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Abstract

The Okavango Delta Wetlands of northeastern Botswana are a unique wa-
ter resource in the arid Kalahari and host a tremendous biodiversity which
is of value not only to local communities but also, at a global scale, to
humankind as an important site for global biodiversity preservation. The
wetlands spread on a massive alluvial fan and vary in size depending upon
parameters such as local precipitation and inflow from the upstream catch-
ment area in Angola but also upon hydrological conditions of previous years.
This memory effect originates from the strong interaction between surface
water processes taking place on short time scales and groundwater processes
taking place over much longer time scales. The resulting complexity makes
the environment of the Okavango Delta Wetlands especially challenging for
hydrological sciences.

Within the context of climate change, fast development and increased
water needs in Angola and Namibia, the pristine nature of the wetlands is
threatened. The present work aims at numerically simulating the impact
of climate change and water management scenarios. Results are meant to
provide a scientific basis to the discussion of trade-off solutions between the
international stakeholders of the system.

A distributed hydrological model has been developed which simulates
the annual flooding in response to meteorology and inflow. Fast channel
flow, slower overland flow, and slow groundwater flow together with precip-
itation and evapotranspiration from open water and through vegetation are
processes reproduced by the model. Given the size of the area, an important
part of the work was to keep the model as simple as possible in order to min-
imize computational time but still to include details necessary to generate
accurate flooding maps. Accounting for the small scale topographic distri-
bution would require a too high model resolution but parametric functions
can be used to describe the responses of hydraulic parameters to fluctuating
water levels.

The model is applied to simulate anthropogenic impacts on the wetland
system at different spatial scales. At the global scale, the impact of climate
change is simulated, regionally, agricultural developments in upstream An-
gola are of importance, and, at the local scale, the impact of water abstrac-
tions from the Okavango River for industrial and household water supply
can be studied.

Bedload transport is included in the model to evaluate the impact of
potential upstream dams. The construction of dams cannot be excluded
and dams would influence the geomorphologic equilibrium of the wetlands
to an unknown degree.



Kurzfassung

Das Feuchtgebiet des Okavango Deltas im nördlichen Botswana ist eine ein-
zigartige Wasserressource in der ariden Kalahari. Es zeichnet sich durch
eine grosse Biodiversität aus, die nicht nur der lokalen Bevölkerung zugute
kommt, sondern, im Sinne von globaler Biodiversitätserhaltung, der gan-
zen Weltbevölkerung. Das Feuchtgebiet dehnt sich über einem mächtigen
Schwemmfächer aus, und seine Grösse variiert je nach lokalem Regen und Zu-
fluss aus dem Einzugsgebiet in Angola. Die Ausdehnung ist jedoch auch von
hydrologischen Bedingungen vergangener Jahre abhängig. Diese Gedächtnis-
funktion beruht auf der ausgeprägten Koppelung zwischen schnellen Ober-
flächenwasserflüssen und viel langsameren Grundwasserflüssen. Das Okavan-
go Feuchtgebiet ist aufgrund dieser Komplexität besonders herausfordernd
für hydrologische Betrachtungen.

Der Klimawandel sowie die ökonomische Entwicklung und ein steigen-
der Wasserbedarf in Angola und Namibia bedrohen die noch unbeschädigte
Natur des Feuchtgebietes. Ziel der vorliegenden Arbeit ist es, mittels num-
merischer Simulationen die Auswirkungen von Klimawandel und Wasser-
wirtschaftsszenarien zu erforschen. Die Ergebnisse sollen eine wissenschaft-
lich fundierten Grundlage für Verhandlungen zwischen den verschiedenen
internationalen Interessengruppen um das Feuchtgebiet bereitstellen.

Es wurde ein räumlich verteiltes hydrologisches Modell entwickelt, wel-
ches die jährliche Überflutung abhängig von Meteorologie und Zufluss simu-
liert. Schnelles Fliessen in Kanälen, langsameres Fliessen im Überflutungsge-
biet, und langsame Grundwasserströmungen sowie der Einfluss von Nieder-
schlag und Evapotranspiration von offenen Wasserflächen und durch die Ve-
getation werden vom Modell berechnet. Die grosse Ausdehnung des Gebietes
erforderte, das Modell so einfach wie möglich zu gestalten, um die benötigte
Rechenleistung tief zu halten, jedoch nötige Details zu berücksichtigen, um
korrekte Überflutungsmuster zu erzeugen. Die kleinräumige Verteilung der
Topographie explizit im Model zu berücksichtigen, würde eine zu hohe Auf-
lösung erfordern, jedoch kann anhand von parametrischen Gleichungen die
Beziehung zwischen Wasserstand und hydraulischen Parametern beschrie-
ben und so auch bei geringerer Auflösung berücksichtigt werden.

Das Modell wird angewandt, um anthropogene Einflüsse auf das Feucht-
gebiet zu simulieren. Auf globaler Ebene werden die Auswirkungen des Kli-
mawandels simuliert. Auf regionaler Ebene sind Entwicklungen der Land-
wirtschaft im Oberstrom von Bedeutung, und regional kann der Einfluss von
Wasserentnahmen aus dem Okavangostrom für Industrie und Haushalte un-
tersucht werden.

Geschiebetransport wird im Modell berücksichtigt, um den Einfluss von
eventuellen Dämmen im Oberstrom einzuschätzen. Der Bau von Dämmen
kann nicht ausgeschlossen werden und würde das geomorphologische Gleich-
gewicht des Feuchtgebietes in einem unbekannten Ausmass beeinflussen.
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Foreword

Most of the results presented in this thesis have been published in one of
the following publications:

- Setup and calibration of a distributed hydrological model of the Oka-
vango Delta using remote sensing data (Milzow et al., 2008a).

- The role of remote sensing in hydrological modelling of the Okavango
Delta, Botswana (Milzow et al., 2008b).

- Simulating climate change and water abstraction impacts on the hy-
drology and ecology of the Okavango Delta (Milzow et al., 2008c).

- Regional review: The hydrology of the Okavango Delta - Processes,
data and modelling (Milzow et al., 2009).

The contents of these publications have been combined and non-published
material has been added. In order to produce a coherent document, rewrit-
ing of some sections and multiple rearrangements were necessary. In the
final thesis it is therefore not always possible to cite the publications listed
above.

I had the opportunity to supervise the three diploma theses listed below
which are directly linked to my work on the Okavango Delta Wetlands. The
main results of these studies are presented in this thesis with reference to
the respective authors.

- C. Ehrat. Modelling of sediment transport with application to the
Okavango Delta (Ehrat , 2006).

- P. Meier. Identifizierung der Überflutungsmuster im Okavango-Delta
mittels ASAR-Satellitenbildern (Meier , 2006).

