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Dynamics of Flood Water Infiltration and 
Ground Water Recharge in Hyperarid Desert 
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by Ofer Dahan 1, Boaz Tatarsky2, Yehouda EnzeJ3, Christoph Ku lls4, Mary Seely5, and Gererdo Benito6 

Abstract 
A study on flood water infiltration and ground water recharge of a shallow alluvial aquifer was conducted in 

the hyperarid section of the Kuiseb River, Namibia. The study site was selected to represent a typical desert 
ephemeral river. An instrumental setup allowed, for the first time, continuous monitoring of infiltration during 
a flood event through the channel bed and the entire vadose zone. The monitoring system included flexible time 
domain reflectometry probes that were designed to measure the temporal variation in vadose zone water content 
and instruments to concurrently measure the levels of flood and ground water. A sequence of five individual 
floods was monitored during the rainy season in early summer 2006. These newly generated data served to eluci-
date the dynamics of flood water infiltration. Each flood initiated an infiltration event which was expressed in 
wetting of the vadose zone followed by a measurable rise in the water table. The data enabled a direct calculation 
of the infiltration fluxes by various independent methods. The floods varied in their stages, peaks, and initial 
water contents. However, all floods produced very similar flux rates, suggesting that the recharge rates are less 
affected by the flood stages but rather controlled by flow duration and available aquifer storage under it. Large 
floods flood the stream channel terraces and promote the larger transmission losses. These, however, make only 
a negligible contribution to the recharge of the ground water. It is the flood duration within the active streambed, 
which may increase with flood magnitude that is important to the recharge process. 

Introduction 
Scarcity of rain and lack of streamflow make ground 

water of shallow alluvial aquifers the most important 
source of water in arid and hyperarid environments. This 
ground water is used daily in many parts of the world's 
deserts. More importantly, this water resource may buffer 
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the impact of dry seasons and even of relatively longer 
droughts on riparian ecosystems, wildlife, and human 
settlements. The ability to exploit ground water in arid 
regions controls the livelihood of communities, whether 
they are small rural ones or larger ones practicing modem 
intensive agriculture or industry. 

Ground water recharge in desert environments is 
controlled by two main mechanisms: (1) direct regional 
infiltration of rain water in the mountains and interdrain-
age areas and (2) flood water infiltration through ephem-
eral channel beds (also known as transmission loss) 
(Osterkamp et al. 1994; Schwartz 2001; Shentsis and 
Rosenthal 2003; Waiter et al. 2000). Direct infiltration in 
arid environments is relatively ineffective because of the 
rarity of rainstorms, low mean average precipitation and 
high potential evaporation. Therefore, in many desert 
areas, direct rain infiltration is regarded as nonexistent 
(Scanlon 2004). Furthermore, the high potential evapo-
ration relative to precipitation in arid environments re-
sults in soil salinity and the rare deep infiltration of rain 
water reduces water quality due tp salinization. There-
fore, ground wat<:lr in most of the world's deserts is 
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characterized by relatively high salinity (Simmers 1997). 
Flood water infiltration through beds of ephemeral chan-
nels, also known as transmission loss, relies ·on short-
duration water flow in stream channels (Shentsis and 
Rosenthal 2003). The transmission loss partially re-
charges the local alluvial aquifers underneath stream 
channels and the aquifers connected to them. In contrast 
to the regional recharge by rainfall, flood water is usually 
characterized by low salinity since the streambed and its 
alluvium are more regularly flushed by such floods 
(Scanlon 2004). Therefore, in arid environments, ground 
water of acceptable quality usually lies in the shallow 
alluvial aquifers along the stream channels (de Vries and 

... A Simmers 2002; Gee and Hillel 1988). Accordingly, water 
W' resource management in arid environments must rely on 
•Af1 quantifying this flood water infiltration and percolation 
V which recharge the shallow alluvial aquifers. 

Several methods are traditionally used to estimate 
flood water infiltration and ground water recharge. These 
include (1) transmission losses-calculating the water 
mass balance based on the volume difference between 
two gauging stations along a stream channel and inter-
preting the recharge rate from the water loss (Lange 2005; 
Shentsis et al. 1999); (2) ground water level variation-
wells located in the vicinity of the channel allow interpre-
tation of the flood water infiltration rate through the 
observed or mode1ed increase in the aquifer's water stor-
age (Blasch et al. 2004; Sanford 2002); and (3) chemical 
and isotopic composition-flood water composition is 
compared with the composition of the various water bod-
ies surrounding and influencing the ground water in the 
vicinity of the stream channel (Scanlon 2004). The latter 
method allows an evaluation of the proportion of each 
water source in the aquifer and consequently the recharge 
component. Note that in hyperarid environments, data that 
can support the use of the previously mentioned methods 
is very scarce and therefore their application is limited. 

