. Methodology

The analysis focus on characterising rainfall based on historical data. The
descriptive statistics of the data was first discussed followed by the analysis of
fractal scaling properties. The description of the methodology is given in the
flowchart in Figure 2.

3.1 Fractal scaling analysis

Many geophysical fields appear geometrically complex involving high
variability, intermittency and frequent occurrence of extreme values. Fractal scal-
ing analysis, on the other hand presents variety of techniques which can quantify
such properties using Hurst phenomenon. The parameter H (Hurst Exponent),
display the scaling property of a time series. The Hurst exponent takes values from
0 to 1 (0 ≤H ≤ 1). IfH = 0.5, the series is a random walk (Brownian time series) and
there is no correlation between any element and a future element, that is; knowing
one data point does not provide insight into knowing future data points in the
series. If 0.5 < H < 1, the series indicates persistent behaviour or long memory. In
this case, a future data point is likely to be a data point preceding it. If 0 < H < 0.5,
the series is called anti-persistent. In this case, an increase will tend to be followed
by a decrease or vice versa [15]. Among the methods used for quantifying the H
embraced in this paper are; Detrended Fluctuation Analysis (DFA) and Rescaled
Range (R/S) Methods.

3.1.1 Detrended fluctuation analysis (DFA)

Consider a fluctuating time series xi for i ¼ 1, 2, 3, … ,N sampled at equal time
interval iΔt. Assuming that xi are increments of a random walk process around the
mean x ¼ N�1PN

i¼1xi ¼ 0, the ‘trajectory’ of the signal following integration is

given as: y j ¼
P j

i¼1xi, thus, by dividing the profile into distinct segments indexed

by k ¼ 1, 2, … , N
n

� �
, the confined trend is fitted in each segment, by the polynomial

f pð Þ
k jð Þ of order p, and the profile is de-trended using the expression;

Zp
j ¼ y j � f pð Þ

k jð Þ, for j ¼ 1, 2, … ,N (1)

Input Data

Data Descrip�ve Sta�s�cs

Fractal Scaling Analysis

DFA Method R/S Method

Display results

Figure 2.
Flowchart of the methodology.

80

Groundwater Management and Resources



Following [16], the possible fluctuations can be measured using the root mean
square for a given segment of length n.

Fp nð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n N=n½ �

s Xn N=n½ �

j¼1

Zp
j

� �2
(2)

A power-law relationship between Fp nð Þ and n designates scaling with an
exponent δ

Fp nð Þ � nδ (3)

and such a process has a power-law autocorrelation function
C τð Þ ¼ ⟨x jx jþr⟩ � τ�α, where 0< α< 1, and the relationship between the correlation
exponents is α ¼ 2 1� δð Þ [17]. Hurst exponent H can be obtained directly from the
scaling exponent α, that is, α ¼ H.

3.1.2 Rescale range method

The Rescale Range formula is given as [18]:

R=Sð Þn ¼ cnH (4)

where R=Sð Þn represent the rescaled range R=Sð Þ statistic measured over a time
index n, the terms c andH represents a constant and the Hurst exponent respectively.
The estimation of the Hurst exponent is done by taking the logarithm of (4) to give:

log R=Sð Þn ¼ log cð Þ þHlog nð Þ (5)

H can be estimated as the slope of log/log plot of R=Sð Þn versus n.
Consider a rainfall time series xt, for t ¼ 1, 2, …N, the R=Sð Þ can be defined as

the series representing cumulative deviations from the mean of the rainfall series
rescaled by its standard deviation. In the (R/S) logic, long memory or long term
dependence is considered as the extended periods of whole similar behaviour with
unequal duration. The methodical process to estimate R=Sð Þn values can be
described in the steps below following [15]:

Step1: The time period of a time series of length N is grouped into m adjoining
sub groups of length n such that m � n = N with sub group carrying xij where i ¼
1, 2, … , n denotes the number of terms in each sub group and j ¼ 1, 2, … ,m denotes
the sub group index. For each sub group j the R=Sð Þ statistic can be estimated as:

R=Sð Þ j ¼ S�1
j max 1≤ k≤ n

Xk
j¼1

xij � x
� �� min 1≤ k≤ n

Xk
j¼1

xij � x
� �" #

(6)

where S j denote the standard deviation for each sub group. In Eq. (5), the kth

deviations from the sub group mean have mean equal to zero, therefore the last
value of the cumulative deviations for each sub group will equally be zero. Hence,
the maximum value of the cumulative deviations will be greater than or equal to 0,
whereas the minimum value of the cumulative deviations will be less than or equal
to 0. Thus the bracketed term, that is, the range value will be non-negative.

Step2: The R=Sð Þn is computed by taking the average of R=Sð Þ j for all the m
adjoining sub groups with length n resulting to:
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R=Sð Þn ¼ 1=m

Xk
j�1

R=Sð Þ j (7)

Step 3: Note that Eq. (6) calculates the (R/S) value corresponding to a certain
groups of length n. While applying Eq. (5), steps 1 and 2 are repeated by increasing
n values until n ¼ N=2. After these steps, it is apparent that the time width is
contained in the (R/S) analysis by examining whether the range of the cumulative
deviations depends on the length of the whole time period. After Eq. (7) is esti-
mated for different n periods, the Hurst exponent can be estimated through an
ordinary least square regression from Eq. (5).