- V. Burg. Climate change affecting the Okavango Delta (Burg , 2007).
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Chapter 1

Introduction

1.1 The Okavango Delta - an overview

The Okavango Wetlands, commonly called Okavango Delta, spread on top
of an alluvial fan located in northern Botswana, in the western branch of the
East African Rift Valley. Waters forming the Okavango River originate in
the highlands of Angola, flow southwards, cross the Namibian Caprivi Strip
and eventually spread into the terminal wetlands on Botswanan territory
covering the alluvial fan (Figure 1.1). Whereas the climate in the headwater
region is subtropical and humid with an annual precipitation of up to 1300
mm, it is semi-arid in Botswana with precipitation amounting to only 450
mm per year in the wetland area. High potential evapotranspiration rates
cause over 95 % of the wetland inflow and local precipitation to be lost to
the atmosphere. Only a small percentage flows into regional groundwater.

Seasonal flooding in the Okavango Delta is the result of a complex inter-
action of local, regional, and basin-wide influences (McCarthy et al., 2000).
The discharge from the basin is quite variable from year to year and within
a year. It is characterized by a flood peak in April at the entry to the Pan-
handle. The movement of the flood wave across the Delta is slow, taking
about three to four months to travel the 250 km from Mohembo to Maun.
During that time wide areas of the Delta are flooded. The seasonal flood
spreads in channels and by overland flow. The outflow of the Delta at Maun
is a good proxy for the extent of seasonal flooding. A high discharge at
Maun is an indicator for widespread inundation. Another interesting proxy
is the occurrence of flooding at Lake Ngami, an event which only happens
as a result of large floods.

Being located in the Kalahari Desert, the Okavango Wetlands are the
only perennial water body for hundreds of kilometres. The mean inun-
dated area is around 5000 km2 but the intermittently inundated area ex-
ceeds 12,000 km2. It is crossed by migration routes of wildebeest, zebra and
other animals. Besides the presence of water as such, it is the variability of

1
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Figure 1.1: The Okavango Wetlands (commonly called the Okavango Delta) cov-
ering the so-called Panhandle on the northwestern side of Gomare Fault and parts
of the Okavango Fan. The extent of the permanent and seasonal swamps is plotted
from data of the Sharing Water Project (RAISON, 2004). The channel network
includes reaches that are not currently active.

hydrological conditions over the year which makes these wetlands unique.
The combination of a highly seasonal inflow and local dry and wet seasons
result in an ever-changing flooding pattern. A multitude of different envi-
ronments and ecological niches have developed accordingly. The biodiversity
found in the wetlands is large and can be primarily attributed to the special
hydrological setting. Ramberg et al. (2006a) list the number of identified
species as 1,300 for plants, 71 for fish, 33 for amphibians, 64 for reptiles,
444 for birds, and 122 for mammals. With upstream activities still minor,
the Okavango presently remains one of the largest virtually pristine river
systems on the African continent. The Okavango Wetlands with a recorded
area of 5,537,400 ha were included in the Ramsar List of Wetlands of Inter-
national Importance (UNESCO , 1971) in 1996. A number of future threats
to the wetland are apparent. These are linked mainly to the development
of the upstream basin and to climate change. Other large African wetlands
included in the Ramsar list are for example the Niger inland delta in the
Republic of Mali, the Sudd swamps in the Republic of Sudan, and the Bahr
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Aouk et Salamat floodplains in the Republic of Chad.
The Okavango River basin is an international basin, with conflicting

interests of the riparian states. Angola has a large potential both for hy-
dropower and irrigated agriculture. The land area suitable for irrigation is
estimated at 104,000 ha by Diniz and Aguiar (1973) (in Andersson et al.,
2006) and at 200,000 ha by FAO (1997). Agricultural intensification and
its detrimental impact on the Okavango Delta with respect to both water
quantity and quality are to be expected.

Namibia suffers from severe water scarcity and is highly interested in the
Okavango waters. Within the Central Area Water Master Plan (CAWMP),
the abstraction of 120 Mm3/year from the Okavango River at Rundu, Namibia
to supply the Eastern National Water Carrier of Namibia was originally
proposed (JVC , 1993; Pallett , 1997). The project was later redimensioned
to meet only immediate water consumption needs in emergency situations,
which were anticipated at 17 Mm3 per year, equivalent to an average flow of
0.54 m3/s (Water Transfer Consultants, 1997). For comparison, the mean
river discharge since the beginning of the record in 1933 is 292 m3/s and
the lowest monthly average was 83.2 m3/s. Even though the impacts antici-
pated by a feasibility study (Water Transfer Consultants, 1997) were found
to be relatively minor, the scheme was not constructed due to international
protest. The same is true of a study to build a 20 MW hydropower dam in
the Caprivi Strip (NamPower , 2003).

In Botswana, a population of about 125,000 was counted in 2001 in the
larger Okavango Delta area (Ngamiland District). Of these a bit less than
2,700 lived in the wetlands proper and about 50,000 in the city of Maun at
the downstream end of the wetlands (RAISON , 2004). Household water is
supplied either directly from the river or from groundwater. The latter was
pursued in the Maun Groundwater Development Project (Water Resources
Consultants, 1997). Large scale agriculture is not practiced in the Delta area.
For Botswana, the wetlands generate a considerable income through tourism.
In 1996 tourism contributed 4.5 % to the GDP of Botswana (Mbaiwa, 2005),
with a large part being derived from the Delta area.

In 1994, Angola, Botswana, and Namibia jointly established the Per-
manent Okavango River Basin Water Commission, OKACOM, to “promote
coordinated and environmentally sustainable regional water resources devel-
opment, while addressing the legitimate social and economic needs of each
of the riparian states” (Pinheiro et al., 2003).

The water quality in the wetlands is excellent in biological and chemi-
cal terms. The entire course of the river is free of industrial development
and population in the Okavango catchment area has been decreasing rather
than increasing over the last decades due to the Angolan civil war. An
awaited rebound of Angola’s economy and an intensification of the use of
the wetlands themselves is likely to impair water quality. Possible threats
are eutrophication from agricultural fertilisers and pollution through mining
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Figure 1.2: Yearly number of records found for the term Okavango in the Web of
Science. (b) Classification of the 50 records of 2006 into main research areas.

waste waters.

Scientific interest in the Okavango Delta wetlands has been growing con-
siderably over the last decades. As a proxy for this interest, the number of
records found for the term Okavango in the Web of Science can be used. In
2006 the yearly number of records reached 50, a large part of which dealt
with hydrology of the Delta. Other important fields of research are biology,
social sciences and applied chemistry (Figure 1.2).