All these methods are widely used in flood water 
infiltration studies. However, direct measurements of the 
processes leading to recharge from channel bed to ground 
water do not exist. Therefore, flood water infiltration and 
ground water recharge are usually evaluated from param-
eters measured at the system boundaries. Furthermore, 
quantification of the actual hydrological processes taking 
place in the vadose zone is rarely attempted because of 
a lack of monitoring methodologies. Therefore, hydrolog-
ical process in the vadose zone is usually left unmoni-
tored and consequently unknown. 

This paper presents new results from a study on 
flood water percolation through the vadose zone and the 
ground water recharge during natural flood events in 
ephemeral rivers in a hyperarid environment. We perform 
direct measurements and quantifications of the rates of 
infiltration, percolation, and recharge of shallow alluvial 
aquifers. We present field measurements made by a moni-
toring system installed in the bed of the lower Kuiseb 
River in the Namib Desert, western Namibia. The moni-
toring system continuously recorded (1) the flood stages 
above the channel bed; (2) the water content variation 
along the entire vadose zone profile below the stream 
channel; and (3) the changes in ground water levels. The 
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long-term goal is to link the flood hydrology to the per-
colation process, which will provide new insight into 
long-term quantification of ground water recharge in arid 
environments. 

Study Area 
The Kuiseb River is one of the largest ephemeral 

rivers ( -560 km) in Namibia, draining the western Great 
Escarpment of western Namibia with a 420-km long 
catchment area of approximately 15,500 km2 (Jacobson 
et al. 1995). It drains the high plateau ( -2000 m in eleva-
tion) westward through the escarpment into the Atlantic 
Ocean near Walvis Bay (Figure 1). The middle and lower 
reaches of the Kuiseb River cut their way through the 
central Namib Desert, forming the boundary between the 
vast sand dune sea to the south and the gravel flat pene-
plains to the north (Scholz 1972). Mean annual rainfall is 
greater than 300 mm/year in the headwater and decreases 
to less than 20 mm/year in the lowlands. Mean annual 
potential evaporation is 1700 to 2500 mm/year, increasing . 
from the coast of the Atlantic Ocean inland (Botes et al. 
2003). 

The Gobabeb area (Figure 1) is underlain by meta-
morphic rocks of the late Proterozoic Damara Group. The 
Salem Granites that intruded the Damara Group are 
exposed in the lower Kuiseb River and they likely form 
the boundaries of the Kuiseb River's shallow alluvial 
aquifer around Gobabeb. This aquifer supplies the water 
for the Gobabeb Research and Training Center and the 
nearby villages. The thickness and width of the alluvial 
fill of the riverbed vary. It is composed mainly of light-
colored, slightly micaceous, well-sorted quartz sand 
(Botes et al. 2003). 

The relatively wetter headwater of the Kuiseb River 
can generate a flood almost every year that overcomes 
the transmission losses along its long course and attains 
its lower hyperarid reaches. In the past 20 years (except 
2001), the river has flowed pass Gobabeb at least once a 
year for an average of 12 d/year, with a maximum of 
33 d in 1997. Similar to other rivers with wet head water 
and hyperarid lower reaches (Bueno and Lang 1980; 
Enzel 1990), only rare floods are capable of flooding 
the entire length of the Kuiseb River: in only approxi-
mately 10% of the years (over the past 120 years) have 
the Kuiseb River floods been large enough to overcome 
transmission losses along its lower course and reach the 
Atlantic Ocean near Walvis Bay. 

Hydrologically, the Kuiseb water resources are one 
of the two most diversely used among the ephemeral 
rivers in Namibia. Along the entire course of the river, 
surface runoff and ground water are exploited for drink-
ing, farming, and mining, with the main consumer being 
the city of Walvis Bay, situated at the river mouth on 
the coast of the Atlantic Ocean. In total, a population of 
more than 30,000 people with tens of thousands of 
tourists annually depend directly on the water of the 
Kuiseb River (Botes et al. 2003). 

A geophysical study at the study site mapped the 
boundaries of the alluvial aquifer. The width of the active 

• • stream channel along' the Kuiseb River .varies from 25 to 
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Figur e 1. The Kuiseb River catchment and location of the study site near Gobabeb, Namibia. 

60 m. Figure 2 is a typical cross section of the channel 
showing a width of 33 m at the study site. The active 
channel is relatively flat (Figure 2), with riparian trees 
such as Faidherbia albida, Acacia erioloba, and Tamarix 
usneoides growing in the flood plains (Jacobson et al. 
1995). The channel bed and most of the flood plains are 
composed of relatively well-sorted sandy sediments 
(Table 1). 

