
Hydrogeology Journal (2002) 10:5–17 DOI 10.1007/s10040-001-0171-7

Abstract Since the mid-1980s, a relative explosion of
groundwater-recharge studies has been reported in the
literature. It is therefore relevant to assess what is now
known and to offer further guidance to practitioners in-
volved in water-resource development. The paper sum-
marizes current understanding of recharge processes,
identifies recurring recharge-evaluation problems, and
reports on some recent advances in estimation tech-
niques. Emphasis is accorded to (semi-)arid regions be-
cause the need for information is greatest in those areas
– groundwater is often the only water source, is vulnera-
ble to contamination, and is prone to depletion. Few
studies deal explicitly with groundwater recharge in tem-
perate and humid zones, because recharge is normally
included in regional groundwater investigations as one
component of the water balance. The resolution of re-
gional water-balance studies in (semi-)arid areas is, in
contrast, often too low to quantify the limited recharge
component with sufficient precision.

Despite the numerous studies, determination of re-
charge fluxes in (semi-)arid regions remains fraught with
uncertainty. Multiple tracer approaches probably offer
the best potential for reliable results in local studies that
require ‘at-point’ information. However, many investiga-
tions indicate that these approaches are not straightfor-
ward, because in some cases preferential flow contrib-
utes as much as 90% of the estimated total recharge.
Tracer results (e.g. Cl–, 3H) must therefore be interpreted
with care in areas with multi-modal flow in the vadose
zone. Moreover, accurate estimation of total chloride de-
position is essential, and tritium may be influenced by
vapour transport at low flux rates. In addition, paleocli-
matic and paleohydrological conditions may cause dis-
crepancies between measured actual processes and cal-
culated long-term averages.

The frequently studied issues of localized recharge
and spatial variability need not be a problem if concern
is with regional estimates. The key for practitioners is
the project objective, which dictates whether ‘at-point’
or area-/groundwater-based estimation methods are ap-
propriate. Many indirect (wadi) recharge studies reported
in the literature are site specific; the relationship between
‘at point’ hydraulic properties and channel-reach losses
demands further investigation.

Résumé Depuis les années 1980, une explosion relative
des études de recharge de nappes a été notée dans la lit-
térature. Il est par conséquent pertinent d’évaluer ce qui
est connu et de donner davantage de conseils aux prati-
ciens impliqués dans le développement des ressources en
eau. Ce papier résume les connaissances courantes sur
les processus de recharge, identifie les problèmes classi-
ques d’évaluation de la recharge et donne des informa-
tions sur quelques avancées récentes concernant les tech-
niques d’estimation. L’accent est mis sur les régions ari-
des et semi-arides parce que le besoin d’informations est
particulièrement fort dans ces régions, car l’eau souter-
raine est souvent la seule source d’eau, est vulnérable à
la pollution et est sujette à la diminution. Quelques étu-
des concernent explicitement la recharge de nappes dans
les régions tempérées et humides, parce que la recharge
est normalement incluse dans les études régionales de
nappes comme l’une des composantes du bilan hydrolo-
gique. La résolution des études régionales de bilan hy-
drologique en régions arides et semi-arides est au con-
traire souvent trop faible pour quantifier la composante
limitée de recharge avec une précision suffisante.

Malgré de nombreuses études, la détermination des
flux de recharge en régions arides et semi-arides reste
pleine d’incertitudes. Les approches par traceurs multi-
ples offrent probablement le meilleur potentiel pour
fournir des résultats intéressants dans les études locales
qui nécessitent une information localisée. Toutefois, de
nombreux travaux indiquent que ces approches ne sont
pas sans biais, parce que dans certains cas des écoule-
ments préférentiels contribuent pour plus de 90% au total
de la recharge estimée. Les résultats fournis par les tra-
ceurs (par exemple Cl–, 3H) doivent par conséquent être
interprétés avec précaution dans les régions où existe un
écoulement multi-modal dans la zone d’infiltration. De
plus, l’estimation précise de l’apport total en chlorure est
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essentiel et le tritium peut être influencé par le transport
de vapeur pour des flux faibles. En outre, les conditions
paléoclimatiques et paléohydrologiques peuvent intro-
duire des désaccords entre les processus actuels mesurés
et les moyennes calculées sur le long terme.

Les écoulements fréquemment étudiés de recharge lo-
calisée et de variabilité spatiale ne sont pas un problème
si l’intérêt est une estimation régionale. La clé pour les
praticiens est l’objectif du projet, qui dicte s’il est appro-
prié de recourir aux méthodes d’estimation localisée ou
régionales basées sur la nappe. De nombreuses études in-
directes de la recharge (wadi) fournies par la littérature
sont particulières au site étudié; la relation entre les pro-
priétés hydrauliques locales et les pertes le long des che-
naux exige des recherches complémentaires.

Resumen A partir de mediados de 1980, se ha experi-
mentado un notable aumento de referencias bibliográfi-
cas sobre estudios de recarga de acuíferos. Por tanto, es
importante establecer qué se conoce actualmente y dar
soporte a los técnicos encargados del desarrollo de recur-
sos hídricos. Este artículo resume el conocimiento actual
en lo que respecta a los procesos de recarga, identifica
los problemas recurrentes en la evaluación de la recarga,
e informa sobre algunos avances recientes en técnicas de
estimación. Se enfatiza en regiones (semi-)áridas, ya que
la necesidad de información es mayor en dichas áreas,
donde las aguas subterráneas son a menudo la única
fuente de agua, son vulnerables a la contaminación y
existe riesgo de abatimiento de los niveles. Pocos estu-
dios tratan de forma explícita la recarga en zonas templa-
das y húmedas, porque la recarga se incluye normalmen-
te en las investigaciones a escala regional de las aguas
subterráneas como una componente más del balance de
agua. La resolución de los estudios regionales de balance
de aguas en zonas (semi-)áridas, por el contrario, es a
menudo demasiado baja para permitir una cuantificación
suficientemente precisa de la recarga.

A pesar de los numerosos estudios existentes, la de-
terminación de los flujos de recarga en regiones (semi-)
áridas todavía presenta incertidumbres. Los métodos de
trazadores múltiples ofrecen probablemente el mejor po-
tencial para llegar a resultados fiables en estudios locales
que requieren información ‘puntual’. No obstante, mu-
chos estudios indican que este enfoque no es directo, ya
que el flujo preferente contribuye en algunos casos al
90% de la recarga estimada total. Los resultados obteni-
dos con trazadores (por ejemplo, cloruro, tritio) deben
ser interpretados con precaución en áreas con flujo mul-
timodal en la zona no saturada. Además, es esencial una
estimación cuidadosa de la aportación total de cloruro,
mientras que el tritio puede estar influenciado por trans-
porte en forma de vapor a velocidades de flujo bajas.
También, las condiciones paleoclimáticas y paleohidro-
lógicas pueden dar lugar a discrepancias entre los proce-
sos medidos en la actualidad y los valores calculados co-
mo promedios durante períodos largos.

Los conceptos frecuentemente estudiados de recarga
localizada y variabilidad espacial no deben suponer un

problema si lo que se busca son estimaciones a escala re-
gional. Lo importante para los técnicos es el objetivo del
proyecto, pues éste determina si se necesita métodos es-
timativos ‘puntuales’ o de mayor escala. Muchos estu-
dios indirectos de recarga (wadis) referidos en la biblio-
grafía son específicos del lugar; la relación entre las pro-
piedades hidráulicas’puntuales’ y las pérdidas en tramos
de canales exige más investigación.

