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ABSTRACT

Recharge estimation in arid and semi-arid areas is very challenging. The chloride mass balance method applied in western
South Africa fails to provide reliable recharge estimates near coastal areas. A relationship between rainfall events and water
level fluctuations (WLF) on a monthly basis was proposed in the rainfall infiltration breakthrough (RIB) model for the
purpose of groundwater recharge estimation. In this paper, the physical meaning of parameters in the CRD and previous
RIB models is clarified, and the RIB model is reviewed with the algorithm improved to accommodate various time scales,
namely, daily, monthly and annual scales. Recharge estimates on a daily and monthly basis using the revised RIB approach
in 2 study areas, one in a sandy alluvial aquifer (Riverlands) and the other in the Table Mountain Group (TMG) shallow
unconfined aquifer (Oudebosch), are presented, followed by sensitivity analysis. Correlation analysis between rainfall

and observed WLF data at daily scale and monthly scale, together with recharge estimates obtained from other methods,
demonstrates that the RIB results using monthly data are more realistic than those for daily data, when using long time
series. Scenarios using the data from Oudebosch with different rainfall and groundwater abstraction inputs are simulated to
explore individual effects on water levels as well as recharge rate estimated on a daily basis. The sensitivity analysis showed
that the recharge rate by the RIB model is specifically sensitive to the parameter of specific yield; therefore, the accurate
representative specific yield of the aquifer needs to be selected with caution. The RIB model demonstrated in these two cases
can be used to estimate groundwater recharge with sufficiently long time series of groundwater level and rainfall available in
similar regions. In summary, the RIB model is best suited for shallow unconfined aquifers with relatively lower transmissiv-
ity; the utility of the RIB model for application in different climatic areas under different hydrogeological conditions needs

to be further explored.

Keywords: RIB model, shallow unconfined aquifer, groundwater-level fluctuation, groundwater recharge,

Table Mountain Group aquifer

INTRODUCTION

Estimation of groundwater recharge is a key challenge for
determining sustainable groundwater development and
management, especially in arid and semi-arid areas, where
rainfall as well as recharge is low while evapotranspiration

is high. Numerous studies have focused on groundwater
recharge in Southern Africa over the past three decades (Xu
and Beekman, 2003). Systematic recharge studies were car-
ried out in Botswana and South Africa in the early 1970s
(Verhagen et al., 1974; Mazor et al., 1977; Bredenkamp

and Vogel, 1970; Bredenkamp et al., 1974; Smit, 1978). A
co-operative programme entitled Groundwater Resources
Monitoring and Recharge Study (GRES) was jointly launched
by the governments of Botswana and The Netherlands, aimed
at better understanding the recharge process in Botswana in
1987 (De Vries and Von Hoyer, 1988; De Vries et al., 2000).

A manual entitled ‘Preparation of a manual on Quantitative
Estimation of Groundwater Recharge and Aquifer Storativity’,
published by the Water Research Commission of South
Africain 1995 (Bredenkamp et al., 1995), presents a great
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variety of well-tested (semi-empirical) methods that are
widely employed in South Africa, and contains a wealth of
recharge case studies and data covering the past 30 years. The
Namibian Government has conducted large-scale ground-
water recharge studies since the 1990s. The Namibian and
German governments jointly launched programme of co-
operation in 1992 for recharge studies in the north-eastern
part of the country (Schmidt and Ploethner, 2000). Physical
and tracer methods, the most commonly used approaches in
these studies, were adapted to estimate recharge at local and
national scales in Southern Africa. The validity of these meth-
ods in arid and semi-arid areas, in terms of the principles,
advantages and limitations, and general rules governing the
choice of different methods, have been summarised by several
researchers (Scanlon et al., 2002; Beekman and Xu, 2003).
Several methods for the estimation of groundwater
recharge have been applied in African countries in recent
decades, with more or less success (Beekman and Xu, 2003).
Results of applications of these methods showed that ground-
water recharge estimates done by different practitioners varied
widely when different methods and input data sets were used.
Most of the groundwater recharge methodologies developed are
applicable to the large scale, whilst little information is avail-
able describing processes at the local scale. Recharge estima-
tion in coastal areas using the chloride mass balance method
(CMB) can be problematic. Studies on chloride concentration
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of groundwater as well as rainwater in South Africa imply that
the variation in rainwater and groundwater chloride content in
time and space could be significantly high (coefficient of varia-
tion is larger than 50%); therefore, the application of the CMB
method in coastal areas should be applied with great caution
and consideration (Van Wyk et al., 2011), and recharge esti-
mates near coastal areas based on the CMB method need to be
re-evaluated.

