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Abstract. Groundwater recharge is an essential component in groundwater systems and
central to confirming the suitable management of aquifers. Several approaches in selecting
a method approximations based on a different method, other factors limit the application
of the method. Research of the groundwater recharge is important to be used in determining
the scale of spaceftime of the recharge estimates. In this study, multiple recognized
methods for predicting groundwater recharge were discussed, involving the fluctuated of
water-table method (WTF), Darcian approach, the water budget, soil water balance
approach, rainfall infiltration factor, tracer techniques which involving chloride mass-
balance and isotope dating method, all of which approached with dissimilar assumptions
and data requirements. In this paper, various techniques for predicting groundwater
recharge are outlined and critically assessed concerning their limitations.
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1 Introduction

Development sustainability in any area is influenced by the availability and renewability of
freshwater resources. The freshwater can be used by humans to carry out of life. Freshwater
comes from two sources, surface water and groundwater. Groundwater is an imperative natural
source and a main factor of the hydrologic system. Groundwater is very important and has
become most precious natural resources to support human health, economic development and
ecological variety. Groundwater utilization for humans life has been used for a long time. The
consumption of groundwater has risen rapidly over time, so in the last few decades, it has
become a limited source of water and 1s vulnerable to contamination. Therefore, these vital
natural resources must be protected. One of the most main elements in groundwater supply
valuation or aquifer susceptibility is the value at which water in the system is refilled or called
the rate of groundwater recharge [1].

In a groundwater system, groundwater recharge is the most central factor in the water
budget. The fundamental for every analysis in the sustainability of groundwater sources is to
understand and quantifying the groundwater recharge processes [2]-[4]. The assessment of the
sustainable yield of groundwater aquifers is depended on the form the measurement of the
recharge. The information of aquifer sustainable yield is significant for utilization of the
groundwater resources reasonability and sustainability [3]-[5]. Groundwater recharge is
described as the total precipitation element falling into a drainage basin which eventually




reaches the water table in the phreatic zone from any direction defined by the hydraulic
requirement [6]-[8]. In the calculation of the groundwater recharge, the study area is the main
consideration. In further, the variable of groundwater recharge is at all scales, in both space and
time and that also means the recharge predicting includes be around some quantifiable factors
inperiod and area [2]. The recharge estimates in scales of space/time are central because diverse
research goals involve recharge estimates over different space and/or time scales [3]. Besides
space and time scales, some control variables also affect recharge estimate. Some factors that
influence the groundwater recharge estimation including the rainfall, evapotranspiration,
infiltration, percolation, the humidity , geology, the nature of the soil, groundwater level and
aquifer characteristics, herbs and area usability, land slope and landform [3], [9], [10]. Based on
the complexity of the control variables and the uncertainty of the recharge estimate, it is one of
the most vital elements in ground water research. However, the recharge is also one of the least
understandable, largely because recharge rates vary widely in space and time, and the value is
difficult to directly measure [1].

Various complexity methods are used to estimate groundwater recharge wich cannot be
calculated directly [3]. Variances in sources and procedures of groundwater recharge will mean
that the appropriate rate of obtainable estimation methods will differ. The method used by a
hydrologist is usually based on the best estimation with a method that is relatively easy to apply
with hydrological data availability. The various techniques which usually used to quantify
recharge from the various sources are direct measurement, water balance methods, Darcian
approaches, water table fluctuation method, a fixed factor of annual rainfall, tracer techniques
(ie isotope dating and chloride mass balance equations), analysis of baseflow hydrographs,
spring discharges, water-table fluctuations, empirical methods, numerical modelling, water
budgeting [3], [9]-[12].

Because recharge is a significant element of groundwater and various approaches
commonly apllicated to predict it. in this study discussed how the recharge represented and
estimated. The aims of this study are to delineate the aspects of the several methods used in the
assessment of recharge based on the suitability of the space and time scale and advantages or
limitations of a specific method.

2 Methods

The methodology adopted in this study was traditional literature revieﬂ of descriptive
exploratory character. The number of techniques is obtainable in the literature for the estimation
of groundwater recharge to the aquifer, depends on data availability, geographic area and
topographic, consideration of spatial and temporal and dependability of results acquired by
various techniques. The techniques of recharge estimation can be categorized according to
hydrogeological area [13], hydrologic zones [3], physical, numeric modelling, and tracer
techniques [3], [13], [14]. Further will be explained about various techniques of recharge
estimate.