Terminology

The terminology used in connection with the wetlands marking the down-
stream end of the Okavango River often brings confusion. “Okavango Delta”
is the name given to the wetlands during colonial times because of the bird’s-
foot structure of the spreading flows. But in the truest sense of the word
the wetlands are not a delta. Deltas are formed where channels enter into
larger water bodies which have currents too weak to carry away the sedi-
ment supplied by the channel (McCarthy et al., 1991a; Bridge, 2003). This
is not the case for the Okavango River which simply looses water by evap-
otranspiration and slows down causing sediment deposition. Over millions
of years, since the Miocene (Dincer et al., 1987), the sediment has accu-
mulated to what actually is a massive alluvial fan. However it is not a
typical alluvial fan either because of the dense vegetation cover preventing
the channels from developing as a braided system. Instead it is characterized
by low sinuosity meanders (Stanistreet and McCarthy , 1993). Environments
with inland channel separation due to sediment deposition are referred to
as “inland deltas” which is a very confusing designation because in terms
of geomorphology inland deltas are closer to alluvial fans than to deltas. In
this work the wetlands that cover part of the fan are referred to as Oka-
vango Wetlands, the sedimentological body as alluvial fan, and the name
Okavango Delta is used only to designate the region.

The second ambiguity concerns the channels which are sometimes re-
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ferred to as distributary channels. True distributary channels are marked
by bifurcations where the flow is divided (e.g. North and Warwick , 2007).
This is not the case in the Okavango Wetlands where natural bifurcations
are extremely rare. Only in a restricted section of the uppermost part of
the wetlands, in the Panhandle, an anastomosed reach can be found (Smith
et al., 1997). In the remainder of the wetlands, discharge diminishes because
of bank infiltration and evaporation. Still, the number of channels active at
the same time increases downstream because new channels originate in the
wetlands at places where overland flow converges. It is therefore more ap-
propriate to use the term “distributary system”, where a system comprises
channel and overland flow routing water in a certain direction.

1.2 Outline

The present thesis is structured following a logical order from the develop-
ment of a hydrological model, through its verification, to its application to
scenarios relevant for water management.

The first section gives a detailed introduction on the functioning of the
Okavango system. Processes driving the hydrology of the wetlands are de-
scribed and the importance of the groundwater-surface water interactions is
highlighted. A subsection is devoted to previous work done in the catchment
area of the Okavango River.

Section 2 gives a review on available data relevant for hydrological
modelling. Existing models of the Okavango Wetlands ranging from the
early days’ box models to today’s integrated and highly resolved models.
The applications of these models are presented.

The general lines of the model used in this thesis are explained in Sec-
tion 3. Its type, geometry, parametrisation, and the processing of in- and
output data are discussed in the different subsections.

A small scale topographic distribution can not be considered in the model
resolution of 1 km. Section 4 describes how the analysis of the small scale
topography inside each model cell allows the adequate description of the
change of the hydraulic parameters specific yield and hydraulic conductivity
with fluctuating water levels. Errors in the available small scale topography
were revealed and are presented.

The model used in this thesis is based on the software MODFLOW 2000
but the original code had to be modified to allow for a proper development
of the model. Especially the concept of water level dependent parameters
as well as the simulation of bedload transport required changes to the code
which are presented in Section 5.

Section 6 describes the different calibration and validation steps that
were applied to the model. Most of the data used in that context are re-
motely sensed flooding patterns, but in-situ measured water levels and dis-
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charges have also been used. Flooding patterns derived from sensors with
different resolutions and bandwidths are compared.

The use of the small scale topographic distribution, and other devel-
opments of the model have resulted in considerable change of the model
structure. In Section 7 it is analysed how sensitive the model outputs are
with regard to these changes.

Section 8 highlights the performances of the model. It is shown how
the natural behaviour of the Okavango Wetlands is reproduced. Typical
characteristics of the wetlands which are correctly simulated are the annual
variability of the flooding patterns and the inter annual variability which is
linked to groundwater storage.

In Section 9, the model is then applied to several scenarios simulating
conditions that are to be expected in future decades under the influence
of climate change and development. The results on how the changes will
influence the hydrology and also the vegetation distribution of the wetlands
provide important information for the water management sector. Tectonic
scenarios can reveal how important the role of tectonic movements is in
shifting the flows in the wetlands.

Besides tectonics, sediment deposition plays definitely a key role in shift-
ing the flows over the wetlands. In Section 10, the extensive bedload trans-
port measurements and the water sampling that have been conducted for
the present thesis are analysed.

One of the important model developments is the inclusion of a bedload
transport package. Section 11 presents applications of the package to assess
the impact of sediment retention by dams or the recovery of channels after
intensive dredging.

The conclusions and recommendations of Section 12 are followed by
appendices describing the use of the modified MODFLOW version, tables
listing bedload transport rates acquired in the field, and data from water
sample analyses.

1.3 Processes driving the hydrology of the Oka-

vango Wetlands

The hydrology of the Okavango Wetlands is governed by a series of drivers
which influence the system over different time scales. As a result, the flood-
ing patterns are highly seasonal and differ from year to year.

In the long term these drivers include sedimentation which is responsible
for the formation of the fan over geological time scales, sedimentological and
biological processes maintaining the roughness of the fan surface and driving
the positioning of channels, and the climate.

In the short term (i.e. in periods on the order of a decade, time scales
relevant for water management actions) the fan-shaped surface overlain by
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small and large scale topographic features can be considered a fixed setting.
Also vegetation cover, which, given the flat topography, has a strong influ-
ence on the hydraulic roughness in floodplains, takes several years to adapt
to new conditions. The set of processes driving the short term variabil-
ity of the flooding patterns are meteorological processes and anthropogenic
impacts.

Tectonic movements are difficult to classify as short or long term drivers.
Tectonic movements occur in the short term, while it takes quite a long time
for the erosional processes to counter-balance the effects of their displace-
ment.

Variations are best documented for the eastern branches of the wetlands
- the Nqoga, Maunachira, and Khwai systems - with discharge and water
level data available since 1970 (Wolski and Murray-Hudson, 2006a). In these
systems important recent changes have occurred, which are due partly to
human interventions, partly to the natural fluctuations of the wetlands.

Sediment inputs and transfers

The massive alluvial fan, on top of which the Okavango Wetlands lie, con-
sists of riverine and aeolian sediments. As McCarthy et al. (1991a) note, the
date of initiation of the fan is still unknown. The Okavango River system
may have flown already at pre-Cretaceous times (Thomas and Shaw , 1988,
in McCarthy , 1992), but tectonics have influenced the course and endpoint
of the river several times (McCarthy , 1992). Dincer et al. (1987) associate
tectonic events of the Miocene (23.03 to 5.33 Ma BP) with the creation of the
fan. At present, 870,000 tonnes of sediment are deposited on the fan annu-
ally (Garstang et al., 1998). This sediment deposit consists of approximately
50 % from solutes contained in the inflowing water, 22 % from particle sed-
iment (mainly bedload and some suspended load), and 28 % from aeolian
inputs.