The rainfall infiltration breakthrough (RIB) method, one
of the physical models for estimation of groundwater recharge,
was developed based on the cumulative rainfall departure
(CRD) method and then applied to dolomite and Karoo aqui-
fers in South Africa using monthly rainfall and water-level
data (Xu and Van Tonder, 2001). The CRD/RIB method has
also been applied in America, Palestine, Iran, etc. (Fenelon,
2000; Baalousha, 2005; Rasoulzadeh and Moosavi, 2007); the
RIB approach was proven to be a simple but promising tool
for groundwater recharge estimation. However, the physical
meaning of some parameters proposed in the RIB equation is
not clear.

The purpose of this paper is to describe and demonstrate
the RIB model, and to estimate the recharge under 2 extreme
conditions (alluvial and fractured rock aquifers), with a revised
algorithm of the RIB model developed to accommodate a wide
variety of circumstances in terms of time scales, namely, daily,
monthly and annual scales. Recharge estimations using the
revised RIB programme, on a daily and monthly basis using
existing information in two study areas, one a sandy alluvial
aquifer (Riverlands) and the other a TMG shallow unconfined
aquifer (Oudebosch), are presented, followed by sensitivity
analyses. Scenarios using data from Oudebosch with different
rainfall and groundwater abstraction inputs are simulated to
explore their effects on water level as well as the recharge rate
estimated on a daily basis.

METHODOLOGY
The concept of recharge

Groundwater recharge can be generally defined as an addition

of water to a groundwater reservoir. Four types of recharge can

be distinguished (Beekman and Xu, 2003):

o Water flow through the unsaturated zone reaching the
water table

o Lateral and/or vertical inter-aquifer flow

 Artificial recharge, such as man-made infiltration ponds or
water recharge from injection boreholes

o Induced recharge from nearby surface water bodies (such as
rivers, lakes), resulting from groundwater abstraction

This paper focuses on the first situation, where recharge is the

part of rainfall percolating through the unsaturated zone to the

water table. The time that percolating rainfall takes to reach

the water table is defined as the time lag. The time lag can be

distinguished as:

« Rapid response: within hours or days of intensive rainfall;
normally happens as preferential flow to the water table

o Intermediate response: over months, or a year or two

« Slow response: over years or longer; normally occurs as
piston flow through porous matrix with low conductivity

The breakthrough recharge water reaching the water table does

not necessarily result from a single rainfall event. Water level
fluctuations may be caused by a series of preceding rainfall
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events. The time lag and the length of related rainfall events
depends on several factors, such as the thickness of the unsatu-
rated zone, the soil texture, the type and size of vegetation and
the geology of the aquifer.

The RIB method

Based on the cumulative rainfall departure (CRD) method in
South Africa (Bredenkamp et al., 1995), the RIB method was
developed by Xu and Van Tonder (2001). Both methods utilise
the relationship between water level fluctuations and the depar-
ture of rainfall from the mean rainfall of a preceding time. The
RIB formula is defined as:

RIB()! =r iﬂ—(z—mimia M

(i=1,2, 3,...I)
(n=i, i-1,i-2, ...N)
(m=i, i-1,i-2, ... M)
m<n<I
where:
RIB(i) is the cumulative recharge from rainfall event of
mton
Iis the total length of rainfall series.
ris a fraction of cumulative rainfall departure
P, is the rainfall amount at i, time scale (daily, monthly or
annually)
P is the mean precipitation of the whole time series
P is a threshold value representing the boundary condi-
tions (P, ranges from 0 to P )

Value of 0 represents a closed aquifer system, which means that
the recharge at i, time scale only depends on preceding rainfall
events from P to P ; while value of P represents an open sys-
tem, which means that the recharge at the i time scale depends
on the difference between the average rainfall of preceding
rainfall events from P, to P and the average rainfall of the
whole time series). Both r and P, values are determined during
the simulation process.

It is assumed that groundwater recharge by the RIB method
has a linear relationship with water level fluctuations under
natural conditions. The relationship between natural rainfall
and water level fluctuations can be described by Eq. (2):

Ah; =(1/8,)-(RIB(),,) ()

where:
Ahi is the water-level fluctuation, which is equal to the dif-
ference between the observed water level at i time scale
and the mean water level of the whole time series; a positive
value represents an increase of water level while a negative
value implies a decrease of water level.
S, is the specific yield of the aquifer.

