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Abstract: Many arid and semi-arid regions of Southern Africa experience pressure on water resources as a result of limited
rainfall, droughts, high population growth, and poor infrastructure. To satisfy domestic, agricultural, and livestock demands,
multiple water sources are used, but the scientiﬁc and local knowledge on both the quality and quantity of these is limited
for the study area. As part of SASSCAL Tasks 007, 010 and 014, numerous ﬁeld campaigns (2013–2017) were carried out
in the transboundary Cuvelai-Etosha Basin (CEB) with the aim of providing a comprehensive description of surface and
groundwater resources.
The investigations reveal that sound management and coordinated use of water resources in the CEB need to be introduced.
This could include, for example, adding further responsibilities to water point committees and developing management
strategies based on a thorough understanding of hydrologically relevant processes. Suﬃcient water exists, but its quality
and quantity are highly variable. Simple actions at a local scale (e.g., rainwater harvesting, fencing oﬀ wells, use of perched
aquifers) could improve the situation substantially.
Resumo: Muitas regiões áridas e semi-áridas da África Austral sofrem pressão sobre os recursos hídricos, devido à precipitação limitada, às secas, ao elevado crescimento populacional e às infraestruturas precárias. De modo a satisfazer as necessidades domésticas, agrícolas e pecuárias, são utilizadas múltiplas fontes de água, mas o conhecimento cientíﬁco e local sobre
tanto a qualidade como a quantidade das mesmas é limitado para a área de estudo. Inseridas nas Tarefas 007, 010 e 014 do
SASSCAL, foram realizadas várias campanhas de campo (2013-2017) na Bacia Cuvelai-Etosha (CEB) transfronteiriça, com
o objectivo de oferecer uma descrição detalhada dos recursos hídricos superfíciais e subterrâneos.
As investigações revelam ser necessário introduzir uma gestão sólida e uma utilização coordenada dos recursos hídricos na
CEB. Isto poderia incluir, por exemplo, a adição de responsabilidades aos comités das fontes de água, bem como estratégias
de gestão de base baseadas num conhecimento profundo dos processos hidrologicamente relevantes. Existe água suﬁciente,
mas a sua qualidade e quantidade são altamente variáveis. Simples acções a uma escala local, como, por exemplo, colher
água da chuva, vedar poços e utilizar água de lençóis suspensos, poderão ajudar a melhorar substancialmente a situação.

Introduction
Water scarcity is nothing new to the people
in arid and semi-arid regions of Southern
Africa. For centuries, they have learned
to cope with erratic and limited rainfall,
droughts, and dry wells. Human adaptability has its limits, however, and these
seem to have been reached and exceeded
in some places. The pressure on water resources is higher than ever before. Some
rural communities are facing particularly
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severe diﬃculties managing their water
resources sustainably thanks to a growing
population, changing climate, or the wish
for better standards of living.
An excellent example is the CuvelaiEtosha Basin (CEB; Fig. 1), a transboundary river basin shared almost equally by
Angola in the north and Namibia in the
south, which is home to approximately
40% of the Namibian population. A detailed description of the study area is
given in Beyer et al. (2018).

For sustainable management of groundwater resources – whether taken from
shallow, hand-dug wells or pumped from
deep aquifers – not only the quality of the
water but also the pathways (e.g., direct
inﬁltration of rainfall or indirect through
lakes or rivers) and the amount by which
the aquifer is recharged (groundwater recharge) need to be known. In the highly
heterogeneous CEB, with its complex
geological history and structure (Lindenmaier et al., 2014; Miller et al., 2010),
75
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Figure 1: The Cuvelai-Etosha Basin (CEB). The ﬁgure shows a digital elevation model (SRTM) of the CEB, isohyets, and important hydrological features of the basin. Furthermore, the investigated sites for surface (turquoise circles) and groundwater (purple circles – Ohangwena Region; red circles – Omusati Region) sampling and recharge estimations (orange diamonds) are depicted. The yellow highlighted
area represents the Eastern Sand Zone.

groundwater recharge–related processes
are currently not well understood. In addition, there are a number of distinctive
landforms present throughout the basin
(e.g., iishana, pans, ephemeral riverbeds,

deep Kalahari sands, shallow soils underlain by calcrete), which adds another dimension to an already complicated issue.
It is therefore the aim of this study
to provide a comprehensive description

of water resources in the Namibian part
of the CEB. In particular, the goals are
to (1) examine the quantity and quality
of surface water, using the 2017 ﬂooding events as proxy; (2) characterize

Figure 2: Schematic and vertically exaggerated view of the groundwater storeys in the study area. The graphic shows the perched aquifer
Ohangwena-0 (KOH-0; 0–20 m below surface) and the regional aquifer Ohangwena-1 (KOH-1) below.
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Methods
The 2016/17 rainfall data were collected
from ﬁve SASSCAL weather stations
(SASSCAL Weathernet, http://www.
sasscalweathernet.org/index.php) located within the basin. Fieldwork in the basin during the 2016/17 rainy season was
carried out at three intervals – namely, in
February at the onset of the core rainy
season (60 samples), during the peak of
the ﬂood in mid-March (42 samples), and
during the post-ﬂooding stage at the beginning of April (36 samples). Sampling
in both February and March included
the upstream section (in Angola) of the
CEB. As a result, only 22 water bodies
on the Namibian side were sampled in all
three ﬁeld visits to permit a constant, sitespeciﬁc temporal proﬁling. Measured
parameters included ﬂow velocity using
an OTT C20 current meter with an OTT
Z400 signal counter set and an impeller
mounted on a 20 mm diameter steel rod;
the same rod, marked with a ruler, was
used to measure water depth. Turbidity
(in FAU), pH, and electrical conductivity
(EC) were measured onsite using Hach
portable instruments. Water samples
were collected for isotope measurement
and analysed using a laser spectrometer
(Los Gatos Research Inc., LGR DLT
100) at the University of Namibia.
To determine the quality of the shallow/local groundwater, samples were
collected from 50 hand-dug wells (originating from shallow and deep hand-dug
wells in small, circumscribed areas in
the Ohangwena and Omusati regions, respectively; refer to Fig. 1). Ten sampling
campaigns were carried out between November 2013 and May 2017, usually in
the months of March (rainy season), June
(early part of the dry season), August/
September (peak of the dry season), and
November (start of the rainy season). In
the ﬁeld, physico-chemical parameters
– namely, pH, electrical conductivity,
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turbidity (in NTU), oxidation-reduction
potential, oxygen content and temperature – were measured with Hach portable
instruments. Samples for the determination of cations and anions were taken
from each well, and the analyses were
performed by Analytical Laboratory Services in Windhoek, Namibia, and at the
hydrochemistry laboratory of the Federal Institute for Geosciences and Natural
Resources in Hanover, Germany. The reliability of the analyses was checked by
calculating the ion charge balance error
on all samples. Quality was subsequently
assessed using World Health Organization (WHO, 2011) guidelines.
Four independent methods for estimating groundwater recharge through the
unsaturated zone were applied and improved within SASSCAL:
• The well-documented chloride mass
balance (e.g., Gaye & Edmunds, 1996;
Huang et al., 2017; Scanlon, 1991) as a
reference method for estimating mean
recharge: This method uses the relationship between chloride entering the
system (through precipitation and dry
deposition) and chloride in the deep
unsaturated zone or groundwater to infer recharge.
• The peak-shift method using deuterium as an artiﬁcial tracer (e.g., Beyer
et al., 2015; Blume et al., 1967; Saxena, 1984; Zimmermann et al., 1966):
A tracer (in the present case, deuterated
water, 2H2O) is artiﬁcially inserted into
the soil and its downward displacement monitored over time. Recharge is
then estimated by combining the information of water content with the distance of displacement over time (e.g.,
one rainy season).
• An empirical method based on soil water isotope depth proﬁles (e.g., Allison
et al., 1984; Barnes & Allison, 1988;
Gaj et al., 2016): When plotting soil
water isotopes of the deep unsaturated
zone in sandy areas and groundwater
isotopes in dual-isotope space, a parallel shift of the former is often observed.
The degree of this displacement can
be used to obtain a crude estimate of
recharge (Allison, 1988; Barnes & Allison, 1988).
• Groundwater level ﬂuctuations from
six shallow boreholes drilled in Ohang-

wena at the villages of Omboloka
(2 sites, 23 and 20 m deep), Ohameva
(26 m deep), Okamanya (31 m deep),
Epumbalondjaba (10 m deep) and Oshanashiwa (30 m deep) (indicated in
Fig. 1 as part of Wells Ohangwena)
and equipped with Solinst Leveloggers: Water level ﬂuctuations were recorded daily during the 2016/17 rainy
season and measured with a water level
meter in October 2016 and May 2017.
Recharge rates for this speciﬁc year
were obtained by multiplying the increase in water level with eﬀective porosities obtained during a vulnerability
study by Hamutoko et al. (2016). The
resulting recharge value is to be seen
as a conservative estimate, as water
withdrawal was not considered in this
simple approach.
All of these methods require extensive
ﬁeldwork and deliver a point estimate
of recharge. Therefore, several sites with
distinct characteristics (geology, morphology, soil type, and vegetation) were
chosen in order to identify landforms
comprising potential recharge areas for
the near-surface aquifer KOH-0. The selected landforms are summarized in Tab.
1, together with a brief description (also
refer to Mendelsohn et al., 2013; Mendelsohn & Weber, 2011). For comparing
these point estimates with large-scale
approximations of groundwater-storage
changes, a remote-sensing approach using GRACE gravity ﬁeld satellite data
was applied (Chen et al., 2016; Longuevergne et al., 2013; Rodell et al., 2007; Yeh
et al., 2006). Recharge pathways to the
deep KOH-2 aquifer were investigated
by means of a groundwater model (Wallner et al., 2017) but are not the focus of
this research (we refer to Himmelsbach
et al., 2018).

Results
Rainfall and discharge
To characterize the discharge in relation
to precipitation amount, corresponding 2016/17 monthly rainfall data from
ﬁve SASSCAL weather stations situated
within the alluvial plains are presented
in Fig. 3. Although Mahenene station is
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the quantity and quality of groundwater
in shallow aquifers (i.e., KOH-0 and
KOH-1; refer to Fig. 2); and (3) investigate recharge mechanisms and quantify
groundwater recharge rates of diﬀerent
landforms present within the CEB.
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Table 1: Main landforms and representative sites investigated in this study.
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missing data from March 9, 2017, onwards, western Cuvelai received comparatively higher rainfall than central Cuvelai.
Ogongo, in central Cuvelai, received the
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lowest amount, with 372 mm (17% below
the long-term average of approximately
450 mm y-1) for the entire season. Rainfall
at Ondjiva was 24% below the long-term
C

average of approximately 600 mm y-1. All
other stations received rainfall above or
around their respective long-term averages. Except at Oshaambela, where rainfall
A
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Figure 3: Distribution of rainfall for the 2016/17 rainy season. The star denotes missing data for Mahenene from March 9, 2017, onwards.
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Figure 4: Stable water isotopes (A), EC (B), pH (C), and turbidity (D) following the ﬁrst major rainfall (February 2017), around the ﬂood peak
(March 2017), and post-ﬂood (April 2017) from 22 water bodies (ordered from east to west), which were consistently measured during each
ﬁeld visit. FAU values below 0 (-99) denote that turbidity exceeded the level of the probe. EC values of 481 μS/cm at KaShitwomunhu are
not shown due to scale.

was relatively uniform from December
onwards, February and March were the
wettest months, accounting for more than
50% of the rainfall amount.
Subsequent discharge in iishana varied
signiﬁcantly in space and time. In February, just under 10 of iishana sampled were
running at an average of 2.5 m3/s (maximum recorded 3.6 m3/s). In mid-March,
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more than 20 iishana were running and
the average discharge increased to 7 m3/s
(maximum recorded, 13 m3/s). There were
more (26) running iishana at the beginning of April, but the average discharge of
2 m3/s (maximum 5 m3/s) was the lowest
amongst the three ﬁeld visits. Considering that there are at least 34 major iishana
along the traversing 140 km road between

the Olushandja Dam, Outapi, Omafo, and
Odibo (an average of one oshana for every 4 km in the alluvial plains), a discharge
in excess of 200 m3/s during the ﬂood
peak was generated; the nearby Kunene
River had a discharge of around 500 m3/s
at Ruacana during the same period (Namibia Hydrological Services, 2017). The
dual isotope plot (Fig. 4a) documents well
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Table 2: Summary of recharge rates obtained with diﬀerent methods and for characteristic sites for each landform. Whenever ranges are given, multiple sites for the particular
landform (e.g., with diﬀerent rainfall amounts) were examined and the ranges represent the
variation within these.
>ĂŶĚĨŽƌŵ

/ŶǀĞƐƚŝŐĂƚĞĚ
ƐŝƚĞ

ZĞĐŚĂƌŐĞƉĂƚŚǁĂǇ

ZĞĐŚĂƌŐĞƌĂƚĞŵŵǇͲϭ
Ύϭ

DĞĂŶ͗ϵʹϮϬŵŵǇͲϭ
DĞĂŶ͗ϭϭŵŵǇͲϭ
Ύϯ
DĞĂŶ͗ϱŵŵǇͲϭ
ΎϮ
ϮϬϭϯͬϭϰ͗ϮϵŵŵǇͲϭ
ΎϮ
ϮϬϭϰͬϭϱ͗ϬŵŵǇͲϭ
ΎϮ
ϮϬϭϱͬϭϲ͗ϰŵŵǇͲϭ
ΎϮ

ĞĞƉƐŚĞĞƚƐĂŶĚƐ͕ǀĞŐĞƚĂƚĞĚ

ůƵŶĚƵ&ŽƌĞƐƚ

ĚŝƌĞĐƚ

ĞĞƉƐŚĞĞƚƐĂŶĚƐ͕ďĂƌĞƐŽŝů

ůƵŶĚƵ&ŽƌĞƐƚ

ĚŝƌĞĐƚ

ĞĞƉƐŚĞĞƚƐĂŶĚƐ͕ǀĞŐĞƚĂƚĞĚ

KŵŚŝƚŽ^ĐŚŽŽů



Ύϭ

DĞĂŶ͗ϵʹϭϰŵŵǇͲϭ

Ύϭ

DĞĂŶ͗ϭϳʹϮϱŵŵǇͲϭ
ϮϬϭϲͬϭϳŵŝŶ͗ϭϮ͘ϱŵŵ
ϰ
ϮϬϭϲͬϭϳŵĂǆ͗ϲϳŵŵ
Ύϭ
ϮϬϭϯͬϭϰ͗ϯϭŵŵǇͲϭ
Ύϰ
ϮϬϭϲͬϭϳŵŝŶ͗ϭϯ͘ϱŵŵ
Ύϰ
ϮϬϭϲͬϭϳŵĂǆ͗ϱϱ͘ϴŵŵ
ϰ

ĞĞƉĚƵŶĞƐĂŶĚ͕ǀĞŐĞƚĂƚĞĚ

KŵďŽůŽŬĂϭ

ĚŝƌĞĐƚ

KƐŚĂŶĂƐŚŝǁĂ
ĞƉƌĞƐƐŝŽŶƐƵŶĚĞƌůĂŝŶďǇ
ĐĂůĐƌĞƚĞ

KŬĂŵĂŶǇĂ

ĚŝƌĞĐƚͬŝŶĚŝƌĞĐƚ

Ύϰ

ϮϬϭϲͬϭϳŵĞĂŶ͗ϭϱŵŵ

Ύϰ

KŵďŽůŽŬĂϮ
/ŝƐŚĂŶĂ

KƐŚĂŬĂƚŝ

ŝŶĚŝƌĞĐƚ

ĞĨůĂƚŝŽŶƉĂŶƐ

ůƵŶĚƵWĂŶ

ŝŶĚŝƌĞĐƚ

ƉŚĞŵĞƌĂůƌŝǀĞƌďĞĚƐ

EŝŝƉĞůĞ
ƌĂŝŶĂŐĞ
ƉƵŵďĂŽŶĚũĂďĂ

ĚŝƌĞĐƚͬŝŶĚŝƌĞĐƚ



ĚŝƌĞĐƚͬŝŶĚŝƌĞĐƚ

ĂƐŝŶŵĞĂŶĚĞĐĂĚĂůǁĂƚĞƌ
ƐƚŽƌĂŐĞĐŚĂŶŐĞƐ

ϮϬϭϲͬϭϳŵŝŶ͗ϭϳŵŵ
ϮϬϭϲͬϭϳŵĂǆ͗ϵϭ͘ϴŵŵ
Ύϭ
DĞĂŶ͗ϬŵŵǇͲϭ
ΎϮ
ϮϬϭϯͬϭϰ͗ϬŵŵǇͲϭ
ΎϮ
ϮϬϭϰͬϭϱ͗ϬŵŵǇͲϭ

Ύϰ

Ύϭ

DĞĂŶ͗ϯʹϰŵŵǇͲϭ

Ύϭ

DĞĂŶ͗ϮϬʹϱϲŵŵǇͲϭ


Ύϰ

ϮϬϭϲͬϭϳŵĞĂŶ͗ϯϵ͘ϯŵŵ
Ύϱ

DĞĂŶ͗ϭϭŵŵǇͲϭ



Ύ

DĞƚŚŽĚƐŽĨĞƐƚŝŵĂƚŝŽŶ;ƌĞĨĞƌƚŽŵĞƚŚŽĚƐƐĞĐƚŝŽŶͿ͗ϭĐŚůŽƌŝĚĞŵĂƐƐďĂůĂŶĐĞ͖ϮƉĞĂŬͲƐŚŝĨƚŵĞƚŚŽĚ͖ϯŝƐŽƚŽƉĞ
ĚĞƉƚŚƉƌŽĨŝůĞƐ͖ϰŐƌŽƵŶĚǁĂƚĞƌůĞǀĞůĨůƵĐƚƵĂƚŝŽŶ͕ϱůĂƌŐĞͲƐĐĂůĞĂƉƉƌŽǆŝŵĂƚŝŽŶďĂƐĞĚŽŶƌĞŵŽƚĞƐĞŶƐŝŶŐ

the continual loss of water by evaporation
with the shift toward more enriched isotopic ratios as times passes and evaporation proceeds.

tively higher before the ﬂood than in postﬂooding conditions (i.e., 88 vs. 68 μS/cm
and 264 vs. 194 FAU for all sites). No
distinct spatial pattern emerged from any
of the measured parameters.

Water quality: surface water
Results from 22 water bodies on the Namibian side of the basin that were sampled on all three occasions are summarised in Fig. 4. Surface water from local
rainfall and devoid of upstream input has
signiﬁcantly higher pH values compared
to the later sampling of water with additional precipitation and inﬂow from the
upper catchment, when pH lowered to
neutral values. Post-ﬂood pH values are
consistently below 7. Overall, the highest
pH (9.09 at Epako; not shown in the ﬁgure) was recorded before the ﬂood, while
the lowest (5.14 at Engela) was recorded
after the ﬂood.
EC and turbidity values for all sites are
lowest in ﬂooding conditions (largely below 100 [average 33] μS/cm and 200 [average 120] FAU, respectively). With few
exceptions, no signiﬁcant diﬀerence was
recorded before and after the ﬂoods for
both EC and turbidity. Nevertheless, average EC and turbidity values were rela80

Water quality: groundwater
For the Ohangwena region, the physico-chemical parameters of the shallow
groundwater are in general within the
WHO drinking water guidelines. The
average temperature was 25°C, and the
lowest temperatures were recorded during mornings in winter whereas the highest temperatures were recorded on summer afternoons. EC ranges from 50 to
1,200 μS/cm, and deeper wells are generally more mineralised than shallow wells.
Temporal variations in EC are minor.
pH is in the neutral range of 7.1 to 7.6.
However, turbidity is often problematic,
especially for the shallow wells, which
showed values up to 255 NTU, whereas
for the deeper wells turbidity is always
less than 20 NTU.
Hydrochemically, most of the samples
from the deeper wells are dominated by
Ca2+. Fewer are Na+ dominated or have no
dominant cations. For the shallow wells,
C

Na+ is the most prominent cation. The
general order of abundance is Ca2+ > Mg2+
> Na+ > K+ for the deep wells and Na+ >
Ca2+ > K+ > Mg2+ for the shallow wells.
The dominant anion in all deep wells is
HCO3-. The same largely holds for the
shallow wells; only about a third of the
samples are dominated by Cl- and SO42-.
The abundance of major anions is HCO3- >
NO3- > Cl- > SO42- > F for the deep wells
and HCO3- > NO3- > SO42- > Cl- > F- for
the shallow wells. Ca2+, Mg2+, Na+, Cl-,
and SO42- concentrations meet drinking
water quality, but some samples have concentrations of K+, NO3-, and F- above permissible limits as recommended by WHO
(2011). For shallow wells all cations and
anions concentrations meet drinking water
quality, with the exception of K+, which
is above the limit in 50% of the samples.
The physico-chemical parameters of
the shallow groundwater in the Omusati
region often make the water unﬁt for human consumption. EC ranges from 140
to 11,450 μS/cm, and seasonal variations
are observed, with increasing salt content
during the dry season. pH is in the range
of 6.6 to 9.1 and shows larger spatial and
temporal variations than for the sampling
sites in the Ohangwena region. Turbidity
is also often problematic here and reaches values up to 297 NTU.
Hydrochemically, most of the samples
from Omusati are of a Ca2+-SO42- type; a
Na+-HCO3- type is seldom encountered.
Ca2+, Mg2+, Na+, Fe2+/3+, K+, and NO3concentrations are within the limits of
drinking water quality, but in 70% of
the sampled hand-dug wells the water is
unﬁt for human consumption because of
high SO42- concentrations. A few samples
also exceed the permissible limits for Cl(12%), F- (19%), and Mn2+ (13%) as recommended by WHO (2011).

Groundwater recharge
The estimated recharge rates for the investigated sites are summarized in Tab. 2.
We refer to Beyer et al. (2015, 2016,
2017), Gaj et al. (2016, 2017), Hamutoko
et al. (2017), Koeniger et al. (2016), and
Shehu (2015) for detailed information on
the studied sites (e.g., soil hydraulic properties, grain sizes, hydraulic conductivity,
etc.), methodologies, and descriptions of
results.
A

The ﬁndings of the presented study are
highly relevant for developing a strategy
for sustainable management of water resources in the CEB. Three key points are
to be pointed out explicitly:
• Surface water from iishana can potentially contribute to the supply of water
for various local needs.
• The water quality of both shallow
groundwater and surface water in the
CEB often is not meeting drinking
water quality. Hence, the water requires proper treatment before use, and
awareness raising is urgently required.
• The amount of groundwater recharge
is limited and its occurrence highly
localized. This aﬀects the availability
of water.

Water quantity
As the current water supply situation in
the basin is already constrained and the
imported surface water also needs treatment, the water resources covered in this
study can be considered important locally. Rainfall data for the 2016/17 rainy
season revealed that an amount around
or just above the average rainfall can
generate runoﬀ suﬃcient for triggering
ﬂoods. Although runoﬀ and subsequent
ﬂoods lasted for less than three months,
iishana generated at its peak ﬂooding
approximately half the discharge of the
Kunene River at Ruacana (regulated for
hydropower generation) during the same
period (Namibia Hydrological Services,
2017) – and all this water is available in
the iishana system. Existing long-term
records (collected since 1941, for a total of 55 years; missing 23 years) reveal
that, in addition to a third of drought or
lean years, minor ﬂoods accounted for
just over a third during that period, while
medium (20%) and major ﬂoods (13%)
made up the remaining third (Mendelsohn et al., 2013). On that basis, ﬂood
occurrence is relatively common in the
basin. If the ﬂooded water were stored
in covered systems and not left unattended or in earth dams, the increase in
overall salt content because of evaporation, as observed in our study, could be
avoided. Practical applications of iishana
water harvesting were tested in the CuveWaters project (http://www.cuvewaters.
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net/). Such water can be used untreated
for gardening purposes and livestock watering or, after appropriate treatment, also
as drinking water. In times of drought,
when precipitation, surface water, and
ﬂooding are lacking, the shallow aquifers in the Ohangwena region provide a
buﬀer because they contain groundwater
recharged over many years. However, the
very low level of groundwater recharge
makes it a limited resource, and reliable
balancing of abstraction rates against the
recharge rates is of utmost importance.

Water quality
Overall, the surface water quality during
the observation period is acceptable with
regard to pH and EC but not with regard to
turbidity, which in a few instances had also
exceeded the 1,110 FAU limit of the probe.
The parameters that make the groundwater
unﬁt for human consumption are turbidity,
K+, NO3-, and F- in the Ohangwena region
and SO42-, Cl-, F- and Mn2+ in Omusati. Increased SO42- and Cl- are to be attributed
to evaporation (evaporation from the unsaturated zone during inﬁltration, from the
very shallow aquifers, directly from the
well) and/or the inwash/dissolution of accumulated salts. F- is usually considered to
be a geogenic contaminant. Wanke et al.
(2013, 2015) carried out a detailed study
on ﬂuoride contamination and its implications. K+ and NO3- are contaminants typically associated with agricultural activities
and faecal contamination by animals. Their
presence is consistent with observations
during ﬁeldwork that livestock watering
happens either from a trough close to the
well or by allowing livestock to walk into
the broad, shallow wells. None of the wells
in the study area showed a protection zone,
and contaminants can enter the shallow aquifer with the inﬁltrating precipitation or
surface runoﬀ. Microbiological contaminants are beyond the scope of this study,
and we refer to Chisenga et al. (2015) for
a thorough discussion. Disinfection of the
water with chlorination tablets (the most
common method in the studied areas) is
rather diﬃcult, as turbidity in excess of
1 NTU (WHO, 2011) might prevent effective disinfection by shielding certain
microorganisms. In addition, only 50% of
the households treat water from hand-dug
wells and shallow pits in the Ohangwena

region (Italtrend, 2009), and awareness
creation needs to be integrated into any
strategy for sustainable management of
water resources in the CEB.

Groundwater recharge
With the investigations on groundwater recharge to KOH-0 being just one example,
valuable insights on recharge processes
and recharge amounts in the CEB that can
be transferred to other areas were gained.
In addition to the site-speciﬁc ﬁeld approaches described herein, we calculated
large-scale ﬂuctuations of total water storage changes (i.e., integrated over all aquifers) using well-documented GRACE
gravity ﬁeld satellite data (Rodell et al.,
2009; Swenson & Wahr, 2006; Wahr et
al., 2004, 2006). The approach followed
herein (we refer to Shehu, 2015, for a detailed description of methods) is that total water storage changes from the driest
point of one particular year to the subsequent one provide an integrated measure
of water changes across all aquifers. Mean
water storage changes integrated over the
complete basin and all landforms for the
years 2002–2016 were estimated to be as
high as 11 mm y-1 (or ~2% of mean annual
precipitation). This – though not equal to
groundwater recharge rates per se – can
be seen as an indicator that the basin is
receiving suﬃcient water, through either
groundwater inﬂow or direct/indirect
groundwater recharge. These ﬁgures are
also consistent with other work conducted in the CEB (e.g., Wanke et al., 2015)
or in Namibia with comparable climatic
and geological conditions (e.g., Brunner
et al., 2004; Gieske, 1992; Wanke et al.,
2008). The site-speciﬁc investigations,
however, allow a more precise characterization: Generally, the deep sheet sands of
the Eastern Sand Zone provide favourable conditions for direct groundwater recharge because of their high porosity and
conductivity for water. In regions where
trees are abundant, however, the estimated recharge rates obtained might be
signiﬁcantly reduced locally as trees can
take up the water from the unsaturated
zone and from the groundwater itself. The
reason for this is that many of the species
present (e.g., A. erioloba, C. collinum, B.
albitrunca), are capable of developing
deep and potentially groundwater-tapping
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roots (Beyer et al., 2016). For the ephemeral riverbeds and bare soil sites, however, these factors do not apply. Based
on the chloride mass balance method, net
local recharge rates are the highest here
(Tab. 2). The two landforms – namely,
iishana and pans – where mainly indirect
recharge could occur are not potential
recharge areas. No signiﬁcant groundwater recharge was observed with any
of the applied methods. Nevertheless,
these landforms are of great importance
for livestock water supply after the rainy
season and for ﬁshing purposes. The landform where proper recharge estimations
remain challenging is the areas underlain
by thick calcrete. The numbers estimated
using the peak-displacement method (see
Tab. 2) can be seen as potential recharge
only because the water was accumulating
on top of the calcrete layer located around
1.4 m below the surface at the study site.
There is potential that this water could
inﬁltrate through preferential ﬂow paths
in the calcrete, but it might also be that
all the water is lost via transpiration and
evaporation. Applying the chloride mass
balance method at this site is not appropriate because dissolution eﬀects in the
inﬁltrating and groundwater can change
the estimated recharge by magnitudes.
For these sites, the estimations obtained
via the water-level ﬂuctuation method are
more reliable. Nevertheless, these rates
are a summation of groundwater inﬂow
(to the depressions) and direct recharge.
The main implications for recharge processes and groundwater recharge can be
summarized as follows:
• The areas with the highest potential
for direct groundwater recharge are
non-vegetated areas underlain by deep
sheet sands. Recharge in vegetated areas is sporadic and highly dependent
on the character of the rainy season
(Bahlmann, 2016).
• Indirect groundwater recharge in the
CEB is very limited and occurs only
from the ephemeral riverbeds. Unlike
in the iishana and pan systems, water
stored in them is protected from evaporation by a thick sand layer. If local
impermeable layers underneath are
present (e.g., the riverbed itself), this
constitutes a valuable water source for
the rural population that can be accessed
82

easily. Geophysical investigations conducted by the BGR (2006) revealed the
presence of large volumes of freshwater underneath several ephemeral rivers
throughout Namibia. Studies of similar
areas have also conﬁrmed increased recharge potential in the old streams (e.g.,
Morin et al., 2009). In contrast, both
iishana and pans are exﬁltration rather
than inﬁltration areas. This is supported
by ﬁeld experiments conducted in this
area (inﬁltrometer tests, isotope labelling tests), the presence of swellable
clay minerals and the enhanced salinities encountered in this region. However, the importance of ponding surface
water in both iishana and pans for the
rural population is enormous.
• Recharge in areas underlain by calcrete, such as the Oshanashiwa site, can
occur only when preferential pathways
(cracks, ﬁssures, old root channels) are
present or the calcrete is discontinuous.
The magnitude of recharge is highly
variable (see Tab. 2) and requires further scientiﬁc attention as well as continued local monitoring eﬀorts.

Conclusion
Water resource management in the CEB is
highly complex and remains challenging,
especially as no local management bodies (e.g., water point committees) for well
ﬁelds or for surface water bodies exist.
Hand-dug wells are and will continue to
be the most important water source in remote areas during the dry season. The use
of surface water is limited (dam abstractions, size of the water carrier), but further utilisation of seasonal water stored in
the iishana and pans oﬀers great potential
(e.g., through innovative techniques such
as ﬂood water harvesting or construction
of omatale [earth dams] covered by shade
balls). Both surface and shallow groundwater need to be protected, and simple
actions such as not washing clothes in the
supply canals, fencing and keeping clean
of wells, and installing ﬂood- and rainwater harvesting systems can improve the
situation substantially. The rural population has generally endured and learned
how to deal with short-lived droughts,
but governmental eﬀorts are urgently reC

quired for viable interventions (i.e., more
boreholes in remote areas) (cf. Luetkemeier & Liehr, 2018). Shallow, highly
localized perched aquifers also oﬀer great
potential for water supply, and further efforts to detect them would be enormously
valuable (e.g., use of geophysics). Deep
groundwater resources can provide a strategic reserve during droughts, and future
research in SASSCAL can determine
their speciﬁc locations, appropriate drilling techniques, and by which amounts
these aquifers are recharged.

Acknowledgements
The research was carried out in the
framework of SASSCAL and was sponsored by the German Federal Ministry of
Education and Research (BMBF) under
promotion numbers 01LG1201M and
01LG1201L.
The authors wish to thank the local
communities for allowing them to sample their wells, take numerous soil samples, and install monitoring stations on
their properties. We would also like to
thank M. Quinger and C. Lohe for their
support. Our gratitude further goes to
UNAM drivers, staﬀ, and involved students along with local authorities, who
always supported the ﬁeldwork. BGR
staﬀ – namely, A. Lamparter, F. Stange,
R. Dohrmann, D. Rückamp, J. Kasch, A.
Degtjarev, J. Rausch, and F. Flohr – are
acknowledged for their help in providing
advice, ﬁeld equipment, and assistance
in the laboratory. The support for the
surface water campaigns oﬀered by the
Hydrology Division, Ministry of Agriculture, Water and Forestry, particularly
by P. Mufeti, L. Hango, H. Shalongo, and
E. Bezuidenhout, is also highly appreciated. We appreciated the very constructive comments from our two reviewers
and are thankful for their help in improving this manuscript.

References
Allison, G.B. (1988) A review of some of the
physical, chemical and isotopic techniques
available for estimating groundwater recharge. Estimation of natural groundwater
recharge (ed. by I. Simmers), pp. 49–72.
Dordrecht: Springer Netherlands.

A

B

E

6

2018

Rapid Communications in Mass Spectrometry,
31, 269–280.
Gaye, C.B. & Edmunds, W.M. (1996) Groundwater recharge estimation using chloride, stable isotopes and tritium proﬁles in the sands
of northwestern Senegal. Environmental Geology, 27, 246–251.
Gieske, A. (1992) Dynamics of groundwater
recharge – a case study in semi-arid eastern
Botswana. Ph.D. thesis, Vrije Universiteit
Amsterdam.
Hamutoko, J.T., Wanke, H., Koeniger, P., Beyer,
M. & Gaj, M. (2017) Hydrogeochemical and
isotope study of perched aquifers in the Cuvelai-Etosha Basin, Namibia. Isotopes in Environmental and Health Studies, 53, 382-399.
Hamutoko, J.T., Wanke, H., Voigt, H.J. (2016)
Estimation of groundwater vulnerability to
pollution based on DRASTIC in the Niipele
Sub-basin of the Cuvelai Etosha Basin, Namibia. Physics and Chemistry of the Earth,
93, 46–54.
Himmelsbach, T., Beyer, M., Wallner, M., Grünberg, I. & Houben, G. (2018) Deep, semifossil aquifers in southern Africa: A synthesis
of hydrogeological investigations in northern
Namibia. This volume.
Huang, T., Pang, Z., Liu, J., Yin, L. & Edmunds,
W.M. (2017) Groundwater recharge in an arid
grassland as indicated by soil chloride proﬁle
and multiple tracers. Hydrological Processes,
31, 1047-1057.
Italtrend (2009) Namibia Sanitation Situational
Analysis Report.
Koeniger, P., Gaj, M., Beyer, M. & Himmelsbach, T. (2016) Review on soil water isotope
based groundwater recharge estimations. Hydrological Processes, 30, 2817–2834.
Lindenmaier, F., Miller, R., Fenner, J., Christelis,
G., Dill, H.G., Himmelsbach, T., Kaufhold, S.,
Lohe, C., Quinger, M., Schildknecht, F., Symons, G., Walzer, A. & van Wyk, B. (2014)
Structure and genesis of the Cubango Megafan in northern Namibia: implications for its
hydrogeology. Hydrogeology Journal, 22,
1431–2174.
Longuevergne, L., Wilson, C.R., Scanlon, B.R.
& Crétaux, J.F. (2013) GRACE water storage
estimates for the Middle East and other regions with signiﬁcant reservoir and lake storage. Hydrology and Earth System Sciences,
17, 4817–4830.
Luetkemeier, R. & Liehr, S. (2018): Drought sensitivity in the Cuvelai-Basin: Empirical analysis of seasonal water and food consumption
patterns. This volume.
Mendelsohn, J.M., Jarvis, A. & Robertson, T.
(2013) A profile and Atlas of the CuvelaiEtosha basin. Windhoek, Namibia: RAISON
& Gondwana Collection.
Mendelsohn, J.M. & Weber, B. (2011) The Cuvelai Basin, its water and people in Angola and
Namibia. Windhoek, Namibia: Development
Workshop & RAISON.
Morin, E., Grodek, T., Dahan, O., Benito, G.,
Kulls, C., Jacoby, Y., Van Langenhove, G.,
Seely, M. & Enzel, Y. (2009) Flood routing
and alluvial aquifer recharge along the ephemeral arid Kuiseb River, Namibia. Journal of
Hydrology, 368, 262–275.
Miller, R.M., Pickford, M. & Senut, B. (2010)
The geology, palaeontology and evolution
of the Etosha Pan, Namibia: implications for
terminal Kalahari deposition. South African
Journal of Geology, 113, 307–334.

Namibia Hydrological Services (2017) Daily Flood/Hydrological Drought Bulletin:
17 March 2017. Windhoek, Namibia: Ministry
of Agriculture, Water and Forestry.
Rodell, M., Chen, J.L., Kato, H., Famiglietti,
J.S., Nigro, J. & Wilson, C.R. (2007) Estimating groundwater storage changes in the Mississippi River basin (USA) using GRACE.
Hydrogeology Journal, 15, 159–166.
Rodell, M., Velicogna, I. & Famiglietti, J.S.
(2009) Satellite-based estimates of groundwater depletion in India. Nature, 460, 999–1002.
Saxena, R.K. (1984) Estimation of groundwater
recharge and moisture movement in sandy formations by tracing natural oxygen-18 and injected tritium proﬁles in the unsaturated zone.
Nordic Hydrology, 235–242.
Scanlon, B.R. (1991) Evaluation of moisture ﬂux
from chloride data in desert soils. Journal of
Hydrology, 128, 137–156.
Shehu, B. (2015) Correction of GRACE data for
the influence of surface water, soil and vegetation moisture. A case study on the quantification of groundwater recharge rates in the
Cuvelai-Etosha-Basin (CEB), Namibia. MSc
Thesis, Leibniz Universität Hannover.
Swenson, S.C. & Wahr, J. (2006) Post-processing
removal of correlated errors in GRACE data,
Geophysical Research Letters, 33, L08402.
doi:10.1029/2005GL025285
Wahr, J., Swenson, S. & Velicogna, I. (2006) Accuracy of GRACE mass estimates. Geophysical Research Letters, 33, L06401.
Wahr, J., Swenson, S., Zlotnicki, V. & Velicogna,
I. (2004) Time-variable gravity from GRACE:
First results. Geophysical Research Letters,
31, L11501.
Wallner, M., Houben, G., Lohe, C., Quinger, M.
& Himmelsbach, T. (2017) Inverse modeling
and uncertainty analysis of potential groundwater recharge to the conﬁned semi-fossil
Ohangwena II Aquifer, Namibia. Hydrogeology Journal, 25, 2303–2321.
Wanke, H., Duenkeloh, A. & Udluft, P. (2008)
Groundwater recharge assessment for the
Kalahari catchment of north-eastern Namibia
and north-western Botswana with a large scale
water balance model. Water Resources Management, 22, 1143–1158.
Wanke H., Mulike P., Petrus I., Amutenya, D.,
van Wyk A., Quinger M. & Lohe C. (2013)
Towards a management strategy for ﬂuoride
threatened groundwater: A case study from
Namibia. GeoGen 2013 Conference, February
2013, Addis Ababa, Ethiopia.
Wanke, H., Nakwaﬁla, A., Hamutoko, J.T., Lohe,
C., Neumbo, F., Petrus, I., David, A., Beukes,
H., Masule, N. & Quinger, M. (2015) Hand
dug wells in Namibia: an underestimated water source or a threat to human health? Physics
and Chemistry of the Earth, 76–78, 104–113.
World Health Organization (2011). Guidelines
for drinking-water quality. Geneva: World
Health Organization.
Yeh, P.J.-F., Swenson, S.C., Famiglietti, J.S. &
Rodell, M. (2006) Remote sensing of groundwater storage changes in Illinois using the
Gravity Recovery and Climate Experiment
(GRACE). Water Resources Research, 42,
W12203. doi:10.1029/2006WR005374.
Zimmermann, U., Münnich, K.O., Roether, W.,
Kreutz, W., Schubach, K. & Siegel, O. (1966)
Tracers determine movement of soil moisture and evapotranspiration. Science, 152,
346–347.

83

Water resources

Allison, G.B., Barnes, C.J., Hughes, M. &
Leaney, F.W. (1984) Eﬀect of climate and vegetation on oxygen-18 and deuterium proﬁles
in soils. International Symposium on Isotope
Hydrology in Water Resources Development,
pp. 105–122. IAEA-SM-27020. Vienna: International Atomic Energy Agency.
Bahlmann, L. (2016) Rainfall characteristics
and their implications for groundwater recharge in deep vadose zones. A case study in
the Cuvelai-Etosha Basin (CEB), Namibia.
MSc thesis, Leibniz Universität Hannover.
Barnes, C.J. & Allison, G.B. (1988) Tracing of
water movement in the unsaturated zone using
stable isotopes of hydrogen and oxygen. Journal of Hydrology, 100, 143–176.
Beyer, M., Gaj, M., Hamutoko, J.T., Koeniger,
P., Wanke, H. & Himmelsbach, T. (2015) Estimation of groundwater recharge via deuterium
labelling in the semi-arid Cuvelai-Etosha Basin, Namibia. Isotopes in Environmental and
Health Studies, 51, 533–52.
Beyer, M., Gaj, M., Koeniger, P., Hamutoko,
J.T., Wanke, H., Wallner, M. & Himmelsbach,
T. (2017) Isotopenhydrologische Methoden
(²H, ¹⁸O) zur Bestimmung der Grundwasserneubildung in Trockengebieten: Potential und
Grenzen. Grundwasser, Themenheft “Hydrogeologie arider und semiarider Gebiete”. doi:
10.1007/s00767-017-0381-0.
Beyer, M., Koeniger, P., Gaj, M., Hamutoko,
J.T., Wanke, H. & Himmelsbach, T. (2016) A
deuterium-based labeling technique for the investigation of rooting depths, water uptake dynamics and unsaturated zone water transport
in semiarid environments. Journal of Hydrology, 533, 627–643.
Beyer M., Hipondoka M., Hamutoko, J.T. &
Wanke, H. (2018) Water resources in the Cuvelai-Etosha Basin. This volume.
BGR
(2006)
https://www.bgr.bund.de/EN/
Themen/Wasser/Projekte/abgeschlossen/TZ/
Namibia/oshivelo_caprivi_omaheke_fb_
en.html?nn=1546392
Blume, H.P., Zimmermann, U. & Munnich, K.O.
(1967) Tritium tagging of soil moisture: the
water balance of forested soils. Isotope and
radiation techniques in soil physics and irrigation studies, pp. 315–332. Vienna: International Atomic Energy Agency.
Brunner, P., Bauer, P., Eugster, M., Kinzelbach,
W. (2004) Using remote sensing to regionalize local precipitation recharge rates obtained
from the chloride method. Journal of Hydrology, 294, 241–250.
Chen, J.L., Wilson, C.R., Tapley, B.D., Scanlon,
B. & Güntner, A. (2016) Long-term groundwater storage change in Victoria, Australia
from satellite gravity and in situ observations.
Global and Planetary Change, 139, 56–65.
Chisenga, B., Hamutoko, J.T., Chimwamurombe, P.M. & Wanke, H. (2015) Bacteriological
analysis of household water from hand-dug
wells in the Cuvelai-Etosha Basin of Namibia. Poster presentation at the 16th WaterNet/
WARFSA/GWP-SA Symposium, Mauritius.
Gaj, M., Beyer, M., Koeniger, P., Wanke, H.,
Hamutoko, J.T. & Himmelsbach, T. (2016) In
situ unsaturated zone water stable isotope (2H
and 18O) measurements in semi-arid environments: a soil water balance. Hydrology and
Earth System Sciences, 20, 715-731.
Gaj, M., Kaufhold, S., Koeniger, P., Beyer, M.,
Weiler, M. & Himmelsbach, T. (2017) Mineral mediated isotope fractionation of soil water.

References [CrossRef]
Allison, G.B. (1988) A review of some of the
physical, chemical and isotopic techniques
available for estimating groundwater
recharge. Estimation of natural groundwater
recharge (ed. by I. Simmers), pp. 49–72.
Dordrecht: Springer Netherlands.
Allison, G.B., Barnes, C.J., Hughes, M. &
Leaney, F.W. (1984) Effect of climate and
vegetation on oxygen-18 and deuterium
profiles in soils. International Symposium on
Isotope Hydrology in Water Resources
Development, pp. 105–122. IAEA-SM27020. Vienna: International Atomic Energy
Agency.
Bahlmann, L. (2016) Rainfall characteristics
and their implications for groundwater
recharge in deep vadose zones. A case study
in the Cuvelai-Etosha Basin (CEB),
Namibia. MSc thesis, Leibniz Universität
Hannover.
Barnes, C.J. & Allison, G.B. (1988) Tracing of
water movement in the unsaturated zone
using stable isotopes of hydrogen and
oxygen. Journal of Hydrology, 100, 143–
176. CrossRef
Beyer, M., Gaj, M., Hamutoko, J.T., Koeniger,
P., Wanke, H. & Himmelsbach, T. (2015)
Estimation of groundwater recharge via
deuterium labelling in the semi-arid CuvelaiEtosha Basin, Namibia. Isotopes in
Environmental and Health Studies, 51, 533–
52. CrossRef
Beyer, M., Gaj, M., Koeniger, P., Hamutoko,
J.T., Wanke, H., Wallner, M. &
Himmelsbach,
T.
(2017)
Isotopenhydrologische Methoden (²H, ¹⁸O)
zur
Bestimmung
der
Grundwasserneubildung in Trockengebieten:
Potential und Grenzen. Grundwasser,
Themenheft “Hydrogeologie arider und
semiarider Gebiete”. CrossRef
Beyer, M., Koeniger, P., Gaj, M., Hamutoko,
J.T., Wanke, H. & Himmelsbach, T. (2016)
A deuterium-based labeling technique for
the investigation of rooting depths, water
uptake dynamics and unsaturated zone water
transport in semiarid environments. Journal
of Hydrology, 533, 627–643. CrossRef
Beyer M., Hipondoka M., Hamutoko, J.T. &
Wanke, H. (2018) Water resources in the
Cuvelai-Etosha Basin. This volume.
CrossRef
BGR
(2006)
https://www.bgr.bund.de/EN/Themen/Wasse
r/Projekte/abgeschlossen/TZ/
Namibia/
oshivelo_caprivi_omaheke_fb_en.html?nn=
1546392
Blume, H.P., Zimmermann, U. & Munnich,
K.O. (1967) Tritium tagging of soil
moisture: the water balance of forested soils.
Isotope and radiation techniques in soil
physics and irrigation studies, pp. 315–332.
Vienna: International Atomic Energy
Agency.

Brunner, P., Bauer, P., Eugster, M.,
Kinzelbach, W. (2004) Using remote
sensing to regionalize local precipitation
recharge rates obtained from the chloride
method. Journal of Hydrology, 294, 241–
250. CrossRef
Chen, J.L., Wilson, C.R., Tapley, B.D.,
Scanlon, B. & Güntner, A. (2016) Longterm groundwater storage change in
Victoria, Australia from satellite gravity and
in situ observations. Global and Planetary
Change, 139, 56–65. CrossRef
Chisenga,
B.,
Hamutoko,
J.T.,
Chimwamurombe, P.M. & Wanke, H.
(2015) Bacteriological analysis of household
water from hand-dug wells in the CuvelaiEtosha
Basin
of
Namibia. Poster
presentation
at
the
16th
WaterNet/WARFSA/GWP-SA
Symposium, Mauritius.
Gaj, M., Beyer, M., Koeniger, P., Wanke, H.,
Hamutoko, J.T. & Himmelsbach, T. (2016)
In situ unsaturated zone water stable isotope
(2H and 18O) measurements in semi-arid
environments: a soil water balance.
Hydrology and Earth System Sciences, 20,
715-731. CrossRef
Gaj, M., Kaufhold, S., Koeniger, P., Beyer, M.,
Weiler, M. & Himmelsbach, T. (2017)
Mineral mediated isotope fractionation of
soil water. Rapid Communications in Mass
Spectrometry, 31, 269–280. CrossRef
Gaye, C.B. & Edmunds, W.M. (1996)
Groundwater recharge estimation using
chloride, stable isotopes and tritium profiles
in the sands of northwestern Senegal.
Environmental Geology, 27, 246–251.
CrossRef
Gieske, A. (1992) Dynamics of groundwater
recharge – a case study in semi-arid eastern
Botswana. Ph.D. thesis, Vrije Universiteit
Amsterdam.
Hamutoko, J.T., Wanke, H., Koeniger, P.,
Beyer,
M.
&
Gaj,
M.
(2017)
Hydrogeochemical and isotope study of
perched aquifers in the Cuvelai-Etosha
Basin, Namibia. Isotopes in Environmental
and Health Studies, 53, 382-399. CrossRef
Hamutoko, J.T., Wanke, H., Voigt, H.J. (2016)
Estimation of groundwater vulnerability to
pollution based on DRASTIC in the Niipele
Sub-basin of the Cuvelai Etosha Basin,
Namibia. Physics and Chemistry of the
Earth, 93, 46–54. CrossRef
Himmelsbach, T., Beyer, M., Wallner, M.,
Grünberg, I. & Houben, G. (2018) Deep,
semi-fossil aquifers in southern Africa: A
synthesis of hydrogeological investigations
in northern Namibia. This volume. CrossRef
Huang, T., Pang, Z., Liu, J., Yin, L. &
Edmunds, W.M. (2017) Groundwater
recharge in an arid grassland as indicated by
soil chloride profile and multiple tracers.
Hydrological Processes, 31, 1047-1057.
CrossRef
Italtrend (2009) Namibia Sanitation Situational
Analysis Report.

Koeniger, P., Gaj, M., Beyer, M. &
Himmelsbach, T. (2016) Review on soil
water isotope based groundwater recharge
estimations. Hydrological Processes, 30,
2817–2834. CrossRef
Lindenmaier, F., Miller, R., Fenner, J.,
Christelis, G., Dill, H.G., Himmelsbach, T.,
Kaufhold, S., Lohe, C., Quinger, M.,
Schildknecht, F., Symons, G., Walzer, A. &
van Wyk, B. (2014) Structure and genesis of
the Cubango Megafan in northern Namibia:
implications
for
its
hydrogeology.
Hydrogeology Journal, 22, 1431–2174.
CrossRef
Longuevergne, L., Wilson, C.R., Scanlon, B.R.
& Crétaux, J.F. (2013) GRACE water
storage estimates for the Middle East and
other regions with significant reservoir and
lake storage. Hydrology and Earth System
Sciences, 17, 4817–4830. CrossRef
Luetkemeier, R. & Liehr, S. (2018): Drought
sensitivity in the Cuvelai-Basin: Empirical
analysis of seasonal water and food
consumption patterns. This volume.
CrossRef
Mendelsohn, J.M., Jarvis, A. & Robertson, T.
(2013) A profile and Atlas of the CuvelaiEtosha basin. Windhoek, Namibia: RAISON
& Gondwana Collection.
Mendelsohn, J.M. & Weber, B. (2011) The
Cuvelai Basin, its water and people in
Angola and Namibia. Windhoek, Namibia:
Development Workshop & RAISON.
Morin, E., Grodek, T., Dahan, O., Benito, G.,
Kulls, C., Jacoby, Y., Van Langenhove, G.,
Seely, M. & Enzel, Y. (2009) Flood routing
and alluvial aquifer recharge along the
ephemeral arid Kuiseb River, Namibia.
Journal of Hydrology, 368, 262–275.
CrossRef
Miller, R.M., Pickford, M. & Senut, B. (2010)
The geology, palaeontology and evolution of
the Etosha Pan, Namibia: implications for
terminal Kalahari deposition. South African
Journal of Geology, 113, 307–334. CrossRef
Namibia Hydrological Services (2017) Daily
Flood/Hydrological Drought Bulletin: 17
March 2017. Windhoek, Namibia: Ministry
of Agriculture, Water and Forestry.
Rodell, M., Chen, J.L., Kato, H., Famiglietti,
J.S., Nigro, J. & Wilson, C.R. (2007)
Estimating groundwater storage changes in
the Mississippi River basin (USA) using
GRACE. Hydrogeology Journal, 15, 159–
166. CrossRef
Rodell, M., Velicogna, I. & Famiglietti, J.S.
(2009)
Satellite-based
estimates
of
groundwater depletion in India. Nature, 460,
999–1002. CrossRef
Saxena,
R.K.
(1984)
Estimation
of
groundwater
recharge
and
moisture
movement in sandy formations by tracing
natural oxygen-18 and injected tritium
profiles in the unsaturated zone. Nordic
Hydrology, 235–242. CrossRef

Scanlon, B.R. (1991) Evaluation of moisture
flux from chloride data in desert soils.
Journal of Hydrology, 128, 137–156.
Shehu, B. (2015) Correction of GRACE data
for the influence of surface water, soil and
vegetation moisture. A case study on the
quantification of groundwater recharge
rates in the Cuvelai-Etosha-Basin (CEB),
Namibia. MSc Thesis, Leibniz Universität
Hannover.
Swenson, S.C. & Wahr, J. (2006) Postprocessing removal of correlated errors in
GRACE data, Geophysical Research Letters,
33, L08402. CrossRef
Wahr, J., Swenson, S. & Velicogna, I. (2006)
Accuracy of GRACE mass estimates.
Geophysical Research Letters, 33, L06401.
CrossRef
Wahr, J., Swenson, S., Zlotnicki, V. &
Velicogna, I. (2004) Time-variable gravity
from GRACE: First results. Geophysical
Research Letters, 31, L11501. CrossRef
Wallner, M., Houben, G., Lohe, C., Quinger,
M. & Himmelsbach, T. (2017) Inverse
modeling and uncertainty analysis of
potential groundwater recharge to the
confined semi-fossil Ohangwena II Aquifer,
Namibia. Hydrogeology Journal, 25, 2303–
2321. CrossRef
Wanke, H., Duenkeloh, A. & Udluft, P. (2008)
Groundwater recharge assessment for the
Kalahari catchment of north-eastern
Namibia and north-western Botswana with a
large scale water balance model. Water
Resources Management, 22, 1143–1158.
CrossRef
Wanke H., Mulike P., Petrus I., Amutenya, D.,
van Wyk A., Quinger M. & Lohe C. (2013)
Towards a management strategy for fluoride
threatened groundwater: A case study from
Namibia. GeoGen 2013 Conference,
February 2013, Addis Ababa, Ethiopia.
Wanke, H., Nakwafila, A., Hamutoko, J.T.,
Lohe, C., Neumbo, F., Petrus, I., David, A.,
Beukes, H., Masule, N. & Quinger, M.
(2015) Hand dug wells in Namibia: an
underestimated water source or a threat to
human health? Physics and Chemistry of the
Earth, 76–78, 104–113.
World Health Organization (2011). Guidelines
for drinking-water quality. Geneva: World
Health Organization.
Yeh, P.J.-F., Swenson, S.C., Famiglietti, J.S. &
Rodell, M. (2006) Remote sensing of
groundwater storage changes in Illinois
using the Gravity Recovery and Climate
Experiment (GRACE). Water Resources
Research, 42, W12203. CrossRef
Zimmermann, U., Münnich, K.O., Roether, W.,
Kreutz, W., Schubach, K. & Siegel, O.
(1966) Tracers determine movement of soil
moisture and evapotranspiration. Science,
152, 346–347. CrossRef