Keywords Groundwater recharge · Tracer studies ·
Groundwater development · Arid regions

Introduction

Groundwater use is of fundamental importance to meet
the rapidly expanding urban, industrial, and agricultural
water requirements, particularly in (semi-)arid zones. To
quantify the current rate of groundwater recharge is thus
a prerequisite for efficient and sustainable groundwater-
resource management in these dry areas, where such re-
sources are often the key to economic development. Re-
charge estimates should also be related to the aquifer tar-
geted for development, which need not be the uppermost
phreatic source.

Since the mid-1980s, a relative explosion of recharge
studies has been reported in the scientific literature. Rec-
ognition of the growing need for reliable recharge esti-
mation is also reflected in the active support by interna-
tional agencies/non-government organizations (NGOs)
and the publications that have emerged from various in-
ternational meetings (e.g. Simmers 1988, 1997; Sharma
1989; Lerner et al. 1990; Bredenkamp et al. 1995).

Attention in this paper focuses principally on recharge
of unconfined aquifers, often the most readily available
and affordable source of water in (semi-)arid regions.
These aquifers are also the most susceptible to depletion
and contamination, with the recharge rate and dominant
processes determining their level of vulnerability.

Aspects of Recharge

Recharge Types
The various sources of recharge to a groundwater system
are well known. Principal recharge mechanisms from
these sources have been conceptually defined by Lerner
et al. (1990) as:

● Direct recharge: water added to the groundwater res-
ervoir in excess of soil-moisture deficits and evapo-
transpiration by direct vertical percolation through the
vadose zone.

● Indirect recharge: percolation to the water table
through the beds of surface-water courses.

● Localized recharge: an intermediate form of ground-
water recharge resulting from the horizontal (near-)
surface concentration of water in the absence of well-
defined channels.

6

Hydrogeology Journal (2002) 10:5–17 DOI 10.1007/s10040-001-0171-7



Figure 1 from Lerner (1997) is a simplified expression of
these recharge mechanisms. In many locations, combina-
tions of the various types occur, with percolation to a
groundwater body by one or more of the following pro-
cesses: (1) diffuse percolation, as either an unsaturated
flux or a saturated front (piston-type flow); (2) macro-
pore flow through root channels, desiccation cracks, and
fissures; or (3) preferential flow caused by unstable wet-
ting fronts and differentiated soil physical characteristics
within the soil, notably between sandy and clayey sedi-
ments. A review of the literature indicates that recharge
occurs to some extent in even the most arid regions and,
as aridity increases, direct recharge is likely to become
less important than localized and indirect recharge, in
terms of total aquifer replenishment.

Recharge Processes
Recharge is defined in a general sense as the downward
flow of water reaching the water table, forming an addi-
tion to the groundwater reservoir. One mechanism is
downward percolation by soil water in excess of soil-
moisture deficit and evapotranspiration (infiltration ex-
cess). This definition is rather straightforward, but sever-
al conceptual problems exist. Groundwater recharge over
a certain area is normally considered to be equal to infil-
tration excess over the same area. However, not all this
water necessarily reaches the water table. It might be
hampered by low-conductivity horizons and disappear as
interflow to nearby local depressions, where it runs off
or evaporates instead of joining the regional groundwater
system. Another problem might arise, especially in shal-
low aquifers in relation to areal scale, viz. a rise of the
water table by recharge could initiate a local groundwa-
ter system with associated local seepage discharge with-
in the considered area. The net recharge in that area is
accordingly lower than the total downward flow to the
table. A similar problem in areas with a high water table
is associated with a time scale: water may initially join

the groundwater reservoir but might subsequently be ex-
tracted by evapotranspiration.

Thus the chosen boundaries determine whether a local
system is considered a part of the recharge flux or if tem-
porary recharge is considered as part of the total long-
term replenishment. A clear distinction should therefore
be made, both conceptually and for any modelling pur-
poses, between the potential amount of water available
for recharge from the soil zone and the actual recharge
reaching the water table. The term potential recharge
was introduced by Rushton (1988). This type includes
the above-mentioned excesses of precipitation over ev-
apotranspiration, which subsequently disappear through
a local discharge system or by evaporation from the satu-
rated zone, but which could become ‘permanent’ re-
charge by lowering the water table after extraction.
Moreover, lowering of a shallow water table can induce
additional recharge by reducing evapotranspiration. This
concept of potential recharge is important for modelling
future conditions.

These conceptual problems normally do not occur in
areas with deep water tables, far below the root zone.
Under such conditions, virtually all water that passes the
root zone is assumed to have escaped evapotranspiration
and could recharge the groundwater reservoir. Average
regional recharge over a longer period then equals aver-
age regional groundwater discharge. However, mecha-
nisms exist that can cause soil water to ascend from con-
siderable depths, notably under (semi-)arid conditions.
Although these fluxes are usually very low, they may be
significant in relation to downward percolation in arid
regions. Coudrain-Ribstein et al. (1998), for example, re-
port on stable-isotope studies that suggest fluxes of
about 1 mm/year by capillary rise from (perched) water
tables at a depth of about 20 m. Further, Adar et al.
(1995) demonstrated the extraction of groundwater by a
tamarisk tree in arid sand dunes from a depth of more
than 15 m, and De Vries et al. (2000) detected extraction
of water by deep-rooting acacia species from depths ex-
ceeding 50 m in the Kalahari desert. Physical confirma-
tion of this deep extraction process is provided by a trac-
er-transport study on an alluvial fan in semi-arid Spain
for the shrub species Retama sphaerocarpa [tracer injec-
tion depths 16 and 28 m; Haase et al. (1996)].

Vapour transport is another mechanism that produces
a considerable flux in situations with a temperature gra-
dient. De Vries et al. (2000) measured an average sea-
sonal temperature difference of 4 °C in the Botswana
Kalahari sand beds between the root zone (at 3 m) and a
depth of 7 m. This gradient is caused by a phase lag in
the seasonal temperature cycle of half a year, and it pro-
duces an upward vapour transport during the winter and
a downward transport during summer of about
0.2–0.3 mm per season. These mechanisms thus cause an
imbalance between percolation below the (shallow) root
zone and actual recharge, and/or between actual recharge
and total discharge flux. Moreover, large groundwater
systems with low fluxes and long relaxation time are of-
ten not in a steady state. These systems therefore usually
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Fig. 1 The various mechanisms of recharge in a (semi-)arid area
(Lerner 1997)



contain residual components of hydraulic head and hy-
draulic gradient from paleoclimatic conditions on a time
scale of thousands of years, causing an imbalance be-
tween recharge and discharge. An example of the latter
situation is groundwater that feeds oases in large depres-
sions of the Egyptian western desert (Burdon 1977). This
groundwater, more than 10,000 years old, originates
from earlier pluvial periods; the relatively low flux-stor-
age ratio in these huge aquifers enables water to flow for
tens of thousands of years.

The interaction of climate, geology, morphology, soil
condition, and vegetation determines the recharge pro-
cess. In general, groundwater recharge in (semi-)arid ar-
eas is much more susceptible to near-surface conditions
than in more humid regions. Deep percolation in humid
areas is mainly controlled by the potential precipitation
surplus (rainfall minus potential evapotranspiration), the
infiltration capacity of the soil, and the storage and trans-
port capacity of the sub-surface. In (semi-)arid areas,
however, potential evapotranspiration on average ex-
ceeds rainfall, so that groundwater recharge particularly
depends on rainfall events of high concentration, accu-
mulation of rain water in depressions and streams, and
the ability of rain water to escape evapotranspiration by
rapid percolation through cracks, fissures, or solution
channels. Recharge is normally hampered by thick allu-
vial soils, which allow high retention storage during the
wet season and vegetation that subsequently extracts soil
water in the next dry season. In contrast, a poor vegeta-
tion cover on a permeable soil or a fractured porous bed-
rock near the surface, together with high-intensity rain-
fall, create favourable conditions for recharge.