Equations (1) and (2) indicate that the water-level fluctuation at
i*" time scale (daily/monthly/annually) is affected by preceding
rainfall events from P, to P (m<n), with a weighting factor
- 1 Zn: P that. isa fuflction 9f the moving average of
P, (n—m) P a rainfall time series. It is not necessarily
constant and may be positive or negative depending on whether
or not the amount of rainfall during the period of interest
exceeds the moving average rainfall. The schematic of the RIB
model is shown in Fig. 1.
Three rainfall percolation mechanisms can be distinguished
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Figure 1

Schematic of the RIB process

on different time scales, the mechanisms are listed as follows in

terms of the duration of the time lag:

o Mechanism a: water level fluctuations result from preced-
ing rainfall events. This was often observed at places with
relatively quick infiltration rates (range from hours to
1 day).

o Mechanism b: water level fluctuations result from the
cumulative result of all previous rainfall. This often rep-
resents the combination of point and diffuse recharge
mechanisms.

o Mechanism c: water level fluctuations are caused by limited
rainfall series with a certain time lag; the length of the time
lags varies from several days to months (range from 1 week
to 12 months).

In reality, the water level fluctuations result from many factors
besides rainfall, including groundwater abstraction, baseflow
and water flow into/out of the aquifer, etc. The relationship
between the RIB model and water level fluctuations can be
expressed as:

Ahj =(1/Sy) - (RIB()m) - (Qp + Qout + Qotn)/(A-Sy) ()

(i=1,2,...I)

where:
A is area of the catchment,
Qp, Q,,,and Q , represent groundwater
abstraction, outflow and groundwater vol-
ume changes resulting from other activities,
respectively.

The relationship between RIB and recharge
estimation

It is assumed that the water level fluctuations
vary with the cumulative rainfall departure from
the average rainfall series. However, the CRD
and previous RIB methods fail to explain the
condition where the continuous departures are
negative and yet the observed water level may
still rise, and the physical meaning of parameter
1, representing the recharge percentage, in the
CRD and previous RIB methods is problematic.
The difference of contiguous departures should
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be regarded as recharge instead of using the departure from
average. The groundwater level will rise if the difference is
positive and vice versa; recharge at the i*" time scale can be
calculated as:

Re(i) = RIB(i)h — RIB(i — 1) — % = [Ah(i) - 4h(i -1)] - S

_ (Qp +Qout + Qoth _(Qp’ + Qout + Qotty ))
A
(i=2, 3,...I, m<n<I, m<n<I, n-m+l=n’-m’+1. Re(i)>0)

@

+ +
Re(1) = AN(D)- S, — i QOL/LU Qothi )
TRe = Re(l) +i_§2Re(z) (=2,3, .]) B

where:
Re(1) is the recharge for the first time step, and
Re(i) represents the recharge estimate at the i*h time, which
could be daily, monthly or annually.
T,, is the sum of the recharge in mm for the whole time
series. If the value of Re(i) becomes negative in Equations
(4) and (5), no recharge on the i time scale is assumed.

Software interface

The RIB programme is implemented in an Excel Spreadsheet
(Microsoft 2007), and programmed using Visual Basic
Application (VBA). The programme enables one to manipulate,
analyse and display data, and calculates groundwater recharge
based on observed groundwater levels (which must be trans-
formed into WLF) and rainfall time series. A solver function is
adopted to minimise the difference between observed WLF and
the calculated values using the least squares method. With key
parameters (like time lag, length of related rainfall events and
r value) obtained from available rainfall and water level data,
the program is also capable of filling gaps in groundwater-level
data and predicting the water level fluctuations using rainfall
and abstraction data. An example of the screen printout of the
RIB user interface is shown in Fig. 2.

The definition of the symbols used in the RIB programme
is given in Appendix A along with units and type of data

Figure 2
Screen printout of the RIB user interface
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RVLD 8

RVLD 6

Cape Town,

(e.g. input/output, one value/time series etc.). Input data are
time series of rainfall, sink/sources of groundwater, observed
groundwater level fluctuations, specific yield (Sy), area of the
catchment (A) and parameters for fitting the time lag between
rainfall and recharge events. The sink/source terms (Q , . Q,
qumpuge) can be left vacant if data are absent (in the areas where
the groundwater abstraction is low, the effects of these variables
on water-level changes can be considered negligible compared
with rainfall input).

The time scale needs to be defined manually before starting
data inputs. This depends on the type of rainfall and water level
data available (daily, monthly or annual basis). The time scale
can be activated by clicking the ‘Start’ button (Fig. 2).