Methods 

Concepts 
The study implemented a monitoring setup (Figure 3) 

that simultaneously measures the flood stage, the water 
content variation in the vadose zone, and the ground 
water response to the recharge process. A detailed de-
scription of the monitoring system and its performance is 
provided in previous publications (Dahan et al. 2003, 
2006; Dahan et al. 2007; Rimon et al. 2007). Neverthe-
less, for the sake of convenience, a short description of 
the system is presented here. The monitoring system al-
lows the installation of multilevel Flexible Time Domain 
Reflectometry (FTDR) probes at any desired depth with 
minimum disturbance of the soil column above the 

probes. Consequently, continuous, real-time measurement 
of water content variations at multiple depths throughout 
the entire vadose zone is possible. The monitoring system 
was implemented in a small-diameter (15 cm), slanted 
(35°) borehole, drilled especially for the installation of 
the FTDR probes (Figure 4). The probes are made of 
flexible stainless steel waveguides attached to a flexible 
sleeve, made of a thin polyvinyl chloride liner. The flexi-
ble sleeve with the FTDR probes on its upper side is then 
inserted into the slanted borehole and filled with liquid 
two-component urethane. The large hydrostatic pressure 
generated inside the sleeve by the liquid resin pushes the 
probes very tightly against the borehole walls, ensuring 
full contact with the surrounding soil. Consequently, the 
entire borehole volume is packed with the sleeve which 
follows the borehole wall 's roughness and diameter irreg-
ularities. A slanted drilling method was selected to ensure 
monitoring of an undisturbed sedimentary column. 
Assuming that the general flow direction in the vadose 
zone is vertical, each point on the upper side of the slan-
ted borehole faces an undisturbed sediment column. The 
FTDR system is operated with Campbell Scientific data 
acquisition and logging instruments including TDRlOO, 
SDM50X, and AM16/32 multiplexers, and CRlOX data 

. . 
loggers. All waveguides are connected to the acquisition 

0. Dahan et al. GROUND WAltR 3 



station 

.. "--

10 

.. -·--"'""' tcedtoc\1. 

Figure 2. The Kuiseb River stream channel and the monitoring station by the Gobabeb research centre (above) and a typical 
Iithological cross section of the Kuiseb River aquifer at the study area (below). 

system using a high-quality RG-S8 coax cable (shielding fac-
tor greater than 9S%). Specific calibration curves for soil 
moisture and FIDR probes are presented elsewhere (Dahan 
et al. 2003; Rimon et al. 2007). 

Ground water levels were monitored using a pressure 
transducer (Levelloger MS, Silinst Canada Ltd.) placed 
in a 4-inch piezometer that was installed in the stream 
channel with perforated screens to the upper S m of 
the ground water. The piezometer was installed near the 
vadose zone monitoring station (Figure 4). At the sur-
face, the piezometer was extended inside a protection 
tower that was also used to host the data logging equip-
ment and the flood-stage gauging system. Installation of 
the monitoring system was completed in July 200S. 

Results and Discussion 
The Kuiseb River usually runs no more than once or 

twice a year. Luckily, the summer rainy season of January 
to March 2006 was exceptionally wet and the river expe-
rienced five flood events that passed through Gobabeb 
within a short period (Figure Sa). The floods ranged from 
small ones lasting only 2 d with peak flood stages of 
O.S m to relatively large ones that flowed for lS d with 
relatively high peak stages that exceeded 3 m. During that 
period, the water content variation along the vadose zone 
as well as water table fluctuations were measured simul-
taneously (Figures Sb and Se). Figure S shows how each 
flood in the stream channel initiates an infiltration process 
in the vadose zone which ultimately leads to ground water 

Table 1 
Grain-Size Distribution in Samples from the Unsaturated Zone at the Gobabeb Monitoring Station 

Depth (m) 0.6 1 1.5 2 2.75 3 4 6 
Gravel(%) 0.01 0.00 0.12 8.82 51.80 4.87 0.67 0.46 
Sand(%) 99.43 99.35 99.18 90.76 47.06 93.30 97.14 92.09 
Silt + clay (%) 0.56 0.65 0.70 0.42 1.14 1.83 

I 
• 2.19 7.44 
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Figure 3. Schematic illustration of the methodological and monitoring system (not to scale). 

recharge. This is expressed as a sequential increase in 
vadose zone water content and, ultimately, as a distinct rise 
of the water table. The exceptional sequence of floods with 
different characteristics enabled a detailed evaluation of 
flood water infiltration and ground water recharge. 
Detailed data and analysis from the first and second floods 

Figure 4. Installation of the FTDR probes in a slanted bore-
hole beneath the stream channel. 

will be presented first, showing the infiltration process 
through the synchronous reaction of the vadose zone and 
ground water to the flood. Then, the integrated results from 
the entire season will be described to elucidate the gen-
eral relationships between the flood and stream-channel 
characteristics and the ground water recharge process. 