Influence of Lithology and Geomorphology
The influence of lithology and geomorphology in semi-
arid areas is illustrated in Botswana by differences be-
tween the Kalahari sands and adjoining Precambrian
hard-rock area (Gieske 1992; De Vries 1997; Selaolo
1998; De Vries et al. 2000). The moderate average annu-
al rainfall of 250–500 mm supports a rather dense vege-
tation, which classifies the Kalahari as a bush and tree
savannah with alternating grass steppe. High infiltration

capacity, combined with high retention storage in the
Kalahari sand during the summer wet season and subse-
quent high evapotranspiration by dense vegetation dur-
ing the dry season dictate that little water passes the root
zone to contribute to aquifer recharge. Environmental-
tracer studies and groundwater flow modelling indicate
that recharge is about 5–10 mm/year in the fringe area,
where rainfall is about 450 mm, to less than 1 mm/year
in the central Kalahari, where rainfall is about 350 mm.
Figure 2 indicates soil-water dynamics in the Kalahari
under uniform sand conditions. Significant soil-water ex-
change occurs in the root zone, with only minor percola-
tion below this zone. The sharp boundary at the root-
zone base reflects the marked influence of moisture con-
tent on hydraulic conductivity. Higher recharge rates oc-
cur in local depressions, notably in situations where wa-
ter infiltrates rapidly through fractured duricrust hori-
zons (Fig. 3).

Recharge in the Botswana Precambrian area is largely
restricted to fractured zones that form groundwater ba-
sins that are about 5–10 km2 in area. In many places,
these zones coincide with morphological depressions or
ill-defined dry valleys. Average areal recharge in the ba-
sins, where mean annual rainfall is 500–550 mm, ranges
from 10 mm/year through alluvial loamy sediments to
30 mm/year through coarse-grained sediments and frac-
tured outcrops. Several studies in areas that have even
more arid conditions (average rainfall less than
200 mm/year) indicate that regional recharge of a few
millimetres per year is not uncommon in areas with a
coarse-grained soil or fractured-rock outcrops (see Issar
and Passchier 1990). Both the Kalahari and the Precam-
brian areas are characterized by multi-modal water flux-
es in the vadose zone. Preferential flow contributes on
average ~50% of the estimated total recharge, though
values as high as 70–90% are known. Recharge induced
by minor topographic variations is also important at a lo-
cal scale. Gieske et al. (1990) observed horizontally con-
centrated infiltration into rills and lateral soil-water
movement toward intervening ridges. Soil water below
the rills has low salt content, whereas that below the
ridges has higher concentrations, because of enrichment
by enhanced evapotranspiration. These rills and ridges
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Fig. 2 Time series of seasonal
moisture distribution in Kala-
hari sand, based on neutron-
probe observations. Dashed
line indicates approximate root
zone depth. (After Beekman et
al. 1999)



form undulations less than 1 m high and tens of metres
wide.

Karst is often highly effective in enhancing recharge.
Hoetzl (1995), for example, reports on an exposed karst
area in Saudi Arabia where 47% of the average rainfall
(93 mm/year) disappears into sinkholes and corrosional-
ly extended joints. Another example of enhanced re-
charge from a combination of climate and sub-surface
conditions is demonstrated by Mediterranean limestone
areas, where high-intensity winter precipitation infil-
trates exposed karst surfaces. These conditions account
for the excellent aquifers in the Portuguese Algarve,
where annual recharge is estimated to be 150–300 mm in
areas that have alternating karstified dolomites and marls
and a climate that is characterized by hot, dry summers
and an average annual rainfall of only 550 mm (De Vries
and Schwan 2000). Similar values are reported by Issar
and Passchier (1990) for limestone aquifers in that part
of Israel that has a Mediterranean climate. Some basalt
plateaus also have high levels of surface fracturing and
weathering, thus facilitating high recharge rates. Under
(paleo-)humid conditions, however, basalt weathering
sometimes produces black cotton soils, which hamper in-
filtration because of swelling clays.

Recharge Estimation
Differences in groundwater recharge sources and pro-
cesses mean that the applicable value of available esti-
mation techniques varies. Although direct recharge is

known to be of decreasing significance with increasing
aridity, the processes are conceptually the easiest to de-
fine, and they still form the basis of numerous recharge-
estimation techniques in common use. Transient aspects,
such as the actual frequency of recharge events and the
transit time until recharge takes place, are also important
in this respect.

Procedures used to quantify recharge from the various
sources (i.e. direct measurement, water-balance methods,
Darcian approaches, tracer techniques, and empirical
methods) and many of the problems encountered with
each are addressed by Gee and Hillel (1988), Lerner et
al. (1990), Allison et al. (1994), Stephens (1994), Lerner
(1997), and Simmers (1997), among others. Summary
comparisons of the various methods are offered by 
Lerner et al. (1990), Bredenkamp et al. (1995), and 
Stephens (1996).

Few water-resource studies in humid areas are explic-
itly concerned with groundwater recharge. Recharge usu-
ally forms one of the components in an overall water bal-
ance, and inaccuracies in the water-balance determina-
tion are normally sufficiently small, in comparison with
the magnitude of the recharge component, to allow for a
reasonable estimate. Alternatively, one can determine re-
charge through the vadose zone from direct calculation
of water fluxes, either by applying environmental tracers
or by establishing a vadose-zone water balance on the
basis of soil, climate, and vegetation data. Examples are
offered by Johansson (1987), Saxena (1987), Meinardi
(1994), and Gehrels (1999). In arid and semi-arid cli-
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Fig. 3 Vertical soil-moisture
and chloride profiles for a a
level site (S22) and b Legape
pan in the Letlhakeng-Botlha-
patlou sand area at the fringe of
the Botswana Kalahari. Aver-
age rainfall: 450 mm/year; 
calculated recharge at S22:
~2 mm/year; calculated re-
charge at Legape pan:
~30 mm/year (De Vries et al.
2000)



mates, however, the latter method is not always straight-
forward, because the small recharge amount calculated
from the difference between rainfall and actual evapo-
transpiration (Ea) is normally less than the accuracy
range of Ea determination.

The problem with Darcy’s law solutions for water
movement in the vadose zone is that they require knowl-
edge of the soil-water retention curves and unsaturated
hydraulic-conductivity curves. Direct determination of
these is difficult. However, indirect methods for estimat-
ing soil hydraulic properties have been developed from
readily-measured soil data, and these methods often
yield sufficiently precise information for many practical
applications without increasing costs (see Sophocleous
and Perry 1985; Rawls et al. 1991; Van Genuchten et al.
1992; Hendrickx and Walker 1997). Lumped-parameter
percolation models have also proven useful. The Van der
Lee and Gehrels (1997) EARTH model, for example,
makes use of Ea estimates and simplified transport mod-
els for percolation through the vadose zone; the model is
calibrated by groundwater-level fluctuations, taking into
account the groundwater recession component. Other va-
dose-zone models with recharge applications are illus-
trated by Beverly et al. (1999), Zhang et al. (1999), and
Gehrels (2000). Such models are especially interesting
for seasonal or interannual recharge-fluctuation monitor-
ing via groundwater-level observations. Groundwater
levels are also a key input to groundwater flux and vol-
ume-change considerations at the basin scale; examples
are given by Bredenkamp et al. (1995) and Ketchum et
al. (2000).