Both particle and solute sediments (200,000 and 420,000 tonnes per year
respectively, Garstang et al., 1998) enter the wetlands through the inflow
channel but because of the different transport processes they are deposited
at different locations. Channels are typically flanked by dense aquatic veg-
etation (reeds or Cyperus papyrus) through which water filtrates to the
surrounding floodplains. Flow velocities in the channels are in the range
of 0.5 to 1.5 m/s and only on the order of a few cm/s in the floodplains.
As a result, bedload is transported in the channels only and the small sus-
pended fraction in the channels is filtered by the flanking vegetation. Solutes
are deposited as calcretes and silcretes in places where water evaporates or
is transpired by vegetation, i.e. on islands and drying floodplains. Even
though with 35 mg/l of total dissolved solids (Dincer et al., 1978) the water
is relatively fresh at its inflow to the wetlands, one has to keep in mind
that the Okavango Wetlands are a terminal system where all inputs are de-
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posited. Solutes account for as much as 50 % of deposited sediments. The
importance of dissolved salts and their implication in biological processes is
discussed in the section modelling of salt transport and deposition.

Particulate sediments represent less than a quarter of the sediment input
but because of their concentrated deposition on channel bottoms, they play
an important role in the geomorphology of the Okavango Delta. Aggra-
dation of channels is faster than morphological change in floodplains and
the resulting channel shifting determines which floodplains are going to be
inundated (e.g. McCarthy , 1992).

The third component of sediment input, aeolian sediments, differs from
the two others as deposition is more or less uniform over the wetlands regard-
less of the short term water distribution. The long term water distribution,
however, is important as it is a driver for the distribution of vegetation,
which then acts as a filter removing aerosols from the air. Vegetation cover
also diminishes remobilisation of aerosols thus ensuring a net accumulation.
Garstang et al. (1998) estimate the yearly input of aerosols to be 250,000
tonnes per year. The amount results from an average anticyclonic circu-
lation transporting aerosols with a rate of 38.0 kg/ha/day (Tyson et al.,
1996). It can be assumed that a constant fraction is continuously deposited
on the wetlands while the near surface aerosol layer is recharged from higher
layers. By comparison with measurements by Swap (1996), the fraction or
depositional rate is estimated to be 1.5 % of the transport by anticyclonic
circulation. This leads to a deposited load of 0.57 kg/ha/day, which consid-
ering a wetland area of 12,000 km2, amounts to an input of 250,000 tonnes
per year.

An export of particles from the wetlands occurs through fires which are a
common process in the wetlands. Most frequent are fires on dry floodplains,
followed in frequency by fires on drylands where biomass production is lower
(Heinl et al., 2006). Less frequent are peat fires along abandoned channel
reaches. To date, no studies have been carried out to quantify the related
losses of mass from the system.

At a smaller scale Krah et al. (2004) examined the importance of airborne
transfer of locally generated dust inside the Okavango Wetlands. Passive wet
dust collectors were installed along cross sections ranging from floodplains
to islands. Measurements at different elevations above ground show a rapid
decrease of dust transport with height. The major part of the dust transport
occurs in the lowest 3 metres. The amount of dust collected decreases to-
wards the islands. Simultaneous measurements show that wind speeds also
decrease towards the islands. Therefore it is argued that dust is produced on
the open floodplains by relatively strong winds that can develop there. As
the wind reaches the vegetated fringes of the islands its velocity decreases
and dust is deposited. The islands’ centres are composed of open grasslands
or salt pans but are shielded by the surrounding vegetation fringe. The
amount of dust collected in the island centres was even smaller than at the
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fringes. Krah et al. (2004) therefore conclude that island growth through
dust accumulation occurs laterally, not vertically.

Topographic roughness

At a large scale the Okavango Delta is a regular fan with a low gradient of
about 1:3550 (Gumbricht et al., 2001). However, deviations from a perfect
conical surface exist on various scales. Large scale deviations over horizontal
distances of tens of kilometres lie in a range of plus to minus two metres in
the vertical. It is remarkable that the distribution of water is not clearly
correlated with these deviations. Gumbricht et al. (2001) show that some
channels flow in topographic lows whereas others lie on topographic highs.
Channels can remain in a topographically unstable location because of sta-
bilizing vegetation flanking the channels. The authors further note that the
most sensitive zone for water distribution is the floodplain area at the end of
the Panhandle where minor topographic differences and vegetation growth
may have a significant impact in directing the flows.

A small scale micro-topography with a standard deviation of typically
around 50 cm along kilometre-long transects is superimposed on the large
scale structures (Gumbricht et al., 2005). Although of low amplitude, this
topographic roughness is of great hydrological and ecological importance. It
is the key parameter for the small scale distribution of dry and wet areas,
of islands and lagoons. The topographic roughness originates from and
is preserved by several transport processes usually combining physical and
biological mechanisms.

Starting from a flat surface, islands are initiated by two different mecha-
nisms. Termites (Macrotermes michaeleni) accumulate fine grained material
to build termitaria which are often several metres in height. Termitaria con-
structed in seasonal floodplains will generally be tall enough to stick out of
the water during seasonal flooding and vegetation types differing from those
of the floodplain can eventually colonize the termitaria (Dangerfield et al.,
1998; McCarthy et al., 1998a). The second type of island initiation is related
to bedload transport in channels of the fan. Infiltration to floodplains and
evapotranspiration cause a decrease of channel discharges in the downstream
direction as well as an associated decrease of the bedload transport capacity.
Bedload is thus deposited on the channel bottoms, leading to aggradation.
Channels are flanked by a thick layer of peat and vegetation, which stabilizes
the bed and filters suspended sediment. These stable side walls allow the
channels to rise to a higher level than the surrounding floodplains. At some
point the elevation difference is such that the channel dries out by leakage
through the peat layer or a new channel develops, leading towards the lower
lying floodplains. The peat that was flanking the channel dries, contracts
and can eventually burn (Ellery et al., 1989). What remains are elongated
topographic enhancements which just like the termitaria are above the sea-
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sonal flood level and can host dryland vegetation types. This mechanism
of channel aggradation and eventually topographic inversion was first de-
scribed by McCarthy et al. (1986). The conceptual model of the life cycle
of channels was later revised by McCarthy (1992) and Ellery et al. (1993).

The growth process of islands is identical regardless of the initiation type.
Matter is accumulated preferentially on the shores of the islands leading to
a lateral rather than a vertical expansion. Evapotranspiration from the
entire island leads to salinisation of the ground and eventually to dying of
vegetation which is then limited to the island fringes. In addition, airborne
particles preferentially settle in the vegetated fringe. During the growth
process several islands can coalesce. Which mechanism initiated an island is
apparent because islands tend to preserve their elongated or circular shape
when growing. Also, past termitaria can be detected - even when abandoned
and eroded - as an accumulation of fine grained material (McCarthy , 1992).