Groundwater level fluctuations and recharge are calculated
by pressing the ‘Graph’ button (Fig. 2). The chart is updated
automatically and displays rainfall, observed/calculated
groundwater level fluctuations (using RIB as well as CRD
model) and recharge estimate with the RIB method. The time
lag and length need to be adjusted to fit the curve of observed
and calculated WLF value.

Critical assumptions

A series of assumptions and general rules for using the RIB

method to estimate the recharge are highlighted as follows:

o The water level fluctuations from the monitoring borehole
should be representative of the study area. For example, it is
not recommended to use the data collected from pumping
boreholes or boreholes close to surface water bodies (river,
lake, etc.) unless these sources and sinks can be quantified
accurately.

o Theterm (QP+QW+QM)/(A) of Eq. (5) could be ignored
if the impact of pumping and/or outflow on WLF is not
evident. The effect may, however, be large under certain
conditions, for example, in fractured dolomite aquifers with
relatively high hydraulic conductivity.

o The specific yield should be representative of the aquifer
system. For determining the effect of long-term pump-
ing of an aquifer, laboratory values of specific yield are
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Figure 3
Location of Riverlands
Nature Reserve and
Oudebosch catchment

TMG 544

appropriate, but for estimation of groundwater recharge
with the RIB model, laboratory values of § are probably too
large.

o The RIB method is usually applicable in unconfined aquifer
systems with shallow water levels and relatively small trans-
missivity, where the water level responds clearly to rainfall.

o The RIB model is applicable where suitable time series of
rainfall and groundwater level are available.

CASE STUDIES
Site description and data collection

Two research sites characterised by two different types of geol-
ogy were selected to simulate the water-level fluctuation and
calculate groundwater recharge. These two systems represent
two main modes of groundwater recharge, namely diffuse and
localised. A site where the aquifer is a coastal plain sand with a
diffuse recharge mechanism was selected in Riverlands Nature
Reserve (Western Cape, South Africa), while another site was
chosen in Oudebosch catchment in the Kogelberg Nature
Reserve (Western Cape, South Africa), representing the Table
Mountain Group aquifer (TMG).

The Riverlands Nature Reserve, located at about 10 km
southwest of Malmesbury (Fig. 3), is in quaternary catchment
G21D. A shallow unconfined sandy aquifer underlies deep,
well-leached, generally acidic and coarse sandy soils of marine
and aeolian origin. The recharge area used in the simulation is
about 10 ha (0.1 km?) with S ranging from 0.05 to 0.15 for fine
to medium sand cover, and water table depth ranging from 1.6
to 3.5 m. Mean annual precipitation (MAP) is about 450 mm,
occurring mainly from May to August. Daily rainfall data were
collected from a rain gauge (from May 2007 to September 2011).
There are 13 piezometers in the study area, 3 of which were
collapsed; 2 boreholes (RVLD 6 and RVLD 8) were selected
to monitor the water level using a data logger installed in the
borehole. More detailed information on the topography, and
soil physical and chemical properties of the Riverlands Nature
Reserve is given by Jovanovic et al. (2009).
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The Oudebosch catchment within the Palmiet River basin
is located northeast of Betty’s Bay (Fig. 3), where the geology
is typically characterised by TMG, which mainly consists of a
fractured rock aquifer. The Oudebosch stream passes through
the catchment and the hydrological boundaries indicate that
the site is located in quaternary catchment G40D. Three moni-
toring boreholes were considered in this study. Daily water level
data over 3 years indicated that, due to the interaction between
the stream and groundwater, the water level fluctuations in one
borehole close to the stream were significant, while the water
level in another borehole stayed very stable and did not show
a clear relationship with rainfall series data. Water level data
recorded from borehole TMG 544 were used to calculate the
recharge. The catchment covers an area of 3.4 km®. Specific
yield of the aquifer was estimated at 0.21 (Saayman et al., 2007).
The mean annual precipitation (MAP) is approx. 800 mm
(occurring mainly from May to October). Data recorded from a
rain gauge (from January 2008 to July 2010) and borehole TMG
544 (Fig. 3) were used to calculate groundwater recharge for the
catchment.

Groundwater recharge estimation and analysis

The simulations were carried out using daily time series of rain-
fall and groundwater levels. The length of simulation was
1603 d for RVLD6 and RVLDS (from 01/05/2007 to 19/09/2011;

http://dx.doi.org/10.4314/wsa.v39i2.5

Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 39 No. 2 April 2013
ISSN 1816-7950 (On-line) = Water SA Vol. 39 No. 2 April 2013

a @
&
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a gap in water level data occurred from 04/08/2008 to
18/03/2009, which is about 7 months) and 928 d for TMG544
(from 01/01/2008 to 16/07/2010; there is an approx. 300-day
water-level data gap from January to March 2008, and no
water-level data were available in June and July of 2010). The
daily and monthly groundwater recharge estimates for the
sandy and TMG aquifers, and observed groundwater level
fluctuations calculated with the CRD method (dh(crd)) and
the RIB method (dh(rib)), are shown in Fig. 4.