Tracer methods have several advantages over physical
techniques. One advantage is that the precision of a re-
charge estimate does not decrease as the moisture flux to
groundwater decreases. Many tracer studies in (semi-)ar-
id areas are based on 3H or Cl– profiles in the vadose
zone. The methods are conceptually simple, though
problems arise with 3H vapour transport when recharge
is less than 20 mm/year (Cook and Walker 1995) and in
determining the atmospheric Cl– input. With regard to
Cl– deposition, 8 years of sampling in the Kalahari using
standard rain gauges indicates a high areal and temporal
variation (Selaolo 1998). A further complicating issue is
created by tree canopies, which capture and enhance dry
aerosol deposition. Other tracers used in recharge studies
are the stable isotopes 18O and 2H. These isotopes are
useful for identifying processes and origin of the water,
but pose difficulties in quantitative recharge estimates
because they are not conservative and are subject to frac-
tionation by evaporation. Examples of stable-isotope ap-
plications to recharge estimation are presented by Allison
et al. (1984), Saxena (1987), and Gehrels et al. (1998).
Allison et al. (1984) made use of the downward decrease
in heavy-isotope concentration through dilution by per-
colating rain water in semi-arid Australia. Saxena (1987)
and Gehrels et al. (1998) used the distinct seasonal iso-
tope signal to trace and model vertical moisture fluxes in
the temperate, humid climates of Sweden and The Neth-
erlands, respectively.

In conclusion, groundwater-recharge estimation is an
iterative process. The water-resource practitioner should
note that:

● Realistic estimation depends on first identifying im-
portant features influencing recharge for a given lo-
cality and probable flow mechanisms relating to the
aquifer targeted for development.

● It is desirable to apply and compare multiple indepen-
dent approaches.

● Model development is too often seen as an alternative
to field work, and the model applied must be appro-
priate to actual field conditions.

● For (semi-)arid groundwater systems with a large re-
laxation time, a residual head or hydraulic gradient is
likely to exist from paleoclimatic conditions.

Some Challenges in Estimating Recharge

Groundwater recharge has been repeatedly shown to be
highly variable; the greater the aridity, the smaller and
potentially more variable the natural flux. In addition to
the perennial difficulties associated with sparse informa-
tion, particularly in (semi-)arid areas, various general re-
charge estimation ‘problems’ recur, on the basis of a re-
view of the literature to the late-1990s. These include:
(1) variability of recharge in time and space [e.g. effects
of climatic and land-use changes on tracer profiles/mass
balances; the spatial extrapolation of ‘at-point’ data; de-
termination of reliable (representative) water-balance pa-
rameters]; (2) the assessment and regional hydrological
consequences of localized and indirect recharge; and (3)
the impacts of urban development on groundwater re-
charge.

A scan of the more recent literature shows that not all
these ‘problems’ have been satisfactorily resolved.
Equally evident, however, is that considerable progress
has been made. This paper addresses some of the above
challenges and outlines recent developments within
each. Particular attention is accorded to recharge
space/time variability, land-use change, and the indi-
rect/localized components. Foster et al. (1994) and 
Chilton (1997, 1999) present details on the impacts of
urban development on recharge.

Variability of Recharge with Time
Variations in groundwater recharge with time are well
documented. Figure 4 offers an example from Botswana,
based on historical daily rainfall records, which were
converted into recharge values by semi-empirical rain-
fall-recharge relations established from the lumped-pa-
rameter EARTH model (Gieske 1992). Comparable re-
sults were obtained by Bredenkamp (1988) for Wonder-
gat sinkhole, just south of Botswana, using a 34-year wa-
ter-level observation record.
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An implication from such studies is that when signifi-
cant recharge results from only infrequent large events, it
is highly misleading to describe mean annual recharge or
recharge as a proportion of mean annual rainfall. The
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Fig. 4a–c Recharge time series, 1922–1990, simulated using the
EARTH model and Lobatse (Botswana) daily rainfall records. 
a Seasonal rainfall; b simulated recharge; c simulated water level
in well (Gieske 1992)



danger of such a simplistic approach is illustrated by
comparing results from Botswana, South Africa, and
Zimbabwe (Fig. 5); the diagram shows that recharge var-
ies by a factor of up to 100 for the same annual rainfall.
These data include areas with different lithology and
morphology and are partly from spring data, for which
the contributing area is not always clear. However, in
most of the areas, regional recharge is very low where
rainfall is less than 400 mm/year.

Estimation of Regional Recharge
Numerous studies have shown that very reasonable esti-
mates of recharge over extended areas can be derived us-
ing readily obtained field data, without considering the
complicating aspects of small-scale (local) variability.
Methods include regional-flux determination by isotope
dating, chloride mass-balance calculations, tracer mix-
ing-cell modelling, Darcian flow modelling, and direct
measurements of spring discharge or stream baseflow.
Examples of relatively low-cost investigations are pro-
vided by Adar et al. (1988), Gieske and De Vries (1990),
Athavale et al. (1992), Edmunds and Gaye (1994), 
Kennett-Smith et al. (1994), Bredenkamp et al. (1995),
Leaney and Herczeg (1995), Sukhija et al. (1996), Birkle
et al. (1998), and Rangarajan and Athavale (2000).

Selaolo (1998), Beekman et al. (1999), and Chen Zhu
(2000) also illustrate that geochemical and isotopic (14C,
4He) tracers in the saturated zone provide attractive alter-
native approaches for estimating recharge. These studies
utilized an areal integration of long-term average tracer
inputs, therefore circumventing the complexities result-
ing from diverse recharge pathways. The long-term aver-
age areal recharge rate from the 3He/4He ratio method is
shown by Selaolo (1998) to be in the same order of mag-
nitude as values obtained by chloride mass balance and
groundwater flow modelling. These 3He/4He and 14C
methods are not problem free, however, because both
tracers generally interact with the aquifer medium. At-

mospheric 14C mixes with carbon produced from lime-
stone with zero 14C in the aquifer, and the use of 4He is
based on its production by the aquifer material, with a
possible inflow component from the mantle. Additional
difficulties occur as a result of dispersion and when stag-
nating zones are present. Very old water beyond the dat-
ing limits of 14C can be dated with 36Cl. For example,
this technique has been applied in the Australian Great
Artesian Basin, where groundwater ages are
>100,000 years (Torgersen et al. 1991).

Other recent methods used to estimate recharge over
large areas reflect a statement in Lerner et al. (1990,
p 14) that “potential lies in a combination of field mea-
surements and remote sensing.” Examples of this ap-
proach are provided by Sophocleous (1992), Salama et
al. (1994b), and Hutjes (1998). Results indicate that de-
spite its present shortcomings, the areal water-balance
method is a powerful tool to understand the main fea-
tures of recharge processes, if short time steps are used
and the spatial variability of components is taken into ac-
count.

One should realize, however, that these regional re-
charge estimates are often based on the assumption that
average recharge equals the average discharge. This con-
dition does not apply where the hydraulic-gradient relax-
ation time is long compared with changing conditions,
which is often the case in (semi-)arid areas for very large
groundwater basins with a low flux-storage ratio. Under
such conditions, groundwater head gradients and associ-
ated flow could be residual (Burdon 1977; De Vries
1984, 1997; Tyler et al. 1996; Corbet 2000; De Vries et
al. 2000). Geochemical and isotopic studies from the sat-
urated zone can reveal these paleo-recharge events. 
Dabous and Osmond (2001), for example, identified the
different water sources and their mixing volumes in the
Nubian aquifer, Egypt, using uranium isotopes. Further,
in a study of the Libyan desert, Edmunds and Walton
(1980) were able to differentiate groundwater from re-
gional pre-Holocene recharge and locally recharged wa-
ter from 5,000–7,800 years B.P.

