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Abstract

Surface water-groundwater interactions play a crucial role in the hydrology and ecology of the Okavango Delta. The

hydrology of the Delta is dominated by the annual arrival of a flood wave which is distributed over an number of branches.

Subsequently, the flood water feeds the phreatic aquifers underlying the Delta islands. In order to evaluate the seasonal and

long-term dynamics of the surface water-groundwater interactions between the floodplains and the islands, a network of

piezometers located in various locations of the Delta was monitored. Groundwater table fluctuations observed for up to 6 years

were analysed and modelled using groundwater flow models. The floodplain-island groundwater flow is in general very

dynamic and driven by island evaporation and transpiration. A typical small to medium sized island (width!500 m), appear

not to be influenced by long-term antecedent conditions. Only on large islands (width O500 m) and at the perimeter of the

flooded area is the influence of long-term antecedent conditions apparent. The knowledge gained during this study will be used

for the improvement of the hydrological and hydro-ecological model of the Delta, and can be useful for the description of

floodplain dynamics in semi-arid regions in general.
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1. Introduction

Surface water–groundwater (SW–GW) inter-

actions, or infiltration and exfiltration processes, are

important processes in the hydrology and ecology of

wetlands. Wetlands are generally linked to

groundwater (Mitsch and Gosselink, 2000); one can

distinguish wetlands dominated by groundwater

discharge, by groundwater recharge or flow-through

wetlands. The nature of interactions between surface

water and groundwater, i.e. direction and magnitude

of the water flux, is a result of a complex interplay of

climate, morphology, soils, geology, vegetation and

hydrology of a system (Sophocleous, 2002; Winter,

1999; Woessner, 2000). Work of Meyboom (1967)

and Winter (1999) shows that subtle changes in
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groundwater table driven by recharge, evaporation

from groundwater and surface water level fluctuations

can cause considerable seasonal variation in magni-

tude and direction of SW–GW fluxes. The direction

and magnitude and direction of the SW–GW flux is

important for bio-chemistry of the wetland (LaBaugh

et al., 1987) and particularly for biological and

biochemical processes occurring at the water-soil

interface, or hyporheic zone (Brunke and Gonser,

1997). SW–GW interactions are also one of the

pathways of exposure of wetlands to pollution and

degradation by groundwater exploitation (Suso and

Llamas, 1993).

The dynamics of the interactions between sur-

face water and groundwater often determine the

wetland’s hydroperiod or the duration, extent and

depth of inundation (Mitsch and Gosselink, 2000).

A striking example is that of prairie pothole

wetlands in US and Canada, where SW–GW

interaction, as determined by geology and topo-

graphy, is one of the main factors causing

differences in duration of inundation between

various potholes ranging from episodic to perma-

nent (Winter and Rosenberry, 1995). In seasonally

inundated alluvial plain wetlands, SW–GW

interaction causes modification of the wetland’s

hydroperiod through recharge of shallow ground-

water during flood propagation, and, after flood

recession, release of water from bank storage

(e.g. Weng et al., 2003).

SW–GW interaction causes the groundwater in

the vicinity of a wetland to be functionally related

to the wetland itself, leading to an ecological

framework where the riparian vegetation is con-

sidered part of the wetland (Tiner, 1999). In this

setting, the dynamics of SW–GW fluxes can affect

the ecology of the riparian vegetation (Hughes,

1990), and on the other hand, the riparian vegetation

can influence wetland’s hydrology through trans-

pirative uptake of groundwater (Doss, 1993; Sacks

et al., 1992; Winter and Rosenberry, 1995).

In this paper we focus on the seasonal dynamics

of hydrological interactions between seasonal flood-

plains and islands in the Okavango Delta. We do it

on the basis of observations of groundwater table

fluctuations and modelling of floodplain-island

groundwater flow at two sites, representing typical

Okavango Delta islands. Additionally, by

simulating hypothetical conditions of prolonged

flooding and no-flood situations, we assess the

inter-annual dynamics of surface water-groundwater

flows at these sites. By this work we contribute to

the quantitative understanding of ‘losses’ of flood-

water and of factors affecting the spatial and

temporal variability of the hydrological system in

the Okavango Delta. In this way we make the

contribution to the improvement of the hydrological

model of the Delta, which in the past did not

account for the lateral groundwater fluxes and their

role on the system’s water balance. Also, we assess

the impact of floodplain dynamics on the riparian

vegetation. In a broader sense, we provide a

quantitative description of surface water-ground-

water interactions in a floodplain system dominated

by groundwater recharge, examples of which are

few in the literature.

2. The Okavango Delta

The Okavango Delta (Fig. 1) is a large inland

wetland created by the Okavango river. Morphologi-

cally, the Okavango Delta is a mosaic of flat broad

floodplains and round to shapeless islands ranging in

size from several square meters to 500 km2. The

principal hydrological feature of the Okavango Delta

is the seasonal flood stemming from the Okavango

river catchment in Angola, and to a lesser extent local

rainfall. The area covered by water expands from its

annual low of 2500–4000 km2 in February–March to

its annual high of 6000–12000 km2 in August–

September (McCarthy et al., 2004). The seasonality

of inundation is the basis for distinguishing three

major hydro-ecological zones, namely: permanent

swamp, seasonal (regularly flooded) floodplains and

occasional floodplains. The flood cycle is out of phase

with the rainy season, which occurs between

November and March.

The Okavango river drains a basin underlain by

highly weathered Kalahari sands (Thomas

and Shaw, 1991), and thus the majority of the

sediment carried into the Delta is composed of fine

to medium sand with a small proportion (!5%) of

the finer fractions (McCarthy and Ellery, 1995).

As a consequence, floodplains in the Okavango
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Delta are predominantly sandy, although surface

layers may contain fine alluviums and chemical

precipitates from groundwater. Accumulation of

organic material is insignificant in the seasonally

flooded zone due to dry season fires and removal of

ash by wind (Krah et al., 2004; Hogberg et al.,

2002). Islands in the Okavango Delta are usually

built of fine, clayey-like material, forming lenses

roughly 3–15 m thick, and usually underlain by

clean parent sands. The material is composed of

amorphous silica and carbonates which precipitate

from island groundwater as a result of evaporative

enrichment (McCarthy et al., 1991; McCarthy,

2005).