The graphs in Fig. 4 plot rainfall inputs and calculated
groundwater recharge in mm as bars. Pearson’s correlation
between observed WLF and WLF simulated with the RIB and
CRD models, which reflects the degree to which the variables
are related, is listed in Table 1. The results demonstrate that
the results of the RIB method show significant correlation to
observed WLF. The simulated groundwater level fluctuations
from the RIB model closely fit the observed values after cali-
brating the time lag (lag_Days) and length of related rainfall
events (Length_D) on a daily basis. The term lag_Days varied
from 0 days at Riverlands to 82 days at Oudebosch, i.e., it takes
less than 1 day and 82 days for percolating rainwater to reach
the water table in Riverlands and Oudebosch, respectively. The
term Length_D was 82 d at Riverlands and 85 d at Oudebosch.
The results for the time lag and length of related rainfall events
on a daily and monthly basis for a range of specific yield are
listed in Table 2.
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Table 1
Pearson’s correlation between observed WLF and simulated WLF by the RIB and CRD models
Borehole Daily scale Monthly scale
CRD RIB CRD RIB
RLVD6 0.801 0.812 0.887 0.887
RLVDS8 0.730 0.730 0.864 0.864
TMG544 0.796 0.805 0.550 0.566
Table 2
Results of groundwater recharge with the RIB model
Borehole Time lag* Length of related rainfall events* Sy Groundwater recharge as | Groundwater recharge as
Daily scale | Monthly Daily scale Monthly a percentage of MAP a percentage of MAP
(day) Scale (month) (day) scale (month) (daily basis) (monthly basis)
RVLDG6 -2 0 82 1 0.15 49% 29.1%
0.125 41% 24%
0.05 16% 9.7%
RVLDS8 0 0 82 1 0.15 45% 26.5%
0.125 37% 22%
0.05 15% 8.8%
TMG544 -82 -2 85 3 0.21 51.5% 15.7%
0.105 26% 7.9%
0.042 8% 2.9%
0.021 5% 1.6%
0.0021 0.5% 0.15%

* 1 month at monthly basis is equal to 30/31 days at daily basis

The results of the RIB model indicate that the time lag
between rainfall infiltration and groundwater recharge for the
sandy alluvial aquifer is much less than that for the TMG aqui-
fer, which reflects the different characteristics of the two aquifer
systems. It also indicates that the recharge estimate made using
daily data is much higher than that made using monthly data.

The effects of factors other than rainfall, i.e, evapotran-
spiration, atmospheric pressure and entrapped air, on water
level fluctuations at short-term scales can be significant (Healy,
2010). Spearman’s method was adopted to calculate the correla-
tion coefficients between rainfall and observed WLF on a daily
and monthly basis. The Spearman correlation coefficients listed
in Table 3 indicate that the relationship between rainfall and
observed WLF on a monthly basis is more significant than that on
a daily basis. Therefore, the recharge rates estimated at monthly
scale are more realistic than those estimated at daily scale, and
the impacts of the factors mentioned above on WLF cannot be
ignored at the daily scale. Several approaches can be used for cor-
recting water-level data (Tamura et al., 1991; Toll and Rasumssen,
2007; Crosbie et al., 2005; Von Asmuth et al., 2008). For the
monthly basis, water level fluctuations mainly occur in response
to rainfall, pumping, evapotranspiration or other phenomena.

Table 3
The Spearman correlation coefficients
between rainfall and observed WLF

Borehole Daily scale Monthly scale
RVLD 6 0.082 0.816
RVLD 8 0.043 0.742
TMG544 —-0.032 —-0.116