4. Results

4.1 Descriptive statistics of the rainfall data sets

The descriptive statistic of the considered 9 monthly rainfall series is given in
Table 1. It could be observed from the table that S01-S08 series follow the same
statistical patterns with standard deviation less than the mean and S09 has standard
deviation greater than the mean. The Coefficient of Variation (C.V) measure the
distribution of data points around the mean. It symbolises the ratio of the standard
deviation to the mean. Data with a C.V value less than 1 is considered to have low-
variability, while that with a C.V value higher than 1 is considered to have high
variability [19]. From Table 1, the C.V’s for all the data sets are higher than 1 which
indicate that the rainfall fluctuates significantly through time except that of S09
which shows negligible C.V from the mean.

4.2 Fractal scaling analysis

Figure 3a–i depicted the results of the (DFA) with fractal scaling properties.
DFA gives estimates of the degree of detrended fluctuations at different periods
(window size t) of the rainfall time series. It measures the scaling association
between estimates and the window size. The estimation of the Hurst parameter H
by (DFA) method shoulders self-similarity in the rainfall series. The signal is said to
be self-similar if the detrended fluctuations increases as a power law function of
time scale and yield a straight line on a log–log fluctuation plot as the association

Station Station code Mean Std. dev. Skewness Kurtosis C.V

Thiruvallur S01 108.74 139.99 2.05 8.33 1.29

Korattur_Dam S02 102.24 138.23 2.49 12.79 1.35

Ponneri S03 114.63 160.33 2.23 9.52 1.39

Poondi S04 101.11 133.30 2.89 18.93 1.32

Red Hills S05 117.61 174.87 2.88 15.21 1.49

Sholingur S06 73.30 94.92 2.08 9.14 1.28

Thamaraipakkam S07 99.55 128.83 2.13 9.97 1.29

Thiruvottiyur S08 77.85 115.49 2.54 11.38 1.48

Vallur Anicut S09 113.64 110.19 0.47 1.77 0.97

Table 1.
Summary of the descriptive statistics of the rainfall data sets.
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between the estimates and window size t. The slope of the plot is the scaling
exponent estimate which gives the fractal scaling property also summarised in
Table 2 for the 9 locations.

The statistical technique based on (R/S) is designed to assess the nature and
extent of variability in data over a time period with the purpose of providing an
assessment of how the apparent variability of the rainfall series changes with the
length of the time-period 1971 to 2016. (R/S) reveals whether or not a time series
exhibits persistence or anti-persistence. A log–log plot of the (R/S) statistic versus
the number of points of the aggregated series (Figure 4a–i) formed a straight line
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with the slope being an estimate of the Hurst parameter value. The (R/S) results are
summarised in Table 2.

The evidences in Figures 3 and 4 for (R/S) and DFA methods clearly shows that
monthly rainfall time series of Thiruvallur and Sholingur have Hurst exponent
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Figure 3.
Hurst exponents results based on DFA method for (a) Thiruvallur, (b) Korattur Dam, (c) Ponneri, (d) Poondi
(e) Red Hills, (f) Sholingur, (g) Thamaraipakkam, (h) Thiruvottiyur, and (i) Vallur Anicut.

Station Station code DFA (R/S)

Thiruvallur S01 0.57 0.58

Korattur_Dam S02 0.47 0.44

Ponneri S03 0.48 0.52

Poondi S04 0.45 0.51

Red Hills S05 0.44 0.42

Sholingur S06 0.57 0.56

Thamaraipakkam S07 0.40 0.40

Thiruvottiyur S08 0.46 0.45

Vallur Anicut S09 0.47 0.48

Table 2.
Summary results for Hurst exponents based on detrended fluctuation analysis and rescaled range methods.
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values within 0.5 < H < 1 which is an indication of strong persistence or long
memory, as such the series have a predictable component. Thamaraipakkam,
Thiruvottiyur, Vallur Anicut, Korattur Dam and Red Hills have H values less than
0.5, indicating a property called anti-persistent where in an increase will tend to be
followed by a decrease or vice versa [14]. Ponneri and Poondi have conflicting
results based on the two methods, however, their H values are approximately 0.5
showing a random walk behaviour, and in this, there is no correlation between any
part of the data. That is, knowledge of one data point does not provide insight to
predict future data points in the series.
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5. Conclusion

Monthly rainfalls in different locations of Thiruvallur district exhibit a tendency
of randomness in the long run. The presence of a changing deterministic pattern
was examined through a method that allows detecting both apparent and hidden
features in rainfall time series. The fractal Scaling analysis based on DFA and the
(R/S) methods reveals typical behaviours shown by all the rainfall time series, some
are persistent and purely random, some behaves as random walk and some have
anti-persistent behaviour. This shows that there is no universal model for predicting
rainfall in Thiruvallur district. Rather, rainfall in a location need to be treated based
on its associated features. Non consideration of fractal features in hydrological
variable modelling may lead to spurious estimates. Finding appropriate model to
estimate and predict future rainfalls with consideration to the observed
characteristic would be a subject for future research.
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Figure 4.
Plots of (R/S) Hurst estimates for (a) Thiruvallur, (b) Korattur Dam, (c) Ponneri, (d) Poondi (e) Red Hills,
(f) Sholingur, (g) Thamaraipakkam, (h) Thiruvottiyur, and (i) Vallur Anicut.
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