Channel type and positioning

The lifetime of channels in the fan is governed by sediment transport whereas
the exact positioning of the onset of new channels depends on minor char-
acteristics and is often influenced by hippopotamus paths (McCarthy and
Ellery , 1998). Historical records show that the switching of water distribu-
tion from the Thaoge to the Nqoga and finally to the Maunachira took place
over a period of approximately 100 years (McCarthy et al., 1986). However
one must be careful when drawing conclusions regarding the lifetime of one
single channel system. Underlying topography in the range of decimetres
may have a significant impact on the lifetime and thus it should not be
expected that similar channel systems necessarily have similar life times.

Channels of the Panhandle region upstream of the Gomare Fault dif-
fer considerably in type from those of the fan region downstream of the
fault (Tooth and McCarthy , 2004). On the Fan, where the overall gradient
of 0.00029 is noticeably steeper than in the Panhandle (0.00018), channels
tend to be of straight (P < 1.5) to stable sinuous type (1.5 < P < 1.75). P
is the ratio of channel length to straight-line valley length. In the Panhandle,
channels have higher sinuosity (P > 2) and two sections of the Panhandle
present anastomosis (Smith et al., 1997). The Panhandle channels are ac-
tively meandering while rates of meander migration are below 0.5 m/year on
the Fan. Bank vegetation plays a major role in the change of channel types.
Tooth and McCarthy (2004) analyse the channel type transition based on the
ratio of channel width w to depth d. Relatively wide channels (w/d > 10)
present active meandering because scouring of unconsolidated sediment at
the bank base is strong enough to undermine the flanking vegetation, thus
enhancing meandering, whereas in relatively narrower channels (w/d < 10)
the vegetation resistance exceeds the scouring forces and channels are stable.
While currently flowing channels of the fan region are not actively meander-
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ing, vegetation structures visible on satellite imagery clearly indicate that
active meanders have in the past existed in the Fan region.

During peat fires the ground level in the affected areas can drop by
several metres. Reflooding of areas that were lying dry for several years then
becomes possible in a short period of time (Ellery et al., 1989). Depending
on the location of the peat fires, the resulting redistribution of flows is either
only local or can affect the wetlands at a larger scale.

Climate

Another important driver of the hydrology of the Okavango Wetlands is cli-
mate. Climate plays a dual role, as it is a driver for the upstream basin and
for the wetlands themselves. At present conditions approximately 2/3 of the
water input comes from channel inflow while the remaining 1/3 originates
from precipitation over the wetland area. Climatic conditions of the past
50,000 years can be reconstructed using radiocarbon methods. Thomas and
Shaw (1991) conclude from the analysis of several studies that the period
from 35,000 BP to 22,000 BP was marked by generally humid conditions in
the Kalahari region. A second humid period from 17,000 BP to 12,000 BP
was detected in the region with the exception of the southeast corner of the
Kalahari. The study of past shorelines of Lake Ngami at the southwestern
end of the wetland system (Figure 1.1) reveals the presence of a large lake
along the Thamalakane fault during the second wet period and also around
2000 BP (Shaw , 1985). Shaw calculates that to maintain such a lake under
present climatic conditions and with present inflow to the wetlands through
the Okavango River, annual precipitation would need to increase by 160 %
to 225 % depending on the assumed outflow from the lake. Because changes
in the flows generated in the catchment are neglected, these figures repre-
sent absolute maximum values of necessary precipitation increase. Proof
of wetter conditions is also found in the presence of stromatolites 1-1.5 m
above the present level of Ukhwi Pan in the central Kalahari dated 17,000
to 15,000 years BP (Lancaster , 1979).

Meteorology and inflow

Precipitation in the upstream catchment generates the inflow while precip-
itation over the wetlands contributes to a more spatially distributed water
availability and to the recharging of the aquifer. At the inflow to the Pan-
handle at Mohembo the Okavango River has a strongly seasonal regime with
low flows in October-November (between 100 and 200 m3/s) and high flows
in April-May (between 400 and 1000 m3/s). The mean flow for the period
of 1933 to 2006 is of 292 m3/s. The strong inter-annual variation of peak
flows contributes to the yearly variability in seasonal flooding. A long term
cyclic behaviour appears in the inflow data with a maximum in the sixties
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and a minimum in the late nineties (Figure 1.3). The cause for this is still
unknown but it was found to be statistically significant by Mazvimavi and
Wolski (2006). A cyclic component with a period of 65.4 years best fits
the average annual flow at Mohembo. Accordingly a series of relatively wet
years are to be expected in the near future.
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Figure 1.3: Monthly and annual averages of discharge measured at Mohembo
(Data acquired by the Department of Water Affairs, Botswana).

Local precipitation is important as it raises groundwater levels, thus
determining how fast a flood can propagate through the wetlands. This is
described in detail in Section 1.4.

Tectonics

A further natural and fast driver is tectonic movement. Its relative im-
portance in shifting the flows compared to sedimentation processes is still
under discussion. Pike (1970) suggested that the earthquakes of 1952 caused
a change in the drainage pattern of the wetlands. McCarthy et al. (1993) and
McCarthy et al. (1997) hypothesize that graben development in the north-
ern Nqoga system led to the flow increase in the Maunachira system. Their
work concludes that neotectonic movements initiated the changes by cre-
ating interconnected graben systems, which then diverted water flow while
sedimentation in the channels accentuated the process of redistribution.

Regarding the flow distribution at the scale of the entire wetlands, Gum-
bricht et al. (2001) argue against the hypothesis that a regional tilting may
have shifted flows from the western Thaoge system which received the major
part of flows in the middle of the 19th Century, when David Livingstone vis-
ited the Okavango Delta, towards more easterly located flow systems. They
note that given the characteristics of channels to remain stable on relative
topographic highs, tilting with elevation changes on the order of tens of me-
tres over the whole fan would be required to change channel positions. What
is overlooked is that already changes of much smaller amplitude could have
a significant impact on the water distribution within the existing channel
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network without changing the channels’ position. In a sensitivity analysis
Bauer et al. (2006a) tilted the topography of their distributed hydrological
model by an angle of 0.00014 degrees along an axis running through the cen-
tre of the Panhandle. Over the approximate 30 km of width of the end of
the Panhandle this corresponds to an elevation change of 0.075 m. Over the
entire width of 300 km of the conical surface an elevation change of 0.75 m
is created. These 0.75 m would hardly have been detected as anomalous on
the diverse profiles as shown by Gumbricht et al. (2001). Still, they induce
a noticeable change in the flood distribution. However, the study by Bauer
et al. (2006a) remains a sensitivity analysis and does not try to quantify
changes in flooding patterns resulting from specific tectonic events. Mc-
Carthy et al. (1993) demonstrated that tectonic movements are at least on a
small scale responsible for initiating water diversions. On a SPOT 2 satellite
image showing the flood of 1991 in the Maunachira area it can clearly be
observed that the shoreline of the flood is linear over long distances. These
lineaments are aligned with known fault systems. But the question whether
and to what extend tectonic movements have contributed to the large scale
shifting of the flows away from the Thaoge system until now remains open.