The Okavango Delta is covered with vegetation

that reflects local hydrological conditions (Ellery

and Ellery, 1997). Permanently flooded areas

support obligate aquatic plants such as papyrus

(Cyperus papyrus). Seasonally flooded areas support

emergent aquatic sedges, while drier, occasionally

inundated plains, support grasses. Island and dry-

land vegetation can broadly be divided into semi-

deciduous riparian forest and dry-land forest.

Riparian forest composed of phreatophytic species

occupies fringes of islands, where flooding does not

occur, but groundwater is fresh and shallow. Due to

groundwater salinization, the central area of such

islands supports only salinity resistant grasses. Dry-

land forest is rain-fed and occupies larger land

bodies, where groundwater is deep.

The climate of the region of the Okavango Delta

is semi-arid with 460 mm aK1 of rainfall and one

distinct rainy season from November to March. Class

A pan evaporation (with appropriate, seasonally-

varying pan coefficient) amounts to 1800 mm aK1.

Maximum monthly rates of 250 mm monthK1 occur

in October and minimum of 90–100 mm monthK1

occur in June/July. There is a slight regional gradient

of rainfall and potential evaporation. Both decrease

towards the southwest.

Fig. 1. Location and main features of the Okavango Delta, Botswana.
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3. Study sites

3.1. Camp Island

Camp Island is a relatively large (approximately

400 by 1500 m) and elongated island, located in the

regularly flooded zone adjacent to the main channel of

Boro river (Fig. 2). Annual surface water level

fluctuations vary between 0.8 and 1.5 m. Camp Island

has a relatively wide (100 m) vegetated fringe

composed of riparian woodland. The island’s centre

is covered by grassland. The island is underlain by a

relatively thick (more that 7 m) lens of deposits of

predominantly clayey texture.

3.2. Phelo’s floodplain and Pan floodplain

Phelo’s floodplain site comprises a narrow flood-

plain and the bordering islands (Fig. 2). The one

located to the NE of the floodplain is Chief’s Island,

the largest in the Delta. Its central part is covered by

a typical dry-land forest, while adjacent to the

floodplains, a mixture of dry-land and riparian species

occurs. The substratum penetrated by piezometers

W1–W8 and P1–P4 (up to 8 meters) is uniformly

sandy, apart from a small clayey lens in the central

part of the floodplain. Phelo’s floodplain is annually

flooded, however, but the duration and level of the

floods vary between years. Annual surface water level

fluctuations vary between 0.8 and 1.5 m.

To the east of Phelo’s floodplain there is another

floodplain system containing a relatively deep pan

(hence called Pan floodplain), which is separated from

Phelo’s floodplain by a topographic threshold. The

Pan floodplain is only flooded if the water level of

Phelo’s floodplain exceeds that threshold. Between

1997 (beginning of observations) and 2003 this

happened only in 2000 and 2001. The floodplain is

mostly sandy (piezometers F, G and Pn1, Pn2), but the

pan is underlain by clayey deposits. Piezometer Pn3

drilled in the main body of Chief’s island penetrated

clean and slightly calcretized sands.

Fig. 2. Location of Observation Island, Camp Island, Phelo’s and Pan floodplains. Background: aerial photo.

P. Wolski, H.H.G. Savenije / Journal of Hydrology xx (xxxx) 1–194

DTD 5 ARTICLE IN PRESS



4. Materials and methods

4.1. Piezometric network

Groundwater table fluctuations were observed

through a network of piezometers made of 25.4 mm

PVC pipes installed in hand-augered holes, 2–11 m

deep. The bottom part of the pipes was slotted and

covered with several layers of filter material (vylene

non-woven and agritex) over a length of 1 m. The

pipes were cut at ground level to prevent destruction

by elephants and baboons and covered with a cap. The

cap was not hermetically closed to prevent build up of

pressure inside the piezometer during phases of fast

groundwater rise. The disadvantage of this solution is

that the piezometers drilled within the inundated area

were submerged at the arrival of the flood. The

piezometers were linked to reference benchmarks

through combined GPS (TRIMBLE 4700) and

theodolite (LEICA 2300) surveying. The method

provided accuracy of absolute height determination

within 0.5 cm with respect to the benchmarks.

Groundwater levels were monitored on a biweekly

basis, although at some locations measurements were

less regular due to accessibility problems. Obser-

vation periods varied between 1 and 5 years.

Measurements were done from the top of the

piezometer pipe using a manual sounding device

with the accuracy of about 0.5 cm. In several

piezometers automatic groundwater loggers

(DIVER) were installed which recorded the ground-

water level every 30 min.

Aquifer conductivity was tested in all piezometers

using a slug test method. Piezometers were topped

with water and recession of groundwater table was

measured using a water level logger. In each of the

piezometers three consecutive tests were made. The

results were interpreted using the Hvorslev method

(Kruseman, 1981) and the values of the three tests

were averaged (Table 1).

4.2. Soil hydraulic parameters

To obtain information on the range of hydraulic

parameters of island deposits, undisturbed soil

samples were taken from several locations on Camp

Island. They were taken from the bottom of hand-

augered holes by pushing in PVC cylinders of 5 cm

diameter and 10 cm height. Cylinders were sealed and

transported to the laboratory. Hydraulic conductivity

was measured using the standard falling head

permeameter method (Freeze and Cherry, 1979).

After the test, the saturated samples were weighted

and subsequently oven-dried to 105 8C for 24 h and

weighed again. Total porosity of the samples was

obtained from the difference in weight and volume of

the cylinder.