Percolation 
The data collected in the field during the floods were 

analyzed following a conceptual model which describes 
several main stages in the infiltration process (Figure 6). 
These include (1) schematic illustration of subsurface 
cross section; (2) propagation of a wetting front from the 
stream channel down through the vadose zone toward the 
ground water; (3) a rise in water table due to the recharge 
process; and ( 4) water level relaxation and stabilization 
on the new water level by end of the recharge event. 

The first flood was recorded by the monitoring station 
on January 20, 2006. The river flowed for 76 h (-3d) and 
its maximum water level reached approximately 1.5 m 
(Figure 7a). Downward water percolation was recorded 
by the FTDR probes soon after the flood's arrival. 

Figure 7b presents the water content variation in the 
vadose zone during and after the first flood. The first 
sharp increase in water content marks the arrival of the 
wetting front to each depth. This stage is described in 
phase b of the conceptual model (Figure 6b). The wetting 
front seems to propagate uniformly along the entire 
vadose zone, and the probes are sequentially wetted from 
the first probe at 0.58 m (probe 1) to the deepest probe at 
4.59 m (probe 7). 

The water content variation in the sediments during 
percolation is a function of the flow conditions above and 
below each layer, as well as the physical characteristics 
of the layer itself, such as porosity and grain-size distri-
bution. While the flow conditions above and below each 
layer control inflow and outflow, the porosity and grain-
size distribution control the layer's water retention, field 
capacity, and saturation degree. change in the sedi-
ments water content (Figure 7b) appears to correspond 
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Figure 5. Hydrographs of (a) flood stage in the stream channel, (b) water content variation at various depths along the vadose 
zone under the stream channel, and (c) ground water levels measured in observation well located in the stream channel during 
the January to March 2006 flood season. Floods are numbered from 1 to 5, and the symbols Oi, Of, and Os denote initial, final, 
and saturated water content values, respectively. 

well with the lithological composition of the sediments in 
the monitored area (Table 1). It clearly shows that the 
smallest increase in water content appears at approxi-
mately 2.7 m in coarser sediments, which obviously has 
low water retention. The initial water content, which rep-
resents the residual water content in the vadose zone 11 
months after the previous flood, was measured as approxi-
mately 5% for the entire profile (Figure 7b). Although the 
river was flowing continuously for more than 3 d, the 
water content along the entire depth of the vadose zone, 
including the upper probes, remained unsaturated with rel-
atively low water content, ranging between 8% and 14%. 

The variation in ground water level in response to 
the first flood event shows that the water table started to 
rise more or less when the wetting front was detected in 
the deepest probe (Figure 7c). This rise indicates an 
increase in ground water storage due to the percolation 
process observed in the vadose zone. This stage is repre-
sented in phase c of the model (Figure 6c). As soon as the 
flood ceased, the infiltration process stopped, the vadose 
zone partly drained, and the ground water level started to 
decrease toward a new water level, which was higher than 
the initial one (Figure 6d and B in Figure 7c). 

The second flood reached Gobabeb monitoring sta-
tion on January 26. The river flowed for 120 h (5 d) and 
the maximum flood level reached 2 m. The infiltration 
process was detected through the water content variations 
in the vadose zone and the rise in the ground water 
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(Figure 8). However, in this flood, the observed infiltra-
tion process seemed quite different from the first flood. 
Figure 8 is an expansion of A in Figure 5b. Although 
initial water contents for the second flood were 8% to 
12%, higher than the initial value (5%) of the first flood 
(Figures 7b and 8), an increase in water content was mon-
itored by the FTDR probes immediately after the flood. 
Close examination of the probe-wetting sequence shows 
that the wetting front propagated in an orderly fashion 
downward from the first probe at 0.58 m to the deepest 
probe at approximately 4.59 m (the water content rises 
from 12% to 15%). However, the average increase in 
vadose water content in this flood was only 3.3%, com-
pared with 6.7% during the first flood. A closer look 
shows that the water content started to increase downward 
all the way to the deepest probe, but then an abrupt and 
dramatic increase in water content was observed in probe 
7 (stage A in Figure 8 and point B in Figure 5b). This 
time, the water content reached saturation levels of 35%. 
The dramatic increase in water content to saturation is 
attributed to the water table rising to the probe level, 
shown schematically in Figure 6c (phase c of the concep-
tual model). The timing of probe 7's saturation corre-
sponds exactly to the time at which the ground water rose 
to that probe's depth (Figures 5b and 8). The same pro-
cess of orderly wetting from the ground water up into the 
vadose zone was recorded by probe 6 and later by probe 5 
(stages B and C in, Figure 8). this flood, the 