From Table 2, the recharge in the G21D catchment is
predicted to be 9.7-29.1% of MAP on a monthly basis, with
§, ranging between 0.05 and 0.15; the recharge in the G40D
catchment is predicted to be about 15.7% of MAP on a monthly
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basis with 0.21 as specific yield of the aquifer. With regards to
groundwater studies carried out in sandy aquifers, a number

of recharge values have been estimated. A study in catchment
G21D by DWAF (2006) provided a value of 15.4% of MAP
using the chloride mass balance (CMB) approach, and a value
of 5% using a GIS-based groundwater recharge algorithm, and
a value of 13% in the vicinity of Riverlands (DWAF, 2006).
Another study in the area reported recharge values of 26% of
rainfall (380 mm/a) using a water balance method at Atlantis
(20 km south of Riverlands) (Vandoolaeghe and Bertram,
1982). Bredenkamp (1982) modelled the conditions at Atlantis
and came up with a recharge rate of 21% of total rainfall (350
mm/a). The recharge rate was reconsidered as 0.2-3.4% of MAP
in Atlantis using the CMB approach (Conrad et al., 2004);
however, this result needs to be re-evaluated. The main reason
for this might be the different timeframes between the CMB
and the RIB method (Crosbie et al., 2010). The CMB method
provides an estimate of recharge over the residence time of the
water in the aquifer, which can be many thousands of years,
while the RIB method provides an estimate of recharge over the
length of time that measurements of water levels were recorded;
this can be days, months, or decades.

The recharge estimate on a monthly basis in Oudebosch is
15.7% of MAP (183.9 mm/a), with specific yield of 0.21, which
is much higher than the average recharge value (29.7 mm/a)
estimated in the TMG aquifer by Wu (2005). Because of the
heterogeneous geology in the Table Mountain Group (TMG),
the specific yield differs significantly from place to place
(10-°-107 of specific yield is appropriate; Lin, 2007; Jia, 2007),
and it is reasonable to expect high variability in recharge.
Therefore, sensitivity analysis of specific yield is needed.

Sensitivity analysis

Parameters of monthly rainfall and water level, as well as
specific yield value, were chosen as inputs to assess individual
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impacts on the estimated recharge rate. According to studies on
specific yield of the TMG aquifer (Van Tonder et al., 2002), the
specific yield of highly permeable fractures in the TMG aquifer
is usually very low, in the order of 10" to 107, whilst that of the
matrix can be much higher (i.e. 0.005 to 0.05). Considering
the high uncertainty of specific yield in the TMG aquifer and
the assumed linear relationship between recharge and specific
yield in the RIB model (Egs. (3)-(6)), a sensitivity analysis was
carried out over a range of specific yields from 2.1 x 10° to 0.21.
The corresponding change in the model output was observed.
A sensitivity analysis for rainfall and water level was also
performed at the three borehole sites - RVLD6, RVLDS8 (Sy
=0.05) and TMG544 (Sy =0.21). A uniform distribution was
adopted with perturbations of £10% around the monitored
rainfall and water level values; the two additional time series
therefore represent the extremes/boundaries (minimum and
maximum) of the uniform distribution. These minimum and
maximum time series were run through the model. The model
outputs gave a range of variability of recharge, and this range
defined the sensitivity to the key model inputs. The simulation
results are shown in Table 4.

Table 4
Summary of inputs of the sensitivity analysis of
groundwater recharge calculated with the RIB model on a
monthly basis
Mean monthly Mean annual
Borehole | rechargerange | rechargerange % of MAP
(mm) (mm)
Recharge outputs based on water level fluctuations
input (£10% perturbation)
RVLD6 4.6-5.6 54.9-67.0 8.74-10.68
RVLDS8 4.2-5.1 50.0-61.1 7.96-9.73
TMG544 13.8-16.9 165.5-202.2 14.40-17.28
Recharge outputs based on rainfall input
(£10% perturbation)

RVLD6 5.1 60.9 8.82-10.78
RVLDS8 4.6 55.5 8.93-9.83
TMG544 15.3 183.9 14.41-17.46

Recharge outputs based on specific yield input

(2.1x10-3 - 0.21)

TMG544 | 0.14-1532 | 171-183.9 | 0.15-15.87

The results in Table 4 show that a perturbation of the
water level time series data by a factor £10% results in a range
of recharge of 14.40-17.28% of MAP in Oudebosch, and
8.74-10.68% and 7.96-9.73% of MAP in Riverlands with RVLD
6 and RVLD 8, respectively. The results also show that for a
perturbation of the rainfall time series data by a factor +10%,
the recharge percentage ranges from 14.41 to 17.46% of MAP
in Oudebosch, and 8.82-10.78% and 8.93-9.83% of MAP in
Riverlands with RVLD 6 and RVLD 8, respectively. The mean
annual recharge stays the same in all three cases. These results
indicate the sensitivity of recharge estimated using the RIB
model is higher for Oudebosch than for Riverlands.