4.3. Water balance of the Phelo’s floodplain

The water balance of Phelo’s floodplain was

calculated earlier by Ramberg et al. (2005). For

obtaining the water balance, surface water inflow was

measured at the flume site (Fig. 2). Evaporation was

calculated based on the extent of the flooded area

using Penman’s formula for open water evaporation

(Maidment, 1992). The water level-volume relation-

ship obtained from the topographic map was used to

Table 1

Summary of hydraulic properties tested in the studied sites

Type Site Lithology Hydraulic conduc-

tivity averagea

(range) (m dK1)

Total porosity

average (range) (–)

Number of samples

Slug tests Phelo’s site W1–W8 Sandy 8.4 (4.2–11.5) 3

Camp Island Clay lens 0.34 (0.11–0.67) 6

Pump test Phelo’s floodplainb Sandy 19.68 (13.4–27.1) 5

Permeameter Phelo’s floodplainb Sandy 4.05 (0.02–35.41) 33 (25–38) 19

Camp Island Clay lens 0.0014 (!0.00001–

0.11)

37 (21–59) 50

a Geometric mean.
b Results taken from Obakeng and Gieske (1997).
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calculate the change in floodplain storage. Infiltration

to groundwater was calculated as a residual term of

the water balance equation.

Original data of Ramberg et al. (2005) cover the

seasons of 1997–1999, when only Phelo’s flood-

plain was inundated. It was attempted to extend the

water balance calculations to the 2000–2001

seasons when the Pan floodplain was inundated as

well. However, there is a limited knowledge of

distribution of flood in the Pan floodplain. The Pan

floodplain fills-up slowly, and the relationship

between the water level at the floodplain inlet

and the flood area and floodplain volume could not

be established. As a consequence, evaporation and

floodplain storage could not be determined with

sufficient accuracy and the total inflow to Phelo’s

and Pan floodplain systems during those two years

could not be separated into water balance com-

ponents. Calculations were, however, performed for

2002 (Table 2), when only the Phelo’s floodplain

was flooded. The results are used in calibration of

Phelo’s floodplain groundwater model.

4.4. Groundwater flow modelling

Groundwater flow models were run for the

Camp Island and for the Phelo’s floodplain using

the MODFLOW code (McDonald and Harbaugh,

1988) with PMWIN 5.0 (Chiang and Kinzelbach,

2001) pre- and postprocessor. The models are

transient, and were calibrated manually against

observed time series of groundwater levels and

floodplain flow discharges. The models represent

the principal processes that influence groundwater

flows in the floodplain-island system: variation of

the flood level and lateral expansion of the flood,

as well as evaporation and transpiration from

groundwater.

The variation of the flood level and the lateral

expansion of the flood was simulated using a head-

dependent flow boundary condition represented in

MODLFOW by the river package. A simulation

period was divided into so-called stress periods

reflecting the variation in surface water levels. For

each of the stress periods, the extent of the flood

was obtained from the topographic cross-section

and the measured surface water levels. The number

of river package cells in each of the stress periods

corresponds to the extent of the flooding during

that period.

Evaporation and transpiration from groundwater

were modelled using the evaporation package of

MODFLOW. This package relates the evaporation

flux from the groundwater table to the depth of the

groundwater table. Evaporation varies linearly

between the maximum flux depth (taken at ground

surface level) and zero flux depth, or so-called

extraction depth.

In the models, only local groundwater flow

systems were taken into consideration, i.e. a system

comprising a floodplain and an adjacent island,

disregarding larger scale regional flows. This was

done in spite of the fact that the Okavango Delta

forms a regional groundwater mound, which seems

to suggest the presence of regional groundwater

flow (see for example McCarthy, 2005). However,

in an earlier regional modelling exercise by Wolski

and Savenije (2003) it was established that with

Table 2

Water balance for the Phelo’s floodplain, after Ramberg et al. (2005), extended to cover 2002 flood season

1997 1998 1999 2002

Inflow (m3/season) 1388000 494000 1422000 1076000

Evaporation (m3/season) 164500 45800 142600 184000

Infiltration Total (m3/season) 1223300 448300 1279000 866000

Totala (mm aK1) 7430 4680 9750 4300

Average (mm dK1) 46 52 54 29

Maximum (mm/10 days) 1140 1110 1740 570

Infiltration/

inflow ratio

(–) 0.88 0.91 0.90 0.81

Infiltration/evap-

oration ratio

(–) 7.4 9.8 9.0 4.7

a Calculated over the time-varying area of open water surface.
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aquifer thickness and properties assumed to favour

regional flows (300 m deep layer of uniform

sands characterized by hydraulic conductivity of

20 m dK1), the drainage by a regional groundwater

flow systems did not exceed 1 mm aK1. As a result

it was concluded that groundwater flows are

dominated by local flow systems. This is not

surprising in view of the extremely low regional

gradient (w1:4000) as opposed to relatively large

local gradients (1:100 to 1:200).

4.5. Assessment of short term and long term dynamics

of floodplain-island groundwater fluxes

The calibrated models were used to study the

short-term (seasonal) variation of floodplain-island

groundwater flow. In order to assess to what extent

the flow is influenced by antecedent conditions

extending beyond one year, two hypothetical

situations were simulated by the models. The first

situation represents a lack of flood for a prolonged

period of time and the subsequent return to a

‘normal’ flooding pattern; the second situation

represents a prolonged period of high floods with

a subsequent return to a ‘normal’ flooding pattern.

The time series used in the calibration runs was

used to represent the ‘normal’ flooding pattern. To

simulate a no-flood condition, a period with no floods

was introduced as the antecedent condition for that

‘normal’ flood sequence. To create the desired

antecedent conditions, no water was supplied to the

modelled domain during a prolonged period, i.e. no

river package cells were implemented for a relevant

amount of time steps. Under such conditions,

evaporation and transpiration were driving the

groundwater table decline in the model. Four

simulations were made with a no-flood period at 1,

2, 3 and 10 years respectively.

To simulate a prolonged high flood condition a

steady-state model was used with the same

parametrization as in the calibrated version of the

transient model, with the floodplain water level set

at the highest flood on record. The obtained

groundwater table is assumed to be the maximum

possible storage of the island aquifer. This

groundwater table was subsequently used as the

initial groundwater table in a transient simulation

of the ‘normal’ flood sequence.