Anthropogenic impact

The anthropogenic impact on the flow distribution is significant and cannot
be neglected. It consists mainly of dredging of channels and clearing of
papyrus blockages to promote flow to specific areas. Intensive dredging of
the lower Boro was carried out from June 1971 to December 1974 to ensure
water availability for the Orapa Diamond Mine situated 200 km southeast
of the Okavango Delta along the Boteti channel. Its repercussions over two
decades were studied in detail by Ellery and McCarthy (1998) at the request
of Debswana Diamond Company. During the 3.5 year period the last 17.5
km of the Boro River (upstream of its junction with the Thamalakane River)
were deepened by approximately 1 m. In the lowest 4.5 km the deepening
was up to 3.5 m and the channel was partially straightened. Low earth dikes
were constructed at various locations over the entire 17.5 km to prevent flows
to the floodplains. The impact on vegetation was large. Floodplains isolated
by earth dikes were colonised by terrestrial communities. Aquatic vegetation
in the channels was destroyed by excavation and was unable to recover as
a result of increased flow velocities. Due to increased sediment transport
towards the deeply dredged reach, channel beds in sections upstream of
the dredged reach were consecutively eroded and aquatic vegetation was
destroyed. Over the two decades between the dredging and the study by
Ellery and McCarthy (1998), a 10.5 km long section of the channel upstream
of the deeply dredged reach was affected by erosion.
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1.4 Groundwater-surface water interactions

The important role that local groundwater flows play in the hydrology of
the Okavango Delta wetlands has been pointed out and studied increasingly
over the last 30 years. The generally accepted theory is that as the flood
front advances into the Delta, a large fraction of the surface water infiltrates
through the highly permeable soil and the groundwater level rises to the
surface before flooding is possible. Hydraulic conductivity has been esti-
mated in the range of 1.2 · 10−4 to 3.5 · 10−4 m/s and porosity at 0.30 by
Obakeng and Gieske (1997; in McCarthy , 2006). The propagation of the
flood therefore strongly depends on the depth to groundwater, which itself
depends on floods of previous years and rainfall events. A high groundwa-
ter table allows for less infiltration and causes the flood to proceed further
downstream. This leads to a more extensive flooding and a higher outflow
from the Delta. Storage of groundwater thus causes a memory effect.

At the large scale, groundwater flows seem, however, to be mainly verti-
cal and the connection of the swamp water to regional groundwater appears
to be very limited. Studies on stable isotopes (Dincer et al., 1978; McCarthy
et al., 1998b) showed that the outflow from the wetlands to regional ground-
water is spatially limited and of a small quantity. Nevertheless, McCarthy
(2006) notes that due to faulting, the basement rocks beneath the Delta are
highly fractured and that groundwater could possibly leave the area along
these discrete pathways. McCarthy (2006) also gives a summary of numer-
ous studies on the near surface and regional groundwater of the Okavango
Delta.

If one looks at the water balance of the Okavango Delta, evapotranspira-
tion by far exceeds precipitation in yearly and monthly means. Groundwater
recharge in non flooded areas is therefore quantitatively and temporally lim-
ited. Regional groundwater was shown to originate from ephemeral strong
rainfall events (Mazor et al., 1977). High tritium concentrations and tem-
poral head variations in the shallow Kalahari beds aquifers give proof of
recharge. An increase of tritium concentrations was observed after the rainy
season of 1970. Isotopic compositions of water with respect to oxygen and
hydrogen were found to be on the light side of the southern African mete-
oric water line. This also supports the hypothesis that regional groundwater
recharge occurs during strong rainfall events when only a small proportion
is lost to evaporation. Surface waters in the channels of the wetlands are
isotopically heavier. Groundwater samples from within the wetlands lie on
the evaporation line, suggesting recharge from surface water. These results
show that to a large extent the swamp system is hydrologically isolated from
the regional groundwater. Only at the western margin of the wetlands, does
the isotopic composition suggest some mixing with regional groundwater.

Reflecting the low population density, the central part and the eastern
margins of the wetlands are poorly equipped with boreholes. McCarthy et al.
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(1998b) derived a long term depth to groundwater map from 167 boreholes in
the Okavango region. The boreholes being for the most part situated on the
southern fringes of the wetlands, the high information density in this area
makes it possible to map reasonably well the gradient of the piezometric
surface. The water table is generally close to the surface in the central
wetlands and at the margins drops with steep gradients to levels around
40 m below surface. The mound shape of the piezometric surface could be
interpreted as leading to regional groundwater recharge which would be in
contradiction to the isotopic studies. The likely explanation therefore is that
the spreading groundwater lens is consumed through transpiration by deep
rooted vegetation. Direct evaporation is limited to areas of very shallow
groundwater tables as the coarse texture of the sandy soils does not allow a
strong capillary rise.

The overall relation between infiltration, direct evaporation and evapo-
transpiration on the islands can be studied with simple mass balances using
the solute concentrations of different waters.1

No continuous and consistent long-term time series of the total dissolved
solid (TDS) concentration of the water flowing into the Okavango Delta at
Mohembo is available. Occasional measurements and estimates by various
authors indicate that the average TDS concentration is around 40 mg/l.
Assuming a constant TDS concentration of 40 mg/l and an average inflow of
300 m3/s at Mohembo, we can calculate the total amount of solutes entering
the Okavango Delta through the inflow as 3.8 · 109 kg/year. Typical rainfall
TDS in the region is around 5 mg/l (Gieske, 1992). The average wetland
surface area is about 5000 km2 (McCarthy et al., 2003) and average rainfall,
as recorded by Botswana Government’s Meteorological Services, is about
480 mm/year. The resulting dissolved solute input by rainfall of about
1.2 · 107 kg/year is negligible compared to the solute input by the inflow.
If the Boteti River, which leaves the wetlands in southeastern direction but
nowadays does not carry water further than a few tens of kilometres , is
included in the salt balance calculation, the surface outflow of water and
solutes from the balance volume is zero.

Dincer et al. (1987) published an analysis of stable isotope and salinity
data from different locations in the Okavango Delta. Differences in the
degree of accumulation of salinity and heavier stable isotopes were used
to infer the relative contributions of transpiration and evaporation to the
total water loss. Evaporation accumulates both salinity and heavier stable
isotopes (due to the fractionation occurring with the phase change of water),
while transpiration accumulates salinity only, with no isotope fractionation
occurring in the roots where water is taken up from the source. Dincer

1The following passage on infiltration and evapotranspiration at the entire wetland
scale has been written as part of the publication Milzow et al. (2009) by Peter Bauer-
Gottwein who is kindly acknowledged.



16 CHAPTER 1. INTRODUCTION

et al. (1987) explained their salinity and isotope data with a simple plug
flow model and demonstrated high ratios of evaporation to transpiration in
winter (vegetation is less active) versus low ratios in summer (transpiration
dominates).

Despite the significant salt mass input, surface waters in the Okavango
Delta are generally fresh. This indicates that a significant amount of surface
water is not removed by evaporation from the water surfaces but by infil-
tration to the shallow alluvial aquifers and subsequent evapotranspiration.
A simple mass balance box model for the surface water component reads

∂

∂t
(V · c) = Qin · cin − QGW · c (1.1)

where V is the volume of the surface water component, c its concen-
tration, Qin the inflow, cin the concentration in the inflow and QGW the
infiltration flow. Assuming steady state in volume and concentration, we
get

csteady =
Qin · cin

QGW
(1.2)

where csteady indicates the steady state surface water concentration. Sur-
face water concentrations in the Okavango Delta are rarely higher than about
100-200 mg/l, and a value of about 100 mg/l is a representative average.
This implies that the infiltration flow is approximately 40 % of the total
inflow. Note that infiltration takes away 40 % of the water together with
the solute mass contained in it. The concentration of the water remaining
in the channels is not affected by the process. All the dissolved solutes re-
moved from the surface water by infiltration are accumulated in the shallow
groundwater.

Hydraulic gradients are steepest on the wetland / dryland interface. The
infiltration water flux is thus concentrated along the shoreline of the Delta,
where a fringe of riverine vegetation and the associated transpirative demand
establish large differences in water tables. Inside the permanent wetlands,
hydraulic gradients are much smaller and consequently infiltration fluxes
are minor. The specific infiltration flux per unit length of shoreline can be
estimated as (Bauer , 2004)

I =
√

ETmaxdexT (1.3)

where T is the transmissivity of the aquifer, and the depth-to-groundwater
dependence of the evapotranspiration is assumed to obey the relationship

ET (h) = ETmax

(

1 − S − h

dex

)

(1.4)
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In Equation 1.4, ET is the actual phreatic evapotranspiration rate, h
is the piezometric head in the aquifer, ETmax is the potential evapotran-
spiration rate, S is the elevation of the topographic surface and dex is the
so-called extinction depth of evapotranspiration.

The shoreline length of the Okavango Delta was estimated from an island
database derived from satellite imagery (Gumbricht et al., 2004). Depend-
ing on the threshold island size, shoreline lengths are on the order of several
thousand kilometres (Figure 1.4). The specific infiltration flux I (Equation
1.3) corresponding to the infiltrating volume per day and per meter of shore-
line is calculated as about 1 m2/day with typical Okavango parameters of
T = 10−4 m2/s, ETmax = 5 mm/day, and dex = 20 m. The large extinction
depth reflects significant transpiration fluxes caused by deep-rooted vegeta-
tion. Multiplying this result by 6900 km of shoreline (island sizes larger or
equal to 100 m) results in an estimated total infiltration flux of 110 m3/s,
which is equal to 37 % of the inflow and of the same order of magnitude as
the result of the box mass balance calculation. In terms of system manage-
ment, it is thus important to preserve the long shoreline of the Okavango
Delta, to ensure high surface water quality.
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Figure 1.4: The shoreline of the Okavango Delta expressed as the total shoreline
of permanent and seasonal islands with an equivalent diameter greater than a given
size (Gumbricht et al., 2004; Bauer et al., 2006b).

The ratio of infiltration and inflow has also been investigated in more
local settings in the seasonally flooded areas where the largest annual vari-
ation in depth to groundwater is found. Boreholes which can be used to
quantify the infiltrating volume are still limited to a few study sites. As
expected, in these sites outside of the permanent swamp, the ratio of infil-
tration to evaporation is larger than the average value for the Delta as a
whole. This ratio further varies considerably during flooding. A first at-
tempt to quantify the locally infiltrating water is the field study by Dincer
et al. (1976). A pool structure of 5.8 km2 in the seasonal swamps (adjacent
to Beacon Island in the Xudum area) was isolated in a way that in- and
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outflow could be measured. Precipitation and evaporation were recorded on
site. The water balance over two consecutive years showed that infiltration
to the groundwater amounted to 4 to 5 times the losses by evaporation. As
shown by the stable isotope studies, the overall wetlands do not act as a re-
gional groundwater recharge system. This means that the important flows
infiltrating locally in swamps are leaving the system by evapotranspiration
from adjacent islands.

A second local study by Ramberg et al. (2006a) focuses on a 0.4 km2

floodplain (Phelo’s floodplain) which is also located in the seasonal swamps
but adjacent to the 10 km wide Chief’s Island. Its inflow is limited to a
20-30 m wide channel. There is no outflow. Inflow was measured through a
constructed flume for the floods of 1997 to 1999. Calculations of changes in
storage were based on a local 10 m resolution digital elevation model. No
precipitation occurred during the studied flood seasons and evapotranspi-
ration was calculated using the Penman formula with coefficients adjusted
to reflect climatic conditions of Botswana (these coefficients were derived
by SMEC , 1987). Meteorological data was taken from the station at Maun,
some 53 km away. In addition to solving the water balance, point infiltration
rates were directly measured in several transects arranged perpendicularly
to the shore. Direct evaporation from the water surface was calculated to
amount to 9-12 % of the annual inflows, leaving approximately 90 % of the
inflow for infiltration. Extrapolation of the direct infiltration measurements
to the entire floodplain yielded an infiltration rate between 40 % and 50 %
of the inflow. Several piezometers installed in the floodplain revealed rises in
groundwater levels of 1.5 m/day and higher immediately after the onset of
inundation. An important finding was that the groundwater rise diminishes
quickly with distance from the flood front. A rise of 3 m was recorded in
a piezometer located 20 m away from the maximum inundation perimeter
of 1997, whereas in 1998 the flood stopped at a distance of 250 m from the
same piezometer, generating a rise of only 0.4 m. Based on their results,
Ramberg et al. (2006a) describe the infiltration process in two phases. In
the first phase, vertical infiltration occurs through the vadose zone limited
only by vertical hydraulic conductivity. The entire soil column is not yet
saturated at that point. In the second phase, once the groundwater level
has reached the surface, a process which took 1 to 3 days at the studied
site, lateral infiltration towards island areas takes place and is limited by
horizontal hydraulic conductivity and gradients towards the island. High
infiltration capacities of 4.6 · 10−4 m/s to 1.2 · 10−3 m/s found by Boring
and Bjrkvald (1999) confirm the very intensive first infiltration phase.

Wolski and Savenije (2006) present the results of further studies on the
same (Phelo’s) floodplain as well as on a nearby location comprising a regu-
larly flooded area (Boro channel floodplain) and the adjacent island (Camp
Island). Two series of piezometers are installed in transects reaching from
the floodplains to the dry land side. Evaluation of the time series of piezo-
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metric heads reveals that at both locations the gradient is always directing
groundwater flow towards the island. Reversal of the local groundwater
flow back to the swamp has never been observed either during or after re-
cession of the flood level. This is in agreement with findings from the Oka-
vango Research Group of the University of Witwatersrand, South-Africa:
McCarthy et al. (1991b) studying an island in the northeastern part of the
wetlands (north of Maunachira Lediba), McCarthy and Ellery (1994) for an
island situated in the central wetlands at the limit between permanent and
seasonal swamps (island at Xaxaba), and McCarthy and Ellery (1995) for
islands close to a main channel in the seasonal swamps (Camp and Atoll
Islands).The constant flow direction plays a key role for solute transport
characteristics of the wetlands.

Wolski and Savenije (2006) built simple numerical models of their two
study sites. They conceptualised the underground in two zones: highly
permeable floodplain deposits and island soils of low permeability. Time
dependent constant head boundaries were defined at the floodplain side
of the models. The calibrated models succeed in reproducing the observed
water levels at the piezometric transects over several years. Evaluation of the
model results shows that the highest groundwater flows of 0.55-0.6 m3/(day
m) occur during flood rise, but even before the flood arrives, flows are also
substantial at 0.4-0.5 m3/(day m). The gradient towards the island stays
high as a result of the sizeable evapotranspiration losses from the island
throughout the year.

The importance of antecedent conditions on the infiltrating volume is
studied by changing the initial hydraulic heads in the model. Initial condi-
tions for 1, 2, 3 and 10 years without flooding were simulated and fed into
the models. For the floodplain linked to the smaller island, the effect of an-
tecedent conditions vanished within one year whereas for the larger islands
an effect was observed for the following 5 years. This means that after a
prolonged drought the groundwater levels underneath a small island can be
reset to normal in one single flood season whereas for a large island - where
the ratio of perimeter to area is much smaller - several flood seasons are
necessary to raise the water levels back to normal. Islands of less than 500
m in width are expected to display no memory effects whereas long term
effects are expected on larger islands and on the fringes of the wetlands.
Island vegetation is not sensitive to a few years of drought as it continues
to extract water from the deeper water storage.

On an island, at the limit between the seasonal and the permanent
swamp McCarthy and Ellery (1994) detected diurnal fluctuations of the
water table in piezometers located in the densely vegetated fringes of the is-
land. Fluctuations did not exceed 1.5 cm in the island centre and amounted
to a maximum of 7 cm towards the island edge. The fluctuations could be
ascribed to the daily transpiration cycle. Bauer (2004) measured similar
diurnal fluctuations on Thata Island and used these fluctuations to estimate
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evapotranspiration rates. They interpreted the measurements with a concep-
tual model of an island, with fixed heads at the shores and time dependent
uniform evapotranspiration from the surface, neglecting spatial variation of
ET due to non-uniform landcover and salinity gradients. A comparison with
the isotope profile method to estimate evaporation showed good agreement
for the centre of the island. Because of the very sparse vegetation in the
centre of Thata Island, transpiration can be neglected there.

At large scales, surface-water groundwater interactions in the Okavango
Delta are mainly characterized by vertical flows. Despite the high infiltra-
tion rates, no regional groundwater recharge occurs and the aquifer serves
as a buffering reservoir between highly seasonal flooding and more regular
evapotranspiration. At the small scale, however, lateral groundwater flow
towards islands is one of the main mechanisms regulating the hydrology of
the Okavango Delta wetlands. The size and distribution of the multitude
of islands covering the wetlands determine, together with antecedent con-
ditions and precipitation, which portion of the annual flood infiltrates to
local groundwater. The difference between regional and local flows is under-
lined by the groundwater level gradients which are on the order of 1:4000
at the regional scale but as high as 1:200-1:100 at the local scale (Wolski
and Savenije, 2006). With the strong linkage between floodwater and island
groundwater, not only the floodplain vegetation but also the adjacent ripar-
ian vegetation is strongly dependent on frequency and length of flooding.

1.5 The upstream catchment area

The division between the Okavango catchment and the distributary system
of the Okavango Delta is geomorphologically defined by the entrance of the
Okavango River into the Panhandle region. In the upstream, the course of
the River is well defined whereas starting in the Panhandle extensive flood-
plains appear, leading to a fast decrease in channel discharge. Hydrological
records, starting as early as 1930, are available from the stations of Mukwe
(Namibia) and Mohembo (Botswana) which are within 40 km of each other.
From there the catchment area of the Okavango extends over 165,000 km2

upstream with the farthest part roughly at a distance of 800 km. The north-
ern part of the basin is situated in the Angolan highlands. It receives large
amounts of precipitation (up to 1300 mm/a), which contribute practically all
the runoff. The southern parts of the basin are semi-arid and the catchment
lying within Namibia contributes almost no discharge. Geological differences
in the headwater regions are also an important factor. In the western part of
the basin, a relatively thin layer of Kalahari sands is underlain by volcanic
and metamorphic rocks with low hydraulic conductivity while the eastern
headwaters originate from a region with a much thicker layer of Kalahari
sands. Consequently the variability in discharge is larger in inflows from the
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western part and the regime of inflows from the eastern part has a baseflow
character (Hughes et al., 2006).

Compared to the Delta, the catchment area in Angola has received very
little scientific attention. Due to the civil war and the persisting land mine
hazard, data availability is extremely limited. During the war period from
1975 to 2002 only sparse hydrological and meteorological measurements have
been conducted, making the situation for model development and calibra-
tion difficult. In 2003 the first of a series of rainfall-runoff models based
on the Pitman model (Pitman, 1973) was developed by Andersson et al.
(2003). In this first model, 23 sub-catchments upstream of Mohembo were
used. Hughes (2004) developed a model for the Cuito River, one of the two
main tributaries of the Okavango River, in which groundwater recharge and
discharge are incorporated as new components and the drainage density of
the channel network is taken into account. A second model by Hughes et al.
(2006) comprises the entire catchment by considering 24 distinct sub-basins.

General information on the physical characteristics of the catchment is
available at a sufficient resolution for modelling purposes as carried out by
Anderson, Hughes and co-workers. The geology of the catchment can be
extracted from the geological map of Africa by Persits et al. (2002). A
digital elevation model with a 90 m resolution is available for large parts of
the globe as a result of the Shuttle Radar Topographic Mission (e.g. Farr
et al., 2007). The Global Vegetation Modelling Unit has produced a 1 km
resolution landcover map of the globe based on 14 months of data from
the VEGETATION instrument onboard the SPOT 4 satellite (Bartholome
and Belward , 2005). A soil classification map with a resolution of 30 arc-
second (approx. 1 km) has been produced by the World Food Organisation
(FAO , 1992), which also provides a resampled version with a 2 arc-minute
resolution.

More problematic is the limited availability of time varying meteorolog-
ical data and discharge data for calibration. Gauged rainfall data are only
available until 1972, while accurate satellite based rainfall estimates are only
available from more recent years. Wilk et al. (2006) developed a distributed
monthly rainfall dataset at a 0.5 degree resolution for the period 1991-2002
which is incorporated into the modelling work of Hughes et al. (2006). The
initial rainfall data set was generated from data of the