As discussed above, the recharge rate in the RIB model has
a linear relationship with specific yield. The recharge rate in
Oudebosch can be calculated with any specific yield value rang-
ing from 2.1 x 10~ to 0.21; results are shown in Tables 2 and 4.
Figure 5 refers to the relationship between recharge and specific
yield from the data in Table 2. The results indicate that the RIB
model is very sensitive to the specific yield. From this perspec-
tive, in a site where recharge rate has been estimated using
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Figure 5
The relationship between specific yield and recharge rate
in the RIB model

other approaches, the RIB model could indicate the accuracy of
the specific yield. As the recharge estimate using other methods
in TMG aquifer is less than 10% (Wu, 2005), specific yield val-
ues for the aquifer in Oudebosch ranging from 0.021 to 0.042
(18.7-33.9 mm/a of groundwater recharge) are recommended.

Scenario simulations
Abstraction scenarios

The Kogelberg Nature Reserve was identified as one of a set

of sites that was suitable for a groundwater exploration pro-

gramme carried out by the City of Cape Town (Hay et al.,

2004). Simulations were therefore run with RIB in order to

predict groundwater level trends under different abstraction

scenarios. Borehole TMG544 was used for this purpose and

3 scenario simulations were run:

o Baseline conditions (without abstraction): Using recorded
rainfall data from January 2008 to July 2010 as input;
S is assumed to be 0.042, based on the discussion of the
relationship between recharge and specific yield above;
aquifer area = 3.40 km?

o Abstraction of 3 M-d": Same rainfall data input; Sy =0.042;
aquifer area = 3.40 km?

o Abstraction of 3 Me-d' from 1/10 of the aquifer area: Same
rainfall input; S = 0.042; aquifer area = 0.34 km*

The resulting groundwater level predictions are plotted in

Fig. 6. An abstraction of 3 M¢-d"' did not affect the groundwater
level drastically. The groundwater level with abstraction was
0.02 m lower than the baseline without abstraction. The effect
of abstraction was small because of the relatively large area of
the aquifer (3.40 km?). However, if the draining area for a bore-
hole is reduced by 1/10 (i.e. 10 abstraction boreholes are used
over the same area), the effect on the groundwater level was
predicted to be much larger (0.21 m lower than the baseline).
The result also indicates that the recharge rate, which is 7.99%
of MAP for these three scenarios, is independent of abstraction.

Climate scenarios

Three simulations were run with the RIB model to predict

groundwater level trends under climate change, in particular

reductions in rainfall. The following scenarios applied at bore-

hole TMG 544 were run:

o Baseline conditions: Using recorded rainfall data from
January 2008 to July 2010; § =0.042; aquifer area = 3.40 km?
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The predictions of groundwater level fluctuations are shown

in Fig. 7; the average recharge rate for the baseline condition is
about 93.9 mm/a from 2008 to 2010 (7.99% of MAP). The pre-
diction shows that, in the initial period of simulation, reduced
rainfall did not affect groundwater levels. However, the effects
became increasingly visible over time, especially in the dry sea-
son. After about 1 year, the groundwater level dropped by 0.16
m with 10% rainfall reduction and by 0.32 m with 20% rainfall
reduction compared to the baseline. It is interesting to notice
that the ratio of recharge rate to precipitation did not change
significantly; it was slightly higher than the baseline (mean
recharge rate is 8.11% and 8.25% of corresponding rainfall with
10% and 20% rainfall reduction, respectively). However, the
recharge amount with 10% and 20% rainfall reduction resulted
in a drop of about 8.1 mm/a and 16.2 mm/a, respectively,
relative to baseline condition.

DISCUSSION

The RIB model is capable of recharge estimation if specific yield
is known and the critical assumptions listed in the previous
section are met. Furthermore, it is important to note that the
RIB model can be used only under certain conditions in shal-
low unconfined aquifers. According to Darcy’s law, the recharge
in a catchment can be simplified as:

ah

v

Q=ReL-W=K-A-J=K-H-W- (7)
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Then:
,_ Rel?
2K H ®)
A dimensionless function based on Eq. (8) can be developed as:
_ M Rel? ©
D 2K-H-D
where:
Q = flow rate (m?/d)
A = thearea of radial cross-section (m?)
J = hydraulic gradient
Re = recharge rate per unit surface area (m/d)
W = the width of the catchment (m)
L = theaverage distance of groundwater flow away from
groundwater mound (m)
Ah = water level fluctuations (m)
K = hydraulic conductivity of the aquifer (m/d)
H = the saturated thickness of the aquifer (m)
D = thedepth to the water table (m)