2.1 Water Table Fluctuation (WTF) Method

Water table fluctuation (WTF) method. This technique is one of a physical method in the
saturated zone or unconfined aquifer. The main indicator of actual aquifer recharge in the WTF




method is the water table rise after precipitation events. The fluctuating of water levels depend
on form recharge and discharge, and the range of the effect of two these elements is controlled
by specific yield factor (S,) which it depends on the structure and the texture of the sediments
of the aquifer. Thus, the WTF method principle is the rises of groundwater table in an
unconfined aquifer and shallow unsaturated (vadose) zone as a result of water being added to
the water table [1][15]. The recharge estimation is given in equation (1)
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With S, is specific yield and AH is water level fluctuation in interval At. This method
assumption is water table rising when the unconfined aquifer receives more water by recharging,
see Figure 1, the previous decline curvature is the track that the hydrograph will be monitored
in the lack of the recharging rainfall [15][16].

Water level

Y

Fig. 1. Assumtion of water table fluctuation method in response to rainfall.

The assumption of derivation in equation (1) that water reaching the water table goes
immediately into storage and sufficient time is required for the entry process. Some elements
that cause the need for time including baseflow, groundwater evaporation, and net sub-surface
flow in the area. The difference between peak water level rise and the value of the antecedent
recession curve that is extrapolated at the peak is a calculation of the increase in water level.
The methods usually used to predict water table escalation are graphical extrapolation and
calculation from a master recession curve (MRC).

The other important factor in ln use of water table fluctuation techniques in recharge
estimation is specific yield (Sy). The specific yield, Sy, is the fraction of water that will drain by
gravity from a volume of soil or rock or the difference among total porosity and the contentment
of water at field capacity, see equation (2).

S, =¢-5, . )

Where ¢ is porosity and S, is specific retention (the volume of water retained by the rock per
unit volume of rock). For the unconfined aquifers, the S, values range from 0.01 to 0.30, which
they are much greater than the values of storativities of confined aquifers [17]. The rock type or
the unconsolidated sediments very influential on specific yield value, and the connection




between porosity and specific yield is complex depending on the effect of certain deposit texture
[18], [19] see Table 1, cementation and compaction [20].

Table 1. The value of Sy [18].

Soil Type Average Coefficient Minimum Maximum  Number of
specific  of specific specific determinations
yield variations yield yield

(%)

Clay 0.02 59 00 0.05 15

Silt 0.08 60 0.03 0.19 16

Sandy clay 007 44 0.03 0.12 12

Find sand 021 32 0.10 028 17

Medium sand 026 18 0.15 032 17

Coarse sand 027 18 0.20 0.35 17

Gravelly sand 025 21 0.20 0.35 15

Fine gravel 025 18 0.21 035 17

Medium gravel 023 14 0.13 0.26 14

Coarse gravel 0.22 20 0.12 0.26 13

Because no hypotheses are made on the procedure by which water reaches to groundwater
causing the WTF techniques is quite easy to use. Another side, the method has some weaknesses
also. Water table fluctuation method is appropriate to only unconfined aquifers and the
techniques can not measure for a stable recharge rate. Other weaknesses arise in the calculation
of specific yield rates.

Many researchers have tried this method to predict the phenomena. The watertable
fluctuation approach was used to assess the periodic and yearly variants in increase of water
table and to predict the replenishment [21][22]. Quantification of the natural recharge from
precipitation in the south-middle part of Erbil basin — Iraq was used the WTF method [15].
Quantitative groundwater recharge estimation in a shallow unconfined aquifer in Bangladesh is
presented in details by the analysis of observed precipitation and water level fluctuations records
[23]. The combination of WTF approach and Boussinesq formula also aplicated by [24] to
predict groundwater replenishment. [25] presented a quantitative and qualitative analysis of
water table fluctuations of the shallow aquifer of the Gulf of Urabd in Antioquia — Colombia,
using the hourly water table records and daily aggregated records. The rainfall was ﬂnd as the
most influential meteorological variable in the water table fluctuations. The water-table
fluctuation method has been used too for estimating groundwater recharge by analysis of water
level measurements in observation wells in Korea with consideration regarding the effect of
stream-aquifer interactions [26]. Extensive reviews on the groundwater recharge estimation that
are based on the variations in water table level and uses of specific yield were provided by [16].