5. Results and analyses of field measurements

5.1. Hydraulic properties of the groundwater aquifers

There is a considerable difference in hydraulic

conductivity between the island lens material and

the sands beneath the lens and in the floodplains

(Table 1). The sands are characterized by high total

porosity (in order of 25–38%), and contain very

little clay. Not surprisingly, they display high

hydraulic conductivities-up to 35 m dK1. Lens

material samples taken from the top 3 m of Camp

Island are characterized by a total porosity in the

order of 21–59%, but due to the high content of

clay fraction have low hydraulic conductivity.

Values of 0.11–0.67 m dK1 were obtained from

slug tests, and values of 0.00001–0.11 m dK1 were

obtained in laboratory tests. The large difference

between the methods may be the result of

laboratory method measuring only vertical conduc-

tivity, while slug tests measure horizontal conduc-

tivity. In addition, samples for laboratory tests were

taken from the zone above the groundwater table,

which demonstrate a larger degree of cementation

by precipitates, and thus demonstrate lower con-

ductivity than the zone sampled by slug tests. In

the woodlands surrounding the Phelo’s floodplain,

higher conductivity values, comparable with those

of the floodplain sediments, were obtained.

5.2. Groundwater table fluctuations

5.2.1. Camp Island

Under Camp Island, groundwater is 1–3 m below

ground level in the riparian zone, and 2.5–4 m in the

island’s central grassland (Fig. 3). The annual flood is

the main event driving fluctuations of the groundwater

table. The groundwater table within the riparian zone

reacts very fast to the arrival of the flood. A rise in

piezometers 150–200 m away from the floodplain is

observed within several days after the arrival of the

flood. The groundwater table stabilizes as soon as the

flood reaches its maximum level. In the riparian belt,

the groundwater table can fluctuate over a range of

2 m during one season, but in the central part of the

island the fluctuations are in order of 0.5 m.

Occasionally, a small rise in the groundwater table

is recorded during groundwater recession, caused by
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direct rainfall recharge, for example in December

2001. As this is the only recharge event observed

during the three rainy seasons, rainfall recharge

appears to be of limited importance for describing

the island’s groundwater behaviour. The insignif-

icance of direct rainfall recharge corresponds to low

direct rainfall recharge values obtained in the region

(e.g. 0–36 mm aK1, Brunner et al., 2004). The

important observation is that no groundwater gradient

reversal was observed during flood subsidence phase,

i.e. groundwater continues to flow from floodplains

towards the island throughout the year.

5.2.2. Phelo’s and Pan floodplains

The groundwater table in the transect W1–W8

slopes towards the dry land, and this slope is

maintained during all seasons (Fig. 4). The response

of the island’s groundwater table to the arrival of the

flood is initially slow and only at a certain stage rapid

rise occurs. This is related to the fact that at the arrival

of the flood only the central part of the floodplain is

inundated, which is approximately 300 m from the

island’s fringe. During the flood propagation, the front

of the surface water moves relatively slowly across

the floodplain, as opposed to the relatively fast

movement along the longitudinal axis. Hence, the

island’s groundwater first displays the effects of

distant recharge, whereas rapid groundwater rise

only occurs when the flood front reaches the direct

vicinity of the piezometers. The characteristic feature

of this site is that the rise of the groundwater table

continues at the far end of the transect throughout the

flood season.

The reaction of groundwater to flood is

measurable only up to a certain distance from the

inundation front. The groundwater level in piezo-

meter F, located in the Pan floodplain at a distance

of 500 m from Phelo’s floodplain, shows a small

rise in 1997, but no reaction in 1998 and a

prolonged water table decline in 2002 (Fig. 5). In

2000 and 2001 the Pan floodplain was inundated

and rapid rise of groundwater to the surface was

Fig. 3. Groundwater table fluctuations at Camp Island (a) long term

hydrographs for selected piezometers (arrows indicate time for

which profiles are plotted), (b) groundwater profiles.

Fig. 4. Groundwater table fluctuations at W1–W8 transect (a)

hydrographs for selected piezometers (arrows mark times for which

profiles are plotted), (b) groundwater profiles.

P. Wolski, H.H.G. Savenije / Journal of Hydrology xx (xxxx) 1–198

DTD 5 ARTICLE IN PRESS



observed at that piezometer. The impact of that

flooding of the Pan system on the neighbouring dry

land can be seen from the groundwater rise at Pn3

piezometer. That rise may reach even further into

Chief’s Island. Analysis of these groundwater levels

indicates, however, that the lateral zone of

influence of seasonal flooding on the island

groundwater table is limited, and is probably in

the order of 500–1000 m.

5.3. Water balance of Phelo’s floodplain

Infiltration calculated from the water balance

equation is very large amounting to 4300–

9700 mm aK1, exceeding 5–9 times the direct

evaporation from the flooded area (Table 2). Ramberg

et al. (2005) showed that a considerable proportion

(60–70%) of that infiltrating water is transferred

laterally towards the island bodies by the floodplain-

island groundwater flow.

6. Modelling of groundwater flow at Camp Island

and Phelo’s floodplain

6.1. Camp Island

6.1.1. Model configuration

A transient groundwater model was prepared for

the transect C0–C8 located in the SW part of the

island, adjacent to the main Boro channel (Fig. 2).

Boundaries of the modelled domain were selected at

the depression in the island centre, along the flow lines

derived from the groundwater table map (obtained

from survey of 45 auger holes uniformly distributed

over the island) and in the middle of the Boro channel,

approximately 300 m from the island’s fringe. These

were taken as no-flow conditions. The transect was

schematised using an array of 40 cells of 10 m by 2 m

size. Two layers were used: an upper layer to

represent the low permeability island’s deposits and

a lower one to represent the floodplain aquifer and the

sandy aquifer underlying the island. The values of

hydraulic conductivity and specific yield/porosity

were set to correspond to values obtained from slug

tests and laboratory tests (Obakeng and Gieske, 1997;

Water Resources Consultants, 2003; see Table 1). For

the first layer they were set at 0.5 and 0.05 m dK1 for

the horizontal and vertical conductivity respectively,

and for the second layer values of 5 m dK1 and

0.5 m dK1 for the horizontal and vertical conductivity

respectively.