Recharge and Land-Use Change
Many early attempts to estimate recharge in situations
involving land-use change have generally assumed that
evapotranspiration and precipitation are the only time-
variant factors affecting the various processes. However,
a problem occurs when transit time until recharge is long
and land-use changes are known to have occurred in an
area prior to current data-collection programs. In such
cases, the hydrological system is in a state of dynamic
evolution; examples are cited by Allison et al. (1994),
Phillips (1994), and Bromley et al. (1997). The Austra-
lian studies, in particular, illustrate the crucial influence
of vegetation on recharge in semi-arid areas through his-
torical evapotranspiration changes. Significantly in-
creased recharge resulted from removal of the indige-
nous vegetation in large parts of southeastern Australia
more than 100 years ago. The effect is a rise in water ta-
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Fig. 5 Recharge data from South Africa, Botswana, and Zimba-
bwe, plotted as a function of annual rainfall (Selaolo 1998)



bles and associated problems of widespread salinization
(Allison et al. 1990). A further illustration of the role of
vegetation is in southwestern Niger (Sahel) where, as a
result of land-use change, an increase in recharge from a
previous 5 mm/year to the present 20 mm/year has in-
duced a long-term water-table rise (Leduc et al. 2001).
Clearing of vegetation changed the hydraulic properties
of the topsoil, which in turn increased surface runoff,
concentrated water in depressions, and resulted in en-
hanced recharge.

Apart from direct water-level measurements, esti-
mates of changes in recharge resulting from land-use
change usually involve analyses of ‘at-point’ Cl– pro-
files, which typically display complex shapes under non-
steady state conditions. An example of this approach is
the study by Walker et al. (1991) using a combination of
tracer (Cl–) and physical (suction profile) methods. The
procedure remains valid even where the chloride profiles
are distorted. The method also allows an estimate to be
made of the probable time delay before the effects of
land-use change reach the water table.

Estimation of Localized Recharge
Recharge along preferential flow paths has received con-
siderable attention in the past decade, with an increasing
number of studies verifying the significance of the pro-
cess and attempting to quantify its relative contribution
to the groundwater body. The literature also indicates
that in some cases local groundwater-recharge models
that ignore the possibility of such phenomena may be
highly misleading. An overview of the topic is given by
Stephens (1994).

Gee and Hillel (1988) visualize localized recharge oc-
curring on three spatial scales: (1) micro-scale pathways,
several centimetres or decimetres apart, such as those
formed by shrinkage cracks, roots, and burrowing ani-
mals; (2) meso-scale flow paths, with a spacing of sever-
al metres or tens of metres, initiated by local topographic
or lithological variations; and (3) macro-scale flow
paths, spaced several hundred (or more) metres apart,
caused by major landscape features, such as karst sinks
or playa basins. Such variations in local recharge have
been demonstrated and quantified for many soil types.
Typical examples are presented by Gieske (1992), 
Scanlon (1992), Hoetzl (1995), Nativ et al. (1995), Wood
and Sanford (1995), Herczeg et al. (1997), Scanlon and
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Fig. 6 Central Kalahari (Bo-
tswana) tracer profiles from a
deep borehole; average rainfall:
~350 mm/year (Beekman et al.
1999)



Goldsmith (1997), Wood et al. (1997), Selaolo (1998),
Beekman et al. (1999), Gehrels (1999, 2000), and 
Scanlon et al. (1999). All used isotope- and/or chemical-
tracer techniques to solve their specific problem. The ex-
amples of Hoetzl (1995), Wood et al. (1997), and 
Scanlon et al. (1999) address both surface ‘runon’ and
spatially variable vertical fluxes. Research by Wood et
al. (1997) has a regional perspective, though much of the
effort focuses on recharge processes in and around
ephemeral playa lakes. Results show that 15–35% of to-
tal recharge of 11 mm/year on the Texas and New Mexi-
co High Plains, USA, occurs as piston flow through pla-
ya basin floors that occupy only 6% of the area. The re-
maining recharge, from 94% of the area, comes from
macropore flux near the basin floors (60–80%) and dif-
fuse infiltration over the region (~5%).

By way of further example, Fig. 6 presents tracer re-
sults from a deep borehole in the central Kalahari (Beek-
man et al. 1999; De Vries et al. 2000). Chloride concen-
tration decreases dramatically below 9 m, suggesting
preferential flow in this area with an average areal re-
charge of less than 1 mm/year. This conclusion is sup-
ported by the higher 3H pulses (~3 tritium units) ob-
served at lower levels in the borehole.

An alternative approach to solving the variability
problems inherent in estimating localized recharge is the
combination of frequency-domain electromagnetic (EM)
measurements and ‘at-point’ Cl– mass balances. The
method is not new conceptually, but some recent studies
have shown promise (e.g. Cook et al. 1992; Salama et al.
1994a; Scanlon et al. 1999).

The problems relating to localized recharge need to
be kept in perspective, however. If concern is with ac-
quiring recharge estimates over a limited area (e.g. for
waste-disposal or local water-supply purposes), then the
need for detailed information is evident. In this situation,
multiple ‘at-point’ investigations are appropriate, with
identification of the preferential flow contribution a pre-
requisite. Conversely, for projects on a regional scale, or
those requiring only preliminary recharge estimates, ar-
ea- or groundwater-based methods, as detailed above, are
relevant, and small-scale spatial variability ceases to be
an issue (Simmers 1998).

Estimation of Indirect Recharge
The two principal mechanisms of natural groundwater re-
charge under conditions of ephemeral flow are mountain-
front and channel recharge. In (semi-)arid regions, both
types frequently occur in the same drainage basin and are
difficult to separate in practice. Descriptions of their respec-
tive physical and hydrological characteristics are given by
Lerner et al. (1990), Kruseman (1997), and Lerner (1997).

With respect to mountain-front recharge, qualitative
measures of the seasonal distribution and origins of re-
charged water are derived from chemical- and isotope-
tracer sampling of spring and well water, precipitation,
and runoff (see Gieske 1992; Cook and Solomon 1997;
Girard et al. 1997; Clark et al. 1998; Cunningham et al.

1998). Quantitative estimation of the surface-runoff
component is possible by the water-balance method, but
the sub-surface flow is difficult to isolate. One solution
is to estimate the total by a Darcy throughflow calcula-
tion within the main aquifer, away from the mountain
boundary (Lerner 1997). An alternative approach is pro-
posed by Chavez et al. (1994a, 1994b), who developed
and tested an analytical, seasonal, streamflow model that
includes mountain-front recharge as one of the parame-
ters. The model is formulated in terms of parameters
with physical significance, makes use of normally re-
corded climatic/hydrometric data, and favours remotely
sensed input of basin characteristics.