22 Darcian Method

Darcian method. This method based on the Darcy Law which applied to predict flow through
in the aquifer. It is one of a physical method in the saturated zone or unsaturated zone.
Groundwater replenishment can be estimated if each of the top gradients d hydraulic
conductivity is regarded. That is suitable with Darcy’s equation for liquid flow. Darey’s law is
used to estimated recharge (R) in the unsaturated zone based on the equation (3).
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where K(0) is the hydraulic conductivity at the ambient water content, 8; H is the total head; h
is the matric pressure head:; and z is the horizontal distance between the two points where the
hydraulic head is measured [3], [14]. This approach was used in many reasearch in arid and
semiarid area or humid conditions which explained in [3], [27]. The Darcian method also
applied to estimate the groundwater recharge at Yuca Mountain, Nevada and be compared with
the other methods [28]. For the saturated zone, Darcy’s law approach was used by [29] in [1]
which measured the value of flow through the aquifer was separated by the contributing
upgradient zone to contribute an estimate of replenishment.

23 Water Budget Method

Water budget method. A water budget is a calculating of flow mobility inside and outside, and
retention alteration within, some control volume and it is fundamental to the conceptualization
of hydrologic systems at all scales [1]. This approach equation showing in (4):

Water input — water output =changein storage 4

According to [1], much hydrological research used a simple water budget analysis according to
the descending of soil column from ground level to a certain extent and showing in equation

(5):

P=ET+AS+R, +D (5

where P is rainfall; ET is evaporation and transpiration; AS is water stowage fluctuation; Ry is
direct surface runoff (precipitation that does not infiltrate), and D is drainage out of the bottom
of the column. The main elements in the water budget method can be seen in Figure 2.

The water budget methods in a basin-scale are based on water budget equation, see equation

(6).

P+Q =ET+Q.  +AS (6)

in s

where P is precipitation; Qu and Qur are water flow (in or out); ET is evapotranspiration; AS
water stowage fluctuation [3], [31].




Soil
coloum

l

D

Fig. 2. Schematic diagram of water budget.

Corcerning to groundwater recharge, infiltration is an important factor which affects in
achieving water in the saturated zone and can be written in equation (7) [32] in [31].

R=(0% —Q)+Q" +ET™ +AS™ (1)

aff in

where R is recharge; (Qj!; —Q‘:{“) are net surface flow from the basin; Q?I is base flow;

W . . Ty
ET*®" is groundwater evaporation; and AS*"

1s variation in subsurface stowage. Except for
recharge, all elements in the above method can be estimated. This technique can be implemented
for a varied range of spatial and temporal scales. However, the main limitation of this method
1s that the accuracy of the recharge estimates depends on the accuracy with which other elements
of the water balance equation and measured [31].

The degree of connection between surface water and groundwater systems status is related
to recharge and surface-water bodies. According to [8],[13], recharge estimation techniques for
surface water-based and unsaturated zone based on water budget can be written in equation (8).

R= Q,,,, = Qe +Z 0, — Z 0, -E, +£ (8)

At

with R is replenishment value; Q 1s stream value; Qup and Quuwn 18 upstream and downstream
flow; ZQj, and Q) is in or out flow; E, is the evaporation, and AS change of stowage over the
variation in time (At)

24 Tracer Techniques

Tracer Techniques. Environmental, chemical, and heat tracers have been imperative in
groundwater sustainability research, as they give answers around modern and noteworthy revive
values at range of period changing for a long time. Determining the concentration of the
environment tracers that designate groundwater age has been a popular approach in this field.
In estimating groundwater recharge, approaches based on heat, isotopes, chemical tracers or
natural tracers play an important role. Tracers have an extensive many uses in hydrological
research: including pl‘edica] of replenishment based on quantifiable or quality, recognizing
cause of replenishment, providing information on velocities and travel times of water
movement, measuring the significance of preferential flow paths, presenting mformation on




hydrodynamic dispersion, and providing data for calibration of water flow and solute transport
models [3].

There are several tracers usually used in the research of groundwater recharge such as tritium
(*H), oxygen-18 ('*0),and deuterium (*H), which are cldents of the water molecule (H,0) and
are including in geochemical; environmental tracers as chloride (Cl') and bromide (Br):
chemicals tracers such as nitrate (NOs " ); applied organic dyes such as fluorescein (CyoH 205);
and soluble air including chlorofluorocarbons (CFC,), sulfur hexafluoride (SFg). and noble gases
such as helium (He) and argon (Ar) [27].

The lul’ill tracers were applied to predict groundwater replenishment while remaining a
constant concentration of tracers below the rooting zone. The total chloride of ground water or
@und water carried by groundwater infiltration is equivalent to the total dc[Biti()n of chloride
(wet and dry) on the surface of the soil. The main influenced of chloride on the surface are
rainfall, aerosols, and irrigation [33]. Then, the ground water replenishment calculated by
formula (9), based onthe principle of mass conservation [34].