The simulation period of March 2000 to June 2003

was divided into 36 stress periods. Floodplain bed

conductance was calculated assuming a surface layer

of 0.5 m thick with a conductivity of 2 m dK1,

consistent with the generally observed lack of a

clogged layer and results of conductivity measure-

ments by Obakeng and Gieske (1997). To obtain

estimates of the extraction depth for the evaporation

package, it was considered that it corresponds to

groundwater table depth observed at locations devoid

of flood for several years. Based on results of our own

observations and those by Water Resources Consult-

ants (2003), the extraction depth was set at 3 m in the

floodplain and 15 m in the riparian belt. At the

island’s centre, the extraction depth was set at 3 m,

which was expected to reflect the possible depth for

which the groundwater table can be effectively tapped

through capillary rise and soil evaporation,

Fig. 5. Groundwater table fluctuations at Pan floodplain, (a)

hydrographs for selected piezometers (arrows mark times for

which profiles are plotted), (b) groundwater profiles.
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considering the predominantly clayey texture of the

island’s centre soils. Maximum evaporation rates

(including transpiration and soil evaporation) were set

at 6 mm dK1 for the non-inundated floodplain and

riparian fringe and 2 mm dK1 for the island’s centre.

The maximum evaporation rate was not varied over

time. This was justified by the fact that the maximum

potential evaporation rates coincide with the end of

the growing season and the rainy season. In such a

situation transpiration demand of vegetation is limited

by the phenology or satisfied by rain-fed soil moisture.

The uptake from groundwater can, therefore, be

assumed to be approximately equal throughout the

year, and be dependent on groundwater levels only.

This assumption is in agreement with the preliminary

results of analyses of diurnal groundwater table

fluctuations (data not presented here). Rainfall

recharge was not simulated in the model as the

analysis of groundwater table fluctuations revealed

this process to be of minor importance.

6.1.2. Model calibration

The agreement of measured and simulated water

levels was achieved by manual adjustment of

hydraulic conductivity values. The hydraulic conduc-

tivity in the top layer had to be reduced in order to

obtain a good simulation of the groundwater table

shape. Values of 1–0.01 m dK1, decreasing towards

the island centre, were used for horizontal conduc-

tivity, with vertical conductivity being an order of

magnitude smaller. Also, evaporation in the island’s

centre had to be increased, because without that it was

not possible to obtain groundwater at the island centre

at the observed depth. This was done by increasing the

extraction depth to 5 m, which effectively increases

evaporative uptake and lowers the groundwater table

to the level of 4–4.5 m below ground. A similar effect

could be achieved by increasing the maximum

evaporation rate, but that was considered unrealistic.

Fig. 6 presents the comparison of simulated and

observed groundwater levels in the modelled transect.

The correlation coefficient (r) between the measured

(all available measurements) and simulated water

levels is 0.71 with a standard error (SE) of 0.32 m.

The model simulates the groundwater table

fluctuations well. However, the fluxes in the model

are not verified. It is theoretically possible that

identical groundwater table fluctuations are obtained

using a different parameter set and different fluxes. To

check the model performance in terms of fluxes, the

model-calculated transpiration and soil evaporation

values were thus compared to those obtained from

remote sensing data using the SEBAL algorithm

(Timmermans et al., 2003 and unpublished data).

Model-derived actual transpiration varies from

3.5 mm dK1 at the island fringe while soil evaporation

in the island centre amounts to 0.7–1.1 m dK1. These

values agree well with those obtained from SEBAL

for October 2001 (i.e. end of dry season, when most of

the evaporation and transpiration stems from

groundwater).

6.2. Phelo’s floodplain and Pan floodplain

6.2.1. Model configuration

Due to the lack of infiltration estimates for the

years when the floodplains of the Pan site were

flooded (2000 and 2001) and due to the limited

knowledge on the boundaries of the Pan system, it was

decided to focus the model on Phelo’s floodplain only.

The boundaries of the modelled domain were set at

such a distance from the floodplain boundary, at

Fig. 6. Comparison of measured and simulated water levels in the

Camp transect (a) hydrographs for selected piezometers (b)

groundwater profiles.
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which groundwater table fluctuations resulting from

Phelo’s floodplain inundation are no longer notice-

able, i.e. at approximately 0.8–1.0 km from the

floodplain towards the island body. This distance

was deduced from the analysis of groundwater table

fluctuations in piezometers F and Pn3 and other sites

(Water Resources Consultants, 2003). It also corre-

sponds to the width of the belt of vegetation flanking

the floodplain that is characterized by the presence of

both dry-land and riparian species and a slightly

higher vegetation density compared to dry-land

woodland covering the central part of Chief’s Island

(visible in Fig. 2), indicating the influence of shallow

groundwater. The boundary was simulated in the

model using a no-flow boundary condition.

The modelled domain was schematized using a

square grid with cells of 20 m by 20 m. The

groundwater aquifer is represented by a single layer

of 60 m depth (this depth was earlier established in a

modelling exercise to accommodate 95% of ground-

water discharge across a 300 m deep uniform aquifer

with the groundwater table gradients as observed in

Phelo’s floodplain). Transpiration uptake by veg-

etation, both within the islands and on the non-flooded

floodplains is taken into account, and represented in a

similar way as for Camp Island. The simulation period

of June 1997-August 2003 is divided into 29 periods,

each representing either a no-flood or a different flood

level condition. The extent of inundation, simulated

by the river package, was varied in time according to

the flood extent determined from the topographical

map and the water levels at the inlet of the floodplain.

The no-flood periods are simulated by removing the

river package.