From Equations (8) and (9), the RIB method is best applied

in situations where the water level displays sharp rises and

declines with recharge; i.e., the parameter I' cannot be very

small. The relationship among I' and these factors, including
annual rainfall (P), hydraulic conductivity of aquifer (K) and
the depth to the water table (D), are discussed as follows:

o Theoretically, the RIB model is incapable of recharge
estimation in extremely arid areas where rainfall (P) is less
than 100 mm/a, as the recharge from rainfall is too small to
cause water level rises, i.e., I' o 0.

o The hydraulic conductivity of the aquifer (K) cannot
be extremely high. For instance, with high hydraulic
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conductivity, the outflow from the aquifer is greater than
that reaching the aquifer. In other words, with significantly
high value of K, recharge can still happen without producing
water table rises. Hence, the application of the RIB model

to fractured rock aquifers needs to be done with caution, as
some fractures might be a primary conduit for water move-
ment, and the recharge from rainfall could flow to the aquifer
where water level changes might not take place.

o The depth to the water table (D), referring to time lag, should
be shallow. The larger the thickness of the unsaturated zone,
the longer the time lag. For example, for water depths over
200 m in northern African countries, individual rainfall
events could hardly play a significant role in water level fluc-
tuations. The parameter of I approaches zero in such cases.

In summary, theoretically, the RIB model is best suited for
shallow unconfined aquifers with relatively low transmissivity.
The range of I under which the RIB model is capable of esti-
mating recharge needs to be defined using more case studies.

CONCLUSION

Using the improved RIB model, with S ranging from 0.05

to 0.15, groundwater recharge was estimated to be 16-47%

of MAP at the daily scale and 9.3-27.8% at monthly scale at
Riverlands, while the recharge at Oudebosch was 51.5% and
15.7% of MAP at the daily and monthly scales, respectively. The
Pearson correlation coeflicients indicate that the results of the
RIB model are more significantly correlated to observed val-
ues than those of the CRD method. The Spearman correlation
coeflicients between rainfall and observed WLF together with
recharge estimates obtained from other methods in these areas
demonstrate that the recharge estimates on a monthly basis are
more realistic than those on a daily basis. Through sensitivity
analysis, the model was found to be particularly sensitive to
specific yield, particularly when applied to the TMG aquifer
system; the estimated recharge rate may become unrealistic
with a high specific yield value.

We conclude that the RIB model is a simple and efficient
method to estimate groundwater recharge and fill water level
data gaps in shallow unconfined aquifers where groundwater
levels respond distinctly to rainfall. With different rainfall and/
or abstraction inputs, different scenarios can be simulated to
estimate the water level fluctuations and calculate recharge,
which could provide valuable information for water managers.
It is not a data-intensive method but a good knowledge of the
hydraulic properties of the aquifer is required.

There are ample opportunities for application of the RIB
model in similar regions. In this paper, 2 case studies with 2
different types of geology were presented using this model.
Discussion of the limitations of RIB indicates that the model is
best suited for shallow unconfined aquifers with relatively low
transmissivity. Due to limited available data, only recharge esti-
mates at daily and monthly basis are simulated. The utility of the
model could be further explored using more data collected in dif-
ferent climatic areas under different hydrogeological conditions.
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APPENDIX A
Input/output data in the rainfall infiltration breakthrough (RIB) model
Input/ [Symbol |Units Definition Type of data
output
Day, - Days of simulation Time series (from 1 to n)
rain mm Daily rainfall Time series
Q... m® per time* |Source/sink of water other than through Time series (positive value means groundwater
abstraction sink, negative value means groundwater source)
Q, m® per time® |Abstraction of groundwater Time series
dh_obs |m Observed water level fluctuations (current Time series
WL- WL, )
Input |S, - Specific yield One value
A km? Surface area of watershed One value
Q.. m?*d?! Constant volume of groundwater sink (e.g. One value
baseflow)
lag_D time? Time delay between rainfall events and One value
recharge
Length_D |time® Parameter that characterises rain sequences One value
and antecedent conditions
R,, mm per time®|Average rainfall One value
WLF,, |m Average groundwater level fluctuations One value
rd - Parameter of the CRD® method One value
R (P) |Mm per Threshold value representing aquifer boundary |One value corresponding to P, (ranging from 0
Output time? conditions for a closed aquifer to R, for an open aquifer
system)
r - Parameter of the RIB® method One value
Re(%) - Ratio of recharge to rainfall One value
dh(crd) |m Calculated WLF with the CRD® method Time series
dh(rib) |m Calculated WLF with the RIB method Time series
Re(rib)  |mm per time*|Calculated recharge Time series

* Day, month or year
b Cumulative rainfall departure method
¢ Rainfall infiltration breakthrough method
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