The more recent studies to determine recharge from
wadis have utilized water-balance methods, empirical
formulae, isotope-tracer techniques, and Darcian ap-
proaches. None is straightforward, and the empirical for-
mulae, in particular, are site specific. Detailed examples
are provided by Abdulrazzak et al. (1989), Hughes and
Sami (1992), Parissopoulos and Wheater (1992), Sorman
and Abdulrazzak (1993, 1997), Scanlon (1994), Lange et
al. (1997, 1999), Sorman et al. (1997), El-Hames and
Richards (1998), Sharma and Murthy (1998), Ponce et
al. (1999), and Shentsis et al. (1999). Most target the un-
saturated response of wadi alluvium under field condi-
tions and require an intensive data-collection program.
Also evident is that river-bed infiltration often decreases
in the course of a flood event due to silt deposition. With
the possible exception of the Tabalah (Saudi Arabia) in-
vestigations, few studies address the issue of spatial het-
erogeneity in bed material. Thus the relationship be-
tween ‘at-point’ hydraulic properties and channel-reach
transmission losses needs further investigation.

Concluding Remarks

Limitations are associated with the well-established re-
charge-estimation methods, most of which yield results
that are problem and scale dependent. Practitioners are
encouraged to explore the more recent techniques identi-
fied here. A note of caution, however: many of the re-
ported studies are in response to specific local issues and
are not necessarily reliable for general application. Esti-
mation of groundwater recharge is an iterative process,
involving progressive aquifer-response data collection
and resource evaluation. Field measurements are a nec-
essary component of a recharge investigation, because
they are the only means to realistically determine re-
charge processes. A principal criterion for all models is
that they must represent the essential features of any
flow mechanisms. Recharge is not only highly dependent
on climate, but also on surface and sub-surface condi-
tions, which do not always reflect lithology and a cur-
rently dry climate. Regolith, duricrust, exposed karst,
and the formation of secondary permeability and subse-
quent aquifer development depend on geological history,
including paleoclimatic and paleohydrological evolution,
and are generally unique for a particular region.
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Multiple tracer approaches probably offer the best po-
tential for reliable recharge estimates in studies that re-
quire ‘at-point’ information, though data must be inter-
preted with care in areas with multi-modal flow in the
vadose zone. The issues of localized recharge and spatial
variability need not be a problem if concern is with re-
gional estimates. The key for practitioners is the project
objective, which dictates whether multiple ‘at-point’ or
area-/groundwater-based estimation methods are appro-
priate. The combination of reliable local data, remote
sensing, and GIS technology offers promise for a better
understanding and quantification of recharge over large
areas.

References

Abdulrazzak MJ, Sorman AU, Alhames AS (1989) Water balance
approach under extreme arid conditions – a case study of Tab-
alah basin, Saudi Arabia. Hydrol Process 3:107–122

Adar EM, Neuman SP, Woolhiser DA (1988) Estimation of spatial
recharge distribution using environmental isotopes and hydro-
chemical data. J Hydrol 97:251–302

Adar EM, Gev I, Lipp J, Yakiv D, Gat J, Cohen Y (1995) Utiliza-
tion of oxygen-18 and deuterium in stem flow for the identifi-
cation of transpiration sources: soil water versus groundwater
in sand dune terrain. IAHS Publ 232:329–338

Allison GB, Barnes CJ, Hughes MW, Leany IWJ (1984) Effects of
climate and vegetation on oxygen-18 and deuterium profiles in
soils. In: Isotope hydrology. International Atomic Energy
Agency, Vienna, pp 105–123

Allison GB, Cook PG, Barnett SR, Walker GR, Jolly ID, Hughes
MW (1990) Land clearance and river salinisation in the 
Western Murray Basin, Australia. J Hydrol 119:1–20

Allison GB, Gee GW, Tyler SW (1994) Vadose-zone techniques
for estimating groundwater recharge in arid and semiarid re-
gions. Soil Sci Soc Am J 58:6–14

Athavale RN, Rangarajan R, Muralidharan D (1992) Measurement
of natural recharge in India. J Geol Soc India 39:235–244

Beekman HE, Selaolo E, De Vries JJ (1999) Groundwater re-
charge and resources assessment in the Botswana Kalahari.
Executive Summary GRES II, Geological Survey of Botswana
and Faculty of Earth Sciences, Vrije Universiteit, Amsterdam,
48 pp

Beverly CR, Nathan RJ, Malafant KWJ, Fordham DP (1999) De-
velopment of a simplified unsaturated module for providing
recharge estimates to saturated groundwater models. Hydrol
Process 13:653–675

Birkle P, Torres Rodríguez V, González Partida E (1998) The wa-
ter balance for the basin of the valley of Mexico and implica-
tions for future water consumption. Hydrogeol J 6(4):500–517

Bredenkamp DB (1988) Quantitative estimation of ground-water
recharge in dolomite. In: Simmers I (ed) Estimation of natural
groundwater recharge. NATO ASI Series C 222. Reidel, 
Dordrecht, pp 449–460

Bredenkamp DB, Botha LJ, Van Tonder GJ, Van Rensburg HJ
(1995) Manual on quantitative estimation of groundwater re-
charge and aquifer storativity. Rep TT 73/95. Water Research
Commission, Pretoria, 419 pp

Bromley J, Edmunds WM, Fellman E, Brouwer J, Gaze SR, 
Sudlow J, Taupin J-D (1997) Estimation of rainfall inputs and
direct recharge to the deep unsaturated zone of southern Niger
using the chloride profile method. J Hydrol 188–189:139–154

Burdon BJ (1977) Flow of fossil groundwater. Q J Eng Geol
10:97–124

Chavez A, Davis SN, Sorooshian S (1994a) Estimation of moun-
tain front recharge to regional aquifers. 1. Development of an
analytical hydroclimatic model. Water Resour Res
30(7):2157–2167

Chavez A, Sorooshian S, Davis SN (1994b) Estimation of moun-
tain front recharge to regional aquifers. 2. A maximum likeli-
hood approach incorporating prior information. Water Resour
Res 30(7):2169–2181

Chen Zhu (2000) Estimate of recharge from radiocarbon dating of
groundwater and numerical flow and transport modeling. Wa-
ter Resour Res 36(9):2607–2620

Chilton PJ (ed) (1997) Groundwater in the urban environment.
Vol 1: Problems, processes and management. In: Proc 27th
IAH Congr, Nottingham, UK. AA Balkema, Rotterdam,
682 pp

Chilton PJ (ed) (1999) Groundwater in the urban environment.
Vol 2: Selected city profiles. IAH Int Contrib Hydrogeol 21.
AA Balkema, Rotterdam, 342 pp

Clark JF, Davisson ML, Hudson GB, Macfarlane PA (1998) Noble
gases, stable isotopes, and radiocarbon as tracers of flow in the
Dakota aquifer, Colorado and Kansas. J Hydrol 211:151–
167

Cook PG, Solomon DK (1997) Recent advances in dating young
groundwater: chlorofluorocarbons, 3H/3He and 85Kr. J Hydrol
191:245–265

Cook PG, Walker GR (1995) Evaluation of the use of 3H and 36Cl
to estimate groundwater recharge in arid and semi-arid envi-
ronments. In: Isotopes in water resources management. IAEA-
SM-336/11. International Atomic Energy Agency, Vienna,
pp 397–403

Cook PG, Walker GR, Buselli G, Potts I, Dodd AR (1992) The ap-
plication of electromagnetic techniques to groundwater re-
charge investigations. J Hydrol 130:201–229

Corbet TF (2000) A groundwater-basin approach to conceptualize
and simulate post-Pleistocene subsurface flow in a semi-arid
region, southeastern New Mexico and western Texas, USA.
Hydrogeol J 8(3):310–327

Coudrain-Ribstein A, Pratx B, Talbi A, Jusserand C (1998)
L’évaporation des nappes phréatiques sous climat aride est-elle
indépendante de la nature du sol? C R Acad Sci Paris Sci Terre
Planèt 326:159–165

Cunningham EEB, Long A, Eastoe C, Bassett RL (1998) Migra-
tion of recharge waters down gradient from the Santa Catalina
Mountains into the Tucson basin aquifer, Arizona, USA. Hy-
drogeol J 6(1):94–103

Dabous AA, Osmond JK (2001) Uranium isotopic studies of arte-
sian and pluvial contributions to the Nubian aquifer, Western
Desert, Egypt. J Hydrol 243:242–253

De Vries JJ (1984) Holocene depletion and active recharge of the
Kalahari groundwaters: a review and an indicative model. J
Hydrol 70:221–232

De Vries JJ (1997) Prediction in hydrogeology: two case histories.
Geol Rundschau 86:354–371

De Vries JJ, Schwan J (2000) Groundwater flow and geological
structure of the Algarve, Portugal. Faculty of Earth Sciences,
Vrije Universiteit, Amsterdam, 104 pp

De Vries JJ, Selaolo ET, Beekman HE (2000) Groundwater re-
charge in the Kalahari, with reference to paleo-hydrologic
conditions. J Hydrol 238:110–123

Edmunds WM, Gaye CB (1994) Estimating the variability of
groundwater recharge in the Sahel using chloride. J Hydrol
156:47–59

Edmunds WM, Walton NRG (1980) A geochemical and isotopic
approach to recharge evaluation in semi-arid zones: past and
present. In: Arid-zone hydrology: investigations with isotope
techniques. IAEA-AG-158/4. International Atomic Energy
Agency, Vienna, pp 47–68

El-Hames AS, Richards KS (1998) An integrated, physically
based model for arid region flash flood prediction capable of
simulating dynamic transmission loss. Hydrol Process
12:1219–1232

Foster SSD, Morris BL, Lawrence AR (1994) Effects of urbaniza-
tion on groundwater recharge. In: Proc ICE Int Conf on
Groundwater Problems in Urban Areas, London, pp 43–63

Gee GW, Hillel D (1988) Groundwater recharge in arid regions:
review and critique of estimation methods. Hydrol Process
2:255–266

15

Hydrogeology Journal (2002) 10:5–17 DOI 10.1007/s10040-001-0171-7



Gehrels JC (1999) Groundwater level fluctuations. Separation of
natural from anthropogenic influences and determination of
groundwater recharge in the Veluwe area, The Netherlands.
PhD Thesis, Vrije Universiteit, Amsterdam, 269 pp

Gehrels JC (2000) Recharge assessment: comparing tracers, mi-
cro-meteorology and soil water models. In: Sililo O, et al.
(eds) Groundwater: past achievements and future challenges.
AA Balkema, Rotterdam, pp 147–152

Gehrels JC, Peeters JEM, De Vries JJ, Dekkers M (1998) The
mechanism of soil water movement as inferred from 18O stable
isotope studies. Hydrol Sci J 43:579–594

Gieske ASM (1992) Dynamics of groundwater recharge: a case
study in semi-arid eastern Botswana. PhD Thesis, Vrije Uni-
versiteit, Amsterdam, 289 pp

Gieske ASM, De Vries JJ (1990) Conceptual and computational
aspects of the mixing cell method to determine groundwater
recharge components. J Hydrol 121:277–292

Gieske ASM, Selaolo ET, McMullen S (1990) Groundwater re-
charge through the unsaturated zone of southeastern Botswa-
na: a study of chloride and environmental isotopes. IAHS Publ
191:33–44

Girard P, Hillaire-Marcel C, Oga MS (1997) Determining the re-
charge of Sahelian aquifers using water isotopes. J Hydrol
197:189–202

Haase P, Pugnaire FI, Fernández EM, Puigdefábregas J, Clark SC,
Incoll LD (1996) An investigation of rooting depth of the
semiarid shrub Retama sphaerocarpa (L.) Boiss. by labelling
of ground water with a chemical tracer. J Hydrol 177:23–31

Hendrickx JMH, Walker GR (1997) Recharge from precipitation.
In: Simmers I (ed) Recharge of phreatic aquifers in (semi-)arid
areas. IAH Int Contrib Hydrogeol 19. AA Balkema, Rotter-
dam, pp 19–111

Herczeg AL, Leaney FWJ, Stadter MF, Allan GL, Fifield LK
(1997) Chemical and isotopic indicators of point-source re-
charge to a karst aquifer, South Australia. J Hydrol 192:271–
299

Hoetzl H (1995) Groundwater recharge in an arid karst area (Saudi
Arabia). IAHS Publ 232:195–207

Hughes DA, Sami K (1992) Transmission losses to alluvium and
associated moisture dynamics in a semiarid ephemeral channel
system in southern Africa. Hydrol Process 6:45–53

Hutjes RWA (ed) (1998) Biospheric aspects of the hydrological
cycle. J Hydrol 212–213 (Spec Issue)

Issar AS, Passchier R (1990) Regional hydrogeological concepts.
In: Lerner DN, et al. (eds) Groundwater recharge. A guide to
understanding and estimating natural recharge. IAH Int Con-
trib Hydrogeol 8. Heinz Heise, Hannover, pp 21–98

Johansson P-O (1987) Methods for estimation of direct groundwa-
ter recharge in humid climates – with examples from sandy till
aquifers in southeastern Sweden. PhD Thesis, Royal Institute
of Technology, Stockholm, 106 pp

Kennett-Smith A, Cook PG, Walker GR (1994) Factors affecting
groundwater recharge following clearing in the south-western
Murray Basin. J Hydrol 154:85–105

Ketchum JN, Donovan J, Avery WH (2000) Recharge characteris-
tics of a phreatic aquifer as determined by storage accumula-
tion. Hydrogeol J 8:579–593

Kruseman GP (1997) Recharge from intermittent flow. In: 
Simmers I (ed) Recharge of phreatic aquifers in (semi-)arid ar-
eas. IAH Int Contrib Hydrogeol 19. AA Balkema, Rotterdam,
pp 145–184

Lange J, Leibundgut C, Grodek T, Lekach J, Schick AP (1997)
Using artificial tracers to study water losses of ephemeral
floods in small arid streams. IAHS Publ 247:31–40

Lange J, Leibundgut C, Greenbaum N, Schick AP (1999) A non-
calibrated rainfall-runoff model for large, arid catchments.
Water Resour Res 35(7):2161–2172

Leaney FW, Herczeg AL (1995) Regional recharge to a karst aqui-
fer estimated from chemical and isotopic composition of dif-
fuse and localised recharge. J Hydrol 164:363–387

Leduc C, Favreau G, Schroeter P (2001) Long-term rise in a
Sahelian water table: the Continental Terminal in southwest
Niger. J Hydrol 243:43–54

Lerner DN (1997) Groundwater recharge. In: Saether OM, de
Caritat P (eds) Geochemical processes, weathering and
groundwater recharge in catchments. AA Balkema, Rotterdam,
pp 109–150

Lerner DN, Issar AS, Simmers I (1990) Groundwater recharge. A
guide to understanding and estimating natural recharge. IAH
Int Contrib Hydrogeol 8. Heinz Heise, Hannover, 345 pp

Meinardi CR (1994) Groundwater recharge and travel times in the
sandy regions of The Netherlands. RIVM Rep 715501004,
PhD Thesis, Vrije Universiteit, Amsterdam, 211 pp

Nativ R, Adar E, Dahan O, Geyh M (1995) Water recharge and
solute transport through the vadose zone of fractured chalk un-
der desert conditions. Water Resour Res 31(2):253–261

Parissopoulos GA, Wheater HS (1992) Experimental and numeri-
cal infiltration studies in a wadi stream bed. Hydrol Sci J
37(1):27–37

Phillips FM (1994) Environmental tracers for water movement in
desert soils of the American southwest. Soil Sci Soc Am J
58:15–24

Ponce VM, Pandey RP, Kumar S (1999) Groundwater recharge by
channel infiltration in El Barbon basin, Baja California, Mexi-
co. J Hydrol 214:1–7

Rangarajan R, Athavale RN (2000) Annual replenishable ground
water potential of India – an estimate based on injected tritium
studies. J Hydrol 234:38–53

Rawls WJ, Gish TJ, Brakensiek DL (1991) Estimating soil water
retention from soil physical properties and characteristics. In:
Stewart BA (ed) Advances in soil science, vol 16. Springer,
Berlin Heidelberg New York, pp 213–234

Rushton KR (1988) Numerical and conceptual models for re-
charge estimation in arid and semi-arid zones. In: Simmers I
(ed) Estimation of natural groundwater recharge. NATO ASI
Series C 222. Reidel, Dordrecht, pp 223–238

Salama RB, Bartle G, Farrington P, Wilson V (1994a) Basin geo-
morphological controls on the mechanism of recharge and dis-
charge and its effect on salt storage and mobilization – a com-
parative study using geophysical surveys. J Hydrol 155:1–26

Salama RB, Tapley I, Ishii T, Hawkes G (1994b) Identification of
areas of recharge and discharge using Landsat-TM satellite
imagery and aerial photography mapping techniques. J Hydrol
162:119–141

Saxena RK (1987) Oxygen-18 fractionation in nature and estima-
tion of groundwater recharge. Rep Ser A40, PhD Thesis, Upp-
sala University, Uppsala, 152 pp

Scanlon BR (1992) Moisture and solute flux along preferred path-
ways characterized by fissured sediments in desert soils. J
Contam Hydrol 10:19–46

Scanlon BR (1994) Water and heat fluxes in desert soils. 1. Field
studies. Water Resour Res 30:709–719

Scanlon BR, Goldsmith RS (1997) Field study of spatial variabili-
ty in unsaturated flow beneath and adjacent to playas. Water
Resour Res 33(10):2239–2252. (See also 1999 Comment/
Reply, Water Resour Res 35(2):601, 603–604)

Scanlon BR, Langford RP, Goldsmith RS (1999) Relationship be-
tween geomorphic settings and unsaturated flow in an arid set-
ting. Water Resour Res 35(4):983–999

Selaolo ET (1998) Tracer studies and groundwater recharge as-
sessment in the eastern fringe of the Botswana Kalahari. PhD
Thesis, Vrije Universiteit, Amsterdam, 229 pp

Sharma KD, Murthy JSR (1998) A practical approach to rainfall-
runoff modelling in arid zone drainage basins. Hydrol Sci J
43(3):331–348

Sharma ML (ed) (1989) Groundwater recharge. AA Balkema,
Rotterdam, 323 pp

Shentsis I, Meirovich L, Ben-Zvi A, Rosenthal E (1999) Assess-
ment of transmission losses and groundwater recharge from
runoff events in a wadi under shortage of data on lateral in-
flow, Negev, Israel. Hydrol Process 13:1649–1663

Simmers I (ed) (1988) Estimation of natural groundwater re-
charge. NATO ASI Ser C 222. Reidel, Dordrecht, 510 pp

Simmers I (ed) (1997) Recharge of phreatic aquifers in (semi-)arid
areas. IAH Int Contrib Hydrogeol 19, AA Balkema, Rotter-
dam, 277 pp

16

Hydrogeology Journal (2002) 10:5–17 DOI 10.1007/s10040-001-0171-7



Simmers I (1998) Groundwater recharge: an overview of estima-
tion ‘problems’ and recent developments. In: Robins NS (ed)
Groundwater pollution, aquifer recharge and vulnerability.
Geol Soc Lond Spec Publ 130:107–115

Sophocleous M (1992) Groundwater recharge estimation and re-
gionalization: the Great Bend Prairie of central Kansas and its
recharge statistics. J Hydrol 137:113–140

Sophocleous M, Perry CA (1985) Experimental studies in natural
groundwater – recharge dynamics: the analysis of observed re-
charge events. J Hydrol 81:297–332

Sorman AU, Abdulrazzak MJ (1993) Infiltration recharge through
wadi beds in arid regions. Hydrol Sci J 38(3):173–186

Sorman AU, Abdulrazzak MJ (1997) Estimation of wadi recharge
from channel losses in Tabalah Basin, Saudi Arabia. In: 
Simmers I (ed) Recharge of phreatic aquifers in (semi-)arid ar-
eas. AA Balkema, Rotterdam, pp 187–200

Sorman AU, Abdulrazzak MJ, Morel-Seytoux HJ (1997) Ground-
water recharge estimation from ephemeral streams. Case
study: Wadi Tabalah, Saudi Arabia. Hydrol Proc 11:1607–
1619

Stephens DB (1994) A perspective on diffuse natural recharge
mechanisms in areas of low precipitation. Soil Sci Soc Am J
58:40–48

Stephens DB (1996) Estimation of infiltration and recharge for en-
vironmental site assessment. API Publ 4643. Health and Envi-
ronmental Sciences Department, Albuquerque, New Mexico

Sukhija BS, Nagabhushanam P, Reddy DV (1996) Groundwater
recharge in semi-arid regions of India: an overview of results
obtained using tracers. Hydrogeol J 4(3):50–71

Torgersen T, Habermehl MA, Phillips FM, Elmore D, Kubik P,
Jones BG, Hemmick T, Gove HE (1991) Chlorine-36 dating of
very old groundwater. 3. Further studies in the Great Artesian
Basin, Australia. Water Resour Res 27:3201–3213

Tyler SW, Chapman JB, Conrad SH, Hammermeister DP, Blout
DO, Miller JJ, Sully MJ, Ginanni JM (1996) Soil-water flux in
the Southern Great Basin, United States: temporal and spatial
variations over the last 120,000 years. Water Resour Res
32:1481–1499

Van der Lee J, Gehrels JC (1997) Modelling of groundwater re-
charge for a fractured dolomite aquifer under semi-arid condi-
tions. In: Simmers I (ed) Recharge of phreatic aquifers in
(semi-)arid areas. IAH Int Contrib Hydrogeol 19. AA Balk-
ema, Rotterdam, pp 129–144

Van Genuchten MTh, Leij FJ, Lund LJ (eds) (1992) Indirect meth-
ods for estimating the hydraulic properties of unsaturated
soils. In: Proc 1989 Int Worksh, California, 718 pp

Walker GR, Jolly ID, Cook PG (1991) A new chloride leaching
approach to the estimation of diffuse recharge following a
change in land use. J Hydrol 128:49–67

Wood WW, Sanford WE (1995) Chemical and isotopic methods
for quantifying ground-water recharge in a regional, semiarid
environment. Ground Water 33(3):458–468

Wood WW, Rainwater KA, Thompson DB (1997) Quantifying
macropore recharge: examples from a semi-arid area. Ground
Water 35(6):1097–1106

Zhang L, Dawes WR, Hatton TJ, Reece PH, Beale GTH, Packer I
(1999) Estimation of soil moisture and groundwater recharge us-
ing the TOPOG_IRM model. Water Resour Res 35(1):149–161

17

Hydrogeology Journal (2002) 10:5–17 DOI 10.1007/s10040-001-0171-7