Little justification can be found a priori for

applying a spatially varying distribution of hydraulic

parameters. Hence, a uniformly distributed hydraulic

conductivity of 5 m dK1 and a specific yield of 0.20

were used as initial values. A maximum potential

evaporation rate was set uniformly over the simu-

lation period at 3 mm dK1 for dry-lands (that was less

than in the case of Camp Island due to lower density

of riparian vegetation), but was kept at 6 mm dK1 for

the non-inundated floodplains. The extraction depth

was set at 3 m for floodplains and at 15 m for

woodlands. Water levels in the cells representing an

inundated floodplain (head-dependent flow boundary)

were set for each simulation period at the observed

values. Floodplain bed conductance was calculated

assuming a surface layer of 0.5 m thick with a

conductivity of 2 m dK1, consistent with results by

Obakeng and Gieske (1997).

6.2.2. Model calibration

The model was calibrated against the measured

groundwater levels and infiltration (the latter is simply

the amount of water contributed to the groundwater by

head-dependent flow boundary cells). The calibration

was done manually by adjusting the transmissivity of

the aquifer (by reducing aquifer depth to 15 m)

and the maximum evaporation rate (it had to be

reduced to the value of 2 mm dK1 for dry-lands).

Fig. 7 presents a comparison between simulated and

measured groundwater levels (rZ0.69 and SE of

0.29 m). Fig. 8a and b present comparisons between

simulated and measured infiltration, on an annual (rZ

0.99 and SEZ0.07 Mm3) and monthly basis (rZ0.85,

SEZ3230 m3 dK1), respectively. The observed and

simulated water levels and infiltration correspond

rather well. Only the peak infiltration appears larger in

the model compared to the water balance derived

value. This discrepancy probably results from the

model not accounting for residual moisture in the

aeration zone above the groundwater table, remaining

after the previous flood event and replenished during

the rainy season. As a result the model requires more

infiltration for the water table to rise to the surface,

compared to what is observed in reality. However, as

this has little effect on the main process of interest, i.e.

floodplain-island groundwater flows, it was decided

not to correct for it at this stage.

Fig. 7. Comparison of measured and simulated groundwater levels

at selected piezometers for Phelo’s floodplain model.
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Similarly to the Camp Island model, comparison of

the computed transpiration and evaporation with

SEBAL-derived evaporation was used for the purpose

of verification. Average island transpiration and

evaporation rates in the order of 1–2 mm dK1 were

obtained from the model. Overall evaporation rates

obtained by SEBAL for October 2001 (Timmermans

et al., 2003 and unpublished data) fell within the same

range.

7. Results of the groundwater models

7.1. Camp Island

7.1.1. Seasonal dynamics of floodplain-island

groundwater flow

Flow between floodplain and island (i.e. across the

island boundary) calculated from themodel, expressed

in m3 dK1 per unit length of shoreline, is presented in

Fig. 9. A regular pattern is observed of increase at the

arrival of the flood with a subsequent slow

decrease throughout the advanced flood and flood

subsidence periods. Peak flow rates during the rise of

the flood are in the order of 0.55–0.6 m3 dK1 mK1. It

appears, however, that flow rates in the dry period

before the flood arrival are also substantial, in the order

Fig. 8. Comparison of infiltration simulated by Phelo’s floodplain

model with that calculated from water balance.

Fig. 9. Components of floodplain-island groundwater flow for the Camp Island model.
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of 0.4–0.5 m3 dK1 mK1. This remarkable phenom-

enon can be explained by splitting the flux across the

floodplain-island boundary into two components:

‘evaporation’ and ‘storage replenishment’ (Fig. 9).

The ‘evaporation’ component expresses the amount of

water flowing across the boundary equal to the

evaporation and transpiration from the island ground-

water taking place during that same period. The

‘storage replenishment’ component is the amount of

water flowing across the boundary that is equal to the

increase of the groundwater storage under the island

during that same period. As Fig. 9 shows, ‘storage

replenishment’ component is present only during the

flood rising stage. During that period, the groundwater

gradient forced by the rising surface water is high

enough for the groundwater flow to exceed the

evaporative withdrawal, causing a groundwater table

rise. During the flood subsidence phase the ground-

water flow from the floodplains towards islands is

driven by evaporation and transpiration from the

island, which remains substantial.

7.1.2. Interannual dynamics in floodplain-island

groundwater flow at Camp Island

Fig. 10a presents the comparison of the flood-

plain-island groundwater flow calculated for the

‘normal’ flood conditions (i.e. time series used in

model calibration) and four no-flood and a

prolonged flood scenarios. The no-flood period

causes a high demand for replenishment and

hence increased groundwater flow at the simulated

arrival of flood as compared to the ‘normal’

conditions. The prolonged flood causes a low

replenishment demand and hence reduction of

flow as compared to the ‘normal’ conditions. The

effect of the antecedent conditions is alleviated

within one flooding season, which is clearly seen in

Fig. 10b showing the comparison of annual flow

volume under ‘normal’ conditions and under the

simulated high flood and no-flood conditions.

7.2. Phelo’s floodplain

7.2.1. Seasonal dynamics of floodplain-island

groundwater flow at Phelo’s floodplain

Flow between floodplain and island (i.e. across the

island boundary as shown in Fig. 2) calculated from

the model, expressed in m3 dK1 per unit length of

shoreline, is presented in Fig. 11. A similar seasonal

pattern to that at the Camp Island is observed: flow

increases at the arrival of the flood with a subsequent

slow decrease throughout the advanced flood and

flood subsidence stage. Flow rates before the flood

arrival are in the order of 0.2 m3 dK1 mK1, while peak

flow rates are in the order of 0.8–2.3 m3 dK1 mK1.

Similarly to the Camp Island lateral groundwater flow

can be split into ‘evaporation’ and ‘storage replen-

ishment’ components (Fig. 11).

7.2.2. Interannual dynamics in floodplain-island

groundwater flow at Phelo’s floodplain

Fig. 12a and b present the results of simulating 1, 2,

3 and 10 years of no-flood and a prolonged high flood

condition. Island groundwater storage depleted during

a one-year no-flood period is replenished relatively

fast: within 1 year. However, the effects of a longer

Fig. 10. Camp Island model (a) floodplain-island flow simulated

under normal flood conditions (nc), after 1,2,3 and 10 years of no

flood and after high flood (hf) conditions. (b) increase in annual

floodplain-island groundwater flow volume as compared to the

‘normal’ flow regime, for the simulated no-flood and high flood

antecedent conditions.
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Fig. 11. Components of floodplain-island groundwater flow for Phelo’s floodplain model.