Figure 6. Conceptual phases in flood water infiltration and 
ground water recharge: (a) typical cross section of an allu-
vial aquifer in an arid region (similar to the cross section of 
the study area), (b) early stages of infiltration where a wet-
ting wave propagates from the streambed down through the 
vadose zone toward the ground water, (c) wetting front ar-
rives at the ground water and water table rises up toward 
the vadose zone, and (d) infiltration stops, the vadose zone is 
drained, and the water table stabilizes at a higher level. 

ground water rose up to 3.7 m below the surface, bringing 
the probe at depth of 3.3 m to saturation. However, the 
water content at this probe dropped sharply from satura-
tion (-30%) to field capacity (13%) (D in Figure 5b), 
with ground water relaxation (C in Figure Se and Fig-
ure 6d). Similar to the first flood, the entire vadose thick-
ness remained at relatively low water content and did not 
reach saturation although the river was flooded for 5 d. 

Flow Velocity and Fluxes 

Vadose Zone 
The wetting sequence of the FTDR probes allows 

direct calculation of the wetting-front propagation 
velocity v 

v = f:::.z/ !:::.t (1) 

where !:::.z is the vertical distance between two adjacent 
probes and !:::.t is the time gap between their responses to 
a change in water content. The response time was defined 
as the time at which the probe reached 50% of the total 
increase in water content. Combining the calculated 
wetting-front propagation velocity (v) with the measured 
change in water content !:::.8 allowed calculation of the 
downward flux q as follows: 

q =V X !:::.8 (2) 

where !:::.8 is defined as the difference between the initial 
water content (8;) and final water content (81) (Figure 7). 
Table 2 is a summary of the calculated wetting-front prop-
agation velocities and fluxes for the first and second 
floods. During the second flood, the wetting response time 
is shorter and the calculated velocity of wetting propaga-
tion is twice the measured velocity during the first flood. 
However, the change in water content during the second 
flood is half of the change measured during the first flood. 
As a result, very similar average downward fluxes in the 
vadose zone ( - 1 cm/h) were calculated for both floods. 

Ground Water 
The fluctuation in water table levels during and after 

a flood reflects the dynamic relationship between the 
influx from the vadose zone to the ground water and the 
ground water's lateral flow. The following characteristics 
of the stream channel and aquifer structure enable a calcu-
lation of the recharging fluxes directly from the data on 
water table changes: (1) the active stream channel is flat 
and much wider (33 m) than the shallow depth ( -5 m) to 
the ground water; (2) the alluvial aquifer is only approxi-
mately 200 m wide as it is bounded by the granite bed-
rock (Figure 2) from both sides; and (3) our sampling and 
analyses indicate that the channel bed material is com-
posed of relatively homogeneous sand (based on the data 
presented in Table 1 and additional five boreholes which 
were drilled at the study site and are not presented here). 
Assuming that the flood infiltrates across the entire width 
of the river, we can associate the rise in water table level 
with an increase in ground water storage. Moreover, since 
the measuring point is in the middle of the channel, away 
from the boundaries of the recharging zone, the rate of 
change in water level during the early stages of the 
recharge will not be much different from the recharge 
rate. Accordingly, the rising limb of the ground water 
hydrograph (A in Figure 7c) reflects the maximum rate of 
recharge. Hence, the maximum flux q 

q = V(8s-8j) (3) 

where 8fis the water content of the unsaturated sediments 
under the stream channel during the flood event, 8s is the 
saturated water content (Figures 5b, 6c, and 7b ), and V is 
the rate of change in water level: 

V= f:::.h/ f:::. t (4) 

where !:::.h and !:::.t are measures on the rising limb of the 
hydrograph. The calculated fluxes \or the first and second 
floods are 1.4 and '1 .38 crnlh, respectively (Table 2). Note 
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Figure 7. Hydrographs of (a) flood stage in the stream channel, (b) water content variation at various depths along the vadose 
zone nnder the stream channel, and (c) ground water levels measured in an observation well located in the stream channel 
during the first flood. This is an expansion of the data from Figure 5. The symbols 9i and 9f denote initial and final water con-
tent values measured before and after each flood. 

that while the fluxes measured in the vadose zone by the 
wetting-front propagation velocity and the variation in 
water content were carried out during the early stages of 
the percolation process. This method calculates the fluxes 
during later times and represents the maximum rate. Nev-
ertheless, the calculated fluxes are quite similar for both 
floods and for both methods. 

The fluctuations in ground water level may also be 
used to calculate the average flux for the entire recharge 
event through the total increase in ground water storage. 
In this method, the flux is calculated from the difference 
between the initial water level before the flood and the 
final water level after relaxation (f::J.h) when the water 
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level stabilizes at a higher level than the initial one (B in 
Figure 7c and Figure 6d). At this stabilization phase, the 
water level presents the full change in ground water stor-
age over the entire width of the alluvial aquifer (Figures 6a 
and 6d). Accordingly, the total storage increase per unit 
length of the aquifer Q1 for an entire flood event is calcu-
lated as follows: 

Qt = 6..h[(8s- 8f)b + (8s- 8i)(l- b)] (5) 

where f::J..h is the total change in water level after relaxa-
tion, (8s - 8/) is the water content increase in the sedi-
ments under the stream channel, b is the stream channel 

28-Jan-05 

Figure 8. Water content variation in the vadose zone during the second flood. This is an eJ..'Pansion of the circled area A in Figure Sb. 
• • 
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Table 2 . Calcula ted Fluxes During the First Two Floods . 
Flood 1, January 20, 2006 at 20:00 Flood 2, January 26, 2006 at 16:45 

Method Depth (m) .:il:l(%) v (ern/h) q (cm/h) .:1(:1 (%) v (ern/h) q (cm/h) 

Vadose zone 0.58 7.5 33.1 
1.37 7.8 28.7 
2.02 8.2 4.0 
2.66 3.8 5.4 
3.3 5.8 16.0 

3.94 7 4.7 
4.59 7.7 3.3 

Average 6.7 13.6 

Ground water Water level rising rate 
Increase in ground 

water storage 

width, (8s - 8i) is the water content increase in the sedi-
ments under the flooding terraces, and l is the aquifer 
width ( -200 m). Attributing the value of the total 
recharge per unit length to the active stream channel 
width (-33 m) and the total flood duration t results in an 
average recharge flux: 

q=Qt/(tX b) (6) 

The resultant calculated fluxes are 0.7 and 0.9 cmlh 
for the first and second flood, respectively. Again, the 
fluxes calculated from the total increase in ground water 
storage are very similar to those calculated from the 
vadose zone and water table data, although the calcula-
tions are based on different methods (Table 2). 

Flood Characteristics and the Recharge Process 
Wetting of the vadose zone by each flood proceeded 

in an orderly fashion; it progressed from the surface to 
the water table, followed by a water level rise up into the 
vadose zone toward land surface. For as long as the wet-
ting progressed downward, the water content in the 
vadose zone did not exceed field capacity values and re-
mained at 10% to 15%. The upper part of the vadose 
zone remained unsaturated although the surface was 
flooded for several days. When the wetting front reached 
the water table and ground water started to rise up toward 
the unsaturated zone, a secondary wetting process pro-
gressing from the water table up into the vadose zone 

2.5 3.8 29.0 1.1 
2.2 5.0 28.7 1.4 
0.3 4.8 16.3 0.8 
0.2 2.3 23.3 0.5 
0.9 2.5 23.3 0.6 
0.3 1.6 42.7 0.7 
0.3 

1.0 3.3 27.2 0.9 

1.4 1.38 
0.7 0.90 

began. In this process, the sediments reached saturation 
(27% to 42%). By the second peak of the fifth flood, the 
entire vadose zone was saturated (Figure 5); the flood 
flowed directly on a fully saturated aquifer, and for all 
practical purposes, water infiltration ceased at this river 
reach. Along its long route, the Kuiseb River usually 
transmits all of its flood water to the channel bed and it 
rarely flows all the way to the ocean. During the fifth 
flood, on January 25, ground water reached the surface 
(Figure 5), and the river could not lose any additional 
water by transmission to the vadose zone as the storage 
capacity of the aquifer was full. Interestingly, at this exact 
date, the river flowed all the way to the Atlantic Ocean. 
Such an event is very rare and requires the significant 
reduction in transmission loss capacity that was provided 
by ground water rise to the surface. 

The calculation procedure described in detail for the 
first and second floods was then applied to the three addi-
tional floods of the 2006 season (Figure 5). Unfortu-
nately, due to a technical problem, some of the FTDR 
data during the early stages of the fifth flood has been 
lost. Therefore, the analysis of the fifth flood relay only 
on ground water data. Table 3 summarizes the calculated 
fluxes from all floods. Although the floods were very dif-
ferent from one another, the calculated fluxes do not vary 
much, ranging between 0.4 and 1.5 cm/h. This suggests 
that the fluxes are limited by a flux-regulating mechanism 
at the top of the vadose zone. This may be the sediment 
texture and/or structure, which regulates the downward 

Table 3 
Calculated Recharge Fluxes for All Floods by Various Methods 

Flux (ern/h) 

Calculation Method First Flood Second Flood Third Flood Fourth Flood Fifth Food 

Wetting-front propagation in the vadose zone l 0.9 1.5 0.7 
Water table rising rate 1.4 1.38 0.57 0.39 1.05 
Increase in ground water storage 0.71 0.91 0;83 • 
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water percolation. Closer inspection of the sedimentary 
structure indicates a very finely layered (laminae) struc-
ture on the millimeter scale with alternating coarse an.d 
fine sand and minor silt content. These are not distin-
guishable clay or silt layers. Analysis of grain-size distri-
bution in these samples would categorize them as sand. 
Since alluvial formations are created by flood deposits, it 
is expected that these formations would always consist of 
alternating layers, even if they are composed mainly of 
sand. We propose that the alternation of layers acts as 
the regulator that limits infiltration rates and buffers the 
fluxes, even during the relatively high flood stage. An 
additional mechanism that may act as a flux-regulating 
mechanism could be related to clogging of the sediment 
pores by fine particles from the flowing flood (Blasch 
et al. 2004). This, however, is a trivial and constant pro-
cess that should happen with any flood, including those 
that create the alluvial formation itself. Accordingly, it 
may be argued that a new flood adds additional clogging 
particles which were not added in previous floods. 

One of the most significant phenomena observed in 
the Kuiseb River during the 2006 flood season was that 
small floods yield recharge fluxes very similar to those 
generated by large floods. This, however, should be re-
garded with caution since this observation contradicts 
that from a previous work which suggested that the infil-
tration under very low flood stages may be limited. 
Dahan et al. (2007) attributed the limited infiltration rates 
into dry sediments of a stream channel bed at low flood 
stages to physical phenomena such as sediments, hydro-
phobicity, and capillary barriers. It is possible, however, 
that those limiting factors are not active when infiltration 
takes place under prewetted conditions. Lange (2005) re-
ported that small floods in the Kuiseb River may flow lon-
ger distances due to reduced transmission losses. They 
attributed the reduced transmission losses to thin silt and 
clay deposits which may be found on the stream channel 
bed after flood events and suggested that only large flood 
events are capable of removing those layers and thus allow 
significant transmission losses. However, it should be 
noted that most floods arrive when the layer is cracked due 
to desiccation and easily detached from the underlying 
sand. Accordingly, this layer is probably removed from the 
surface by the first flood bore. The removal of this layer by 
flood water is supported by the observation that the silt de-
posits on the active channel bed always overlie clear sand. 
Moreover, similar silt layers were never observed in the 
stratigraphy of the vadose zone in auger drillholes and pits 
dug into the sediments underlying the channel bed in the 
study area; that is, they are never buried by sand in the 
active channel and the layers are solely a surface feature. 
In addition, since the cracked silt layers are detached from 
the underlying sand, they do not prevent water from reach-
ing the sand layer and exposing it to infiltration. In con-
trast, the flood plains, sandy inland islands, and terraces 
are characterized by overbank deposits of alternating thin 
layers of sand and silt-clay that dramatically reduce infil-
tration through them when flooded. The observation that 
flood water infiltration is less sensitive to flood stage has 
also been reported from numerical simulation (Bailey 
2002; Blasch 2004). 
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A common observation on flood hydrology of arid 
environments is that the large floods with high peak 
water levels produce high transmission losses CEnzel 
1990; Schick 1988). Accordingly, it is common to equate 
high transmission losses with high ground water recharge 
values (Greenbaum et al. 2001). However, in the Kuiseb 
River, the observed high transmission losses during high 
peak levels do not contribute much to ground water 
recharge. This claim is based on the observation that large 
floods may exceed the main active stream channel's 
boundaries and cover flood terraces, islands, and flood 
plains. Thus, a larger surface area is exposed to infiltra-
tion. During the short interval of high peak discharges, 
large quantities of water infiltrate through the flood plains 
and terraces. However, several observations in this study 
suggest that this wide flooding does not generate large 
recharge: 

a) As shown earlier, during the first flood, when water in-
filtrated through dry sediments, the wetting-front propa-
gation velocities did not exceed a few centimeters per 
hour (Figure 7b; Table 2). Accordingly, a flood peak 
stage that lasts for only a few hours on the flood plains 
will result in only shallow depth of infiltration. This infil-
trating water will not reach the water table that is several 
meters further down. 

b) Alternations of clay and sand beds are even more frequent 
in floodplain stratigraphy. Therefore, the vertical hydraulic 
conductivity of the floodplain is much lower than the 
hydraulic conductivity of the sandy active channel. 

c) Even if we ignore the low infiltration potential of the 
flood plains and assign them the same infiltration rates 
measured in the stream channel, the short flooding dura-
tion minimizes the potentially deep infiltration into the 
dry sediments. 

Therefore, we propose that even if the flood loses 
large quantities of water to infiltration into the very dry 
sediments on the flood plains, in the Kuiseb River setting 
and probably other hyperarid channels, only insignificant 
recharge to the alluvial aquifer is gained by this process. 
As shown by our results, the duration of the flood is more 
important and, therefore, the importance of large floods 
in hyperarid channels lies in the positive relationships in 
a specific drainage basin between flood magnitude and 
duration. Floods in arid areas with smaller peaks are usually 
of shorter duration than floods with larger peaks (Schick 
1988). This is borne out mainly because of the characteris-
tic shape of hydro graphs in arid areas; the higher the peak, 
the longer the recessional limb of the hydrograph. As 
a result, it is not the short-term flooding of the flood plains 
and terraces that is important for recharge, it is the longer 
duration of the entire flood in the active channel. 

Summary and Conclusions 
A study on flood water infiltration and ground water 

recharge was conducted in the hyperarid section of the Kui-
seb River, western Namibia. The study site was selected to 
represent a typical desert ephemeral riJer. In this study, we 
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have implemented a novel experimental setup that allowed 
complete monitoring of water infiltrating from land surface 
down through the entire vadose zone to the ground water. 
In 2006, a rare wet summer season in west-central Namibia 
resulted in five floods during the relatively short period of 2 
months, allowing a detailed investigation of the dynamic 
processes governing flood water infiltration and ground 
water recharge of shallow alluvial aquifers. 

The monitoring system, which included FTDR 
probes installed in multiple depths along vadose zone 
cross section, combined with water level measurements 
of the flood and the ground water, allowed the following 
observations and conclusions: 

• Each flood running on the channel bed initiated an infiltra-
tion process which was expressed through a sequential 
increase in vadose zone water content and, ultimately, 
a rise in ground water level as a final indication of the 
recharge process (Figure 7). The wetting sequence and 
timing allowed direct calculation of the wetting-front 
propagation velocity and infiltration fluxes for each indi-
vidual flood event (Table 2). 

• Three independent methods were used to calculate the 
flux: (1) the wetting-front propagation velocity with the 
observed changes in water content; (2) the rate of water 
table rise; and (3) the total increase in ground water stor-
age. The similarity in the results calculated by these three 
methods reinforces the reliability of the technique and the 
validity of the data and conclusions (Table 2). 

• Although each flood was characterized by different flow 
conditions (such as the initial water content of the sedi-
ments comprising the vadose zone), flood stages, and du-
rations, very similar infiltration fluxes were calculated for 
all floods . We propose that this similarity is regulated at 
the top of the vadose zone near the channel bed; it is sug-
gested that the almost unnoticeable microlayering of the 
sandy alluvial sediments at the top of the vadose zone gov-
erns the infiltration process and regulates the fluxes. As 
a result, the potential effect of high flood stages during 
large floods is buffered (Table 3). 

• Throughout all of the floods, the entire vadose zone re-
mained unsaturated with relatively low moisture content 
(10% to 15%). Saturation was achieved only with the rising 
water table following each infiltration event (Figure 5). 
This observation supports the suggestion that infiltration is 
regulated by the sediments near the surface. 

• Small floods are not less important than larger floods 
since similar fluxes were recorded for both. Accordingly, 
it is suggested that above a certain flood stage threshold 
(probably -15 to 25 cm) that allows infiltration, it is the 
flow duration and not the water stage that controls the 
recharge amounts. The impact of large floods on increas-
ing total recharge comes from the general observation in 
hyperarid areas that larger floods are usually character-
ized by longer flow duration. Therefore, larger floods 
extend infiltration time from the bottom of the active 
channel (Table 3). 

• Floods in arid regions that occasionally cover the flood 
plains will result in a larger proportion of transmission 

losses from the flood and in lower flood discharge down-
stream. These flooding zones, beyond the width of the 
active channel, will contribute very little, if -any, additional 
water to ground water recharge. 

• It is the limits on ground water storage capacity combined 
with the regulated maximum flux rate through the riverbed 
that control the ground water recharge. Most of the infil-
tration will take place in the main active channel under 
regulated fluxes, independent of the flood 's stage. The 
storage capacity is determined by the width of the aquifer 
and the thickness of the unsaturated zone. When the water 
table reaches the surface underneath the active channel, 
the entire vadose zone is saturated and no more recharge 
can take place. 
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