P, xlct, +cl,)=RxCl, 9

where Perr is eiative rainfall (L/T); Cl; and Cls are the rainy chloride centralization and dry
accumulation (M/L/T); R is the groundwater replenishment (L/T); Cly, is the chloride
concentration (M/LY).

Chloride is geochemical tracer which the most broadly used for recharge estimation.
Chloride is profuse in nature, conventional in hydrologic circumstance, and readily analyzed. It
techniques very beneficial in dry (arid) and semi-arid area [34]-[40]. In addition to natural and
chemical tracers, heat is also useful for tracking the estimating aquifer recharge. The value of
replenishment indication in superficial appereance under streams and other bases of water-based
on trepidations of pure conductive dispersion of temperature variations between the land surface
and the subsurface [41], [42].

25 Lysimeter

Lysimeter. The use of lysimeter is a method commonly used for hydrological research
mainly the direct physical measurement of recharge flux (clean filtration). Lysimeter is a set of
tools containing soil that is placed underground and collects water percolation. The main use of
lysimeters was in agricultural studies, groundwater research for water souce and movements of
pollutant. From lysimeters, the collected data is frequently used to adjust experiential formula
or numerical method to verify other components such as evalp()traa)irat ion [2]. The benefit of
lysimeters is the amount of water that drops through the root zone over a certain period of time
can be measured directly, net infiltration flux is easily calculated, and also capture infiltration
moving rapidly. While the weaknesses of lysimeters are their construction price expensively
and problematic maintenance requirements [43]. The estimation of groundwater recharge with
lysimeter has been researched as done by [44]-[50].

2.6 Empirical Methods
Empirical methods. Periodical groundwater balance can be used to build empirical

relationships between groundwater replenishment and precipitation. An empirical relationship
was recommended to predict of the groundwater replenishment by suitable estimation




assessments of precipitation recharge and the relating values of precipitation in the rainy season
through the non-linear regression techniques. The relation between precipitation and recharge
1s shown by equation (10) as Kumar and Seethapathi Formula [51].

R =0.63(P-1528)""° (10)

where R; = groundwater recharge from precipitation in the rainy season and P = mean
precipitation in the rainy season. In 1936, Chaturvedi formula was found based on the water
level fluctuations and precipitation values in Ganga — Yamuna. This formula derived an
empiricial relationship where recharge is a function of annual precipitation [51]. The formula is
shown in equation (11).

R=20(P-15)" (11)

where R = net recharge from precipitation during the year and P = annual precipitation. Many
researchers have used the empirical relationship approach to estimate groundwater recharge and
obtain different formulas for each study area [51]-[56].

2.7 Groundwater Model

Groundwater model. Replenishment is a major element of ground water mechanism and it is
uncertainty. Many researchers have tried and used several methods to predict the value of natural
replenishment in provisional and spatial scales of aquifer systems. In groundwater modelling,
several considerations are used as controls to effectively present recharge. The factors that
control the recharge value are climate, topography, and the geologic framework [57] in [4].
These factors can be explained in Figure 3 [57].

Fig. 3. The dominant factors affecting recharge and groundwater flow.

The research of groundwater systems is being used for groundwater flow and contaminant
transport models extensively. Groundwater movement approach applied to estimate the value
and route of groundwater transfer beyond the aquifers and limiting parts in the sub-surface. This
estimate is called groundwater simulations which involve a in-depth concept of the
hydrogeological attributes [14].

The accuracy of estimations depends upon successful calibration and verification of the
model in deciding groundwater flow directions and transport of contaminants. In relation with
groundwater models, [4] has highlighted two significant issues. Groundwater replenishment as




a groundwater essential indicator while reviewing one must measure how to replenishment
represented in the groundwater approaches and how the groundwater method to estimated
replenishment. Use of groundwater models is very beneficial.

The purpose of groundwater flow modeling is to predict piezometric aquifers beneath many
groundwater pressure conditions. Based on [58] in [59]. the common three-dimensional
groundwater movement approaches using identical fluid density and viscosity as in the equation
(12):

Sl S ligos (12)
ax. "o ’ s
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where 1, 1s the direction of coordinate, K is hydraulic conductivity (L/T), h is hydraulic head
(L), S¢ 15 specific stowage (1/L), x is a coordinate area (L), t 1s time (T) and qs iss fluid sources
per unit volume (1/T). Piezometer values, K and S values, and other inflows and outflows from
aquifers are used to measure recharge [59].

2.7 Infiltration Rate Method

Infiltration rate method. Infiltration rate is a vital procedure defining groundwater
replenishment [60]. Infiltration is used to deliniate the flow of water downward toward to the
aeration zone due to gravity through a porous medium. Infiltration water comes from
precipitation, irrigation or river flow and calculated in millimetres per time interval (mm/year
or mm/month) [61]. The infiltration replenishment can be measured by the water balance
assumption and is shown by the equation (13):

W=P-E—-R*S (13)

with W is infiltration; P is rainfall; E is evapotranspiration; R is surface overflow and S 1s a
exchange of humidity stowage in the unsaturated zone [61]. Based on [60], before estimating
groundwater rnmrge utilizing the infiltration rate approach, common periodical precipitation
are measured. Next, the denomination of infiltration rate is preferred depending on the type of
rock occurring on the surface or the type of soil. Then the segments establish to the elected
denomination of infiltration rate are clarify within the singlenul rainfall zone. Equation (14)
shows the basis for calculating the weighted average of the infiltration rate for each selected
rainfall area.

= (14)

1
with o 1s the mean ()f%ﬁltration rate for rainfall zone (cl‘lbctivn'acti()n) r; ;18 the infiltration
rate for the i-lithological formation within rainfall zone, A; is the top of the i-lithological
formation (L?) within rainfall zone r. The cumulative replenishment for a drainage basin is the
quantity of the replenishment values for each rainfall zone. The formula is shown from equation
(15):




R="L (15)

with Pr is the mean periodical precipitation in the rainfall area r (L), A is the research area (L%,
m is the a)unl of elected rainfall areas. Several studies have used the infiltration recharge rate
approach to estimate the value of groundwater recharge as done by [60]-[65].

3 Conclusions

Groundwater recharge is an essential component in groundwater systems and central to
confirming the suitable management of aquifers. The groundwater recharge is uncertainty,
cannot be measured directly, and very difficult to estimate reliably. The precision of the
groundwater recharge estimate from different techniques is challenging to measure because the
factual rate of annual recharge is unknown. So many approaches are needed to estimate the
recharge rate. The choice of techniques will depend on the conceptualisation of the flow system
and the accuracy required in a given situation. In any comparison of quantifying groundwater
recharge, it is essential to contemplate the benefits and restrictions of each method. While
natural systems are complex, models must balance complexity and simplicity to be reliable. The
complexity comes at a cost: additional data requirements, computational time, and a deeper
understanding of the relevant processes and variables. Models should be as simple as possible,
provided they present a reasonably accurate view of reality relative to the question asked. There
1s no techniques that is categorized as the "best" in predicting groundwater replenishment.
However, the use of several assumptions from the research will bring up the benefits, the
weakness and limitations of the techniques used.

Various approaches which explained, the simplest and easiest to apply was the WTF method
because it requires minimum data with simple calculations. However, the weakness in applying
this method is in determining the value of specific yield (Sy). The use of the Darcian approach
in estimation groundwater recharge in unsaturated zones is reliable but at high cost because the
labor and equipmeneeded to collect data and only good for small areas (1 m2). The tracer
approach especially chloride mass balance (CMB) method is used widely in the arid and semi-
arid area or saturated and unsaturated. However, the data on spatial and temporal variability in
chloride deposition is commonly limited and often includes only wet deposition. The use of an
unnatural tracer in estimating groundwater recharge requires high costs which ultimately
becomes a weakness of this approach.

From lhcaudies. the estimated groundwater recharge by groundwater modelling has a
limited form time consuming, sensitive to b&]dary conditions and difficult to calibrate. The
data requirements in these methods vary like conceptual hydrogeological model, daily/monthly
rainfall records, water levels, borehole abstractions, aquifer characteristics including storativity,
hydraulic conductivity, porosity, dispersion characteristics. The use of lysimeter in calculating
groundwater recharge has been widely carried out. The lineal measurement of the amount of
water that drops through the root zone over a certain period of time is the benefecial of lysimeter
use. Other advantages are net infiltration flux is easily calculated, and also capture infiltration




moving rapidly. While the weaknesses of lysimeters are their construction price expensively
and problematic maintenance requirements.

With the diversity of approaches in estimating groundwater recharge, in its application it can
use more than one method or combine several methods to decrease uncertainty and escalate
reliance in recharge prediction.
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