Fig. 12. Phelo’s floodplain model (a) floodplain-island flow simulated under normal flood conditions (nc), after 1,2,3 and 10 years of no flood

and after high flood (hf) conditions. (b) increase in annual floodplain-island groundwater flow volume as compared to the ‘normal’ flow regime,

for the simulated no-flood and high flood antecedent conditions.
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period of no-flood remain visible throughout 4–5

years and longer. The effect of a high and long-lasting

flood remains visible during the 5 years after the

‘normal’ flood regime is introduced.

8. Interpretation and discussion

8.1. Dynamics of floodplain-island groundwater flow

Floodplain-island groundwater flow displays a

certain degree of similarity for the two sites analysed,

and, based on that, a general understanding of the

dynamics of this interaction in the Okavango Delta

can be obtained. The seasonal variation of floodplain-

island groundwater flow is the effect of the super-

position of a relatively constant evaporation and

transpiration demand from island groundwater on the

flood-induced replenishment of groundwater storage

under the island. On the arrival of the flood, the

floodplain groundwater table is usually at a certain

depth (Fig. 13a). Infiltration occurs at the flood front

with inverse saturation, a process analogous to

infiltration in disconnected ephemeral rivers (Ste-

phens, 1996). Observations indicate that in the

Okavango Delta it takes several hours to 3 days

before the percolation front connects to the floodplain

groundwater table (Obakeng and Gieske, 1997;

Wolski and Savenije, 2003). Considering the time

scales at which the variation of groundwater flow

between floodplains and islands is observed, i.e.

several days to months, this rapid infiltration is not of

concern for the main topic of this paper. As a result of

the rise of the groundwater table in the floodplain, the

groundwater gradient between floodplain and island

increases, causing increased groundwater flow

towards the island centre (Fig. 13b). At a certain

point the flow exceeds evaporation and island

groundwater storage starts to be replenished. During

the stable flood phase, the rate of lateral groundwater

flow starts to decline as the island groundwater

storage is filled up (Fig. 13c). At that point, an

equilibrium situation occurs where the lateral ground-

water flow is equal to the actual transpiration by

vegetation and bare soil evaporation from the island.

During flood subsidence, the surface water level drops

and so does the floodplain-island groundwater level

gradient and groundwater flow (Fig. 13d). As a

consequence, evaporation draws mainly from island

groundwater storage, causing a lowering of the

groundwater table. A small gradient towards the

island remains, which maintains the flow between

floodplain and island.

8.2. Comparison with other floodplain wetlands

The process described above is a variation of the

‘classic’ process of response of a phreatic aquifer to a

seasonally varying head (stream stage) at its lateral

boundary, frequently described in the literature (e.g.

Rorabaugh, 1964; Workman et al., 1997; Vekerdy and

Meijerink, 1998), often in the context of so-called

bank storage (e.g. Barlow et al., 2000; Burt et al.,

2002; Chen and Chen, 2003; Whiting and Pomeranets,

1997). In the bank storage process, rising water levels

of a stream induce recharge of groundwater and rise in

the groundwater table in floodplain, or in the case of

inundation of the floodplain, also in the surrounding

upland. After recession of the flood, return flow from

the groundwater storage towards the stream occurs, or

in the case of upland storage, towards the floodplain.

In the Okavango Delta, the process is, however,

different from that classical bank storage effect. At the

sites described here groundwater storage is replen-

ished by flood water, but there is no release from the

aquifer storage during the subsiding flood phase, and

the flow between the floodplain and an island

(effectively an upland) continues. Qualitative obser-

vations by McCarthy et al. (1991) and Wolski and

Savenije (2003), where the groundwater table under

islands remains depressed below the floodplain water
Fig. 13. Schematic representation of a floodplain-island ground-

water system. Arrows indicate groundwater and transpiration fluxes.
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levels indicate that this behaviour is ubiquitous

throughout the Delta.

Obviously, the effect of continuous flow from

floodplains towards islands is caused by the strong

transpiration uptake from the island groundwater

table. A consequence of that high transpiration and

the lack of return flow between islands and floodplains

is that the Okavanago Delta forms a recharge wetland.

Although the recharge function of wetlands is often

mentioned in general wetland classifications (Mitsch

and Gosselink, 2000; Tiner, 1999), examples of

wetlands where net recharge takes place, i.e. there is

no bank or floodplain storage effect, are rare. Prairie

potholes in the northern US and Canada are one of the

examples (Hayashi et al., 1998; Winter and Rosen-

berry, 1995; Winter, 1999), but only those that are in

topographically higher positions represent net

recharge wetlands (Ferone and Devito, 2004).

Interestingly enough, in some cases the recharge

role of the prairie potholes is maintained by the

phreatophytes (Winter and Rosenberry, 1995). In a

case described by Hayashi et al. (1998), as much as

75% of the total water loss from the wetland was

caused by transpiration-driven lateral groundwater

flow, with the remaining 25% lost to evaporation from

the open water surface. This is comparable to the

water balance for the Delta floodplain presented by

Ramberg et al. (2005) and that in our paper. An

African example of a floodplain wetland of a recharge

character is the Hadejia-Nguru floodplain on the

Niger (Goes, 1999; Thompson and Polet, 2000).

However, there are examples of floodplains in a

climatic setting apparently favouring recharge con-

ditions, that are not recharge floodplains. The Barotse

floodplain of the Zambezi, located in western Zambia

only approximately 300 km north of the Okavango, is

a discharge wetland (Wolski, 1999), mainly due to

higher rainfall (900 mm aK1) and considerable upland

recharge (O30 mm aK1). The floodplain of the

Murray river in Australia, located in a zone where

mean annual rainfall is 200–300 mm and upland

groundwater recharge is less than 1 mm aK1 is in its

natural regime a groundwater discharge feature

(Holland et al., 2004). Not many studies, unfortu-

nately, address the issue of controls over the recharge/

discharge function of wetlands and in particular

floodplains, although it is important for understanding

the regional groundwater, as well as for wetland

ecology.

8.3. Factors affecting spatial variation

in floodplain-island fluxes in the Okavango Delta

The differences between the studied sites manifest

themselves in terms of magnitude of floodplain-island

groundwater flow and amplitude of seasonal variation.

This is in spite of island evaporation demand being

similar at both sites (in order of 0.4–0.6 m3 dK1 mK1,

Figs. 9 and 11). These differences can be explained by

considering differences between the sites in terms of

geometry and hydro-period. Phelo’s floodplain dries

during the low flood season and the floodplain’s

groundwater storage is relatively small compared to

transpiration demand of the surrounding dry-land. As

a consequence, the floodplain-island groundwater

flow reduces considerably below the island’s tran-

spiration demand. Transpiration from the island is

satisfied from island groundwater storage instead, and

hence a large storage capacity is created to be

replenished during the next flood. At Camp Island,

there is a considerable storage of groundwater in the

Boro river floodplain and water is supplied also by the

quasi-permanent Boro river. Therefore, the evapor-

ation demand of the island during the no-flood period

is satisfied from floodplain-island groundwater flow,

with relatively minor change in island groundwater

storage. As a consequence, the storage capacity for the

following flood is small, and the overall amplitude of

the floodplain-island groundwater flow is small as

well. These factors, together with differences in

island’s evaporation demand, cause system-wide

spatial variation in the volumes of water involved

and seasonal dynamics of the floodplain-island

groundwater flow.

8.4. Consequences for island vegetation

Floodplain-island groundwater flow supplies water

to dry-land vegetation. Changes in flooding conditions

could therefore affect that vegetation by depriving it

of water. In a situation similar to Camp Island, a

medium-sized island, the floodplain-island flow has a

very dynamic character. During each flood event the

island groundwater storage is replenished to the level

corresponding to the level of that flood. Hence there is

P. Wolski, H.H.G. Savenije / Journal of Hydrology xx (xxxx) 1–1916

DTD 5 ARTICLE IN PRESS



no progressive reduction in groundwater storage

during a series of low floods. Therefore, only during

a prolonged drought, involving several years without

a flood, is damage of island woody vegetation likely.

In the Phelo’s floodplain, however, there is a

wide belt of island vegetation, and the groundwater

storage underlying it, due to limitations imposed by

aquifer properties, could not be filled entirely during

a single flood event. In such a situation, a reduction

in flood levels or flood duration lasting several years

would cause a reduction in island groundwater

storage and, as a consequence, would deprive dry-

land vegetation of water. A prolonged lack of flood

may, therefore, have a potentially serious effect on

the vegetation.

In all settings, however, the lack of flood can be

compensated by the availability of island ground-

water, even if it is not replenished by a flood. The

crucial issue in assessing the magnitude of that offset

is the depth from which trees can effectively extract

groundwater. Although that depth was one of the

parameters used in the models presented above

(extraction depth), it cannot, unfortunately, be

determined accurately from the models. This is so

because the models are not very sensitive to that

parameter, and a change in that parameter can be

compensated for by adjustments of other parameters,

without detrimental effects on model performance.

8.5. Effects on flood in the system

The process of floodplain-island groundwater flow,

due to the amount of water involved, affects the

flooding at the scale of the entire Okavango Delta by

reducing the availability of surface water for down-

stream flooding. The amount of floodwater lost to

floodplain-island flow varies from year to year

depending on the antecedent flood conditions. The

influence of antecedent conditions does not exceed

1 year for medium and small islands (!500 m in

width), but for larger islands it may reach 4–5 and

more years. In the hydrological models of the

Okavango Delta (Dinçer et al., 1987; Scudder et al.,

1993; Snowy Mountains Engineering Corporation,

1990) prepared in the past, the process of floodplain-

island groundwater flow was not included. The

models could not simulate the entire series of

observed system outflows properly. This was initially

explained by non-stationarity of the system or by

errors in model input data. However, Gieske (1997)

has shown that the observed variation in Okavango

Delta outflows could be simulated better when longer-

term antecedent conditions were accounted for,

although he did not identify the physical process

responsible for that effect. In view of the results

presented here, the floodplain-island groundwater

flow mechanism can account for the long-term

‘memory’ of the Okavango Delta hydrological

system. It is beyond the scope of this paper to analyse

that issue in details, but the results presented here

provide a basis for such an analysis, which will be

done in the future.

9. Summary

Surface water-groundwater interactions play a

crucial role in the hydrology and ecology of the

Okavango Delta. In order to evaluate seasonal and

long-term dynamics of one of the processes

influencing surface water-groundwater interactions,

namely the floodplain-island groundwater flow, a

network of piezometers located in various settings

of the floodplain-island system was monitored.

Groundwater table fluctuations observed for up to

6 years were analysed and modelled using ground-

water flow models. The floodplain-island ground-

water flow varies between 0.2–2.5 m3 dK1 per 1 m

of the floodplain/island boundary. The flow is in

general very dynamic and driven by island

vegetation evaporation and soil transpiration. The

seasonal dynamics depends on the evaporation and

transpiration demand of an island, the size of the

island and hydro-period of the flood in the vicinity

of the island. In the case of a typical small to

medium sized island (less than 500 m wide), the

floodplain-island groundwater flow is not influenced

by long-term (more than 1 year) antecedent

conditions. In case of regular flooding, the dynamic

nature of floodplain-island groundwater flow causes

a regular replenishment of island groundwater

storage. Only a persistence of no-flood years causes

depletion of groundwater storage, and possibly

degradation of island vegetation. For large islands

(O500 m wide), the influence of long-term

antecedent conditions can, however, be visible.
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A prolonged reduction in the duration or level of the

flood can result in depletion in groundwater storage

with negative effects on vegetation. The ground-

water flow between floodplains and islands has a

potential to affect flooding at the scale of the entire

system, and to determine its long-term ‘memory’.

The results of analyses presented here provide the

basis for the assessment of these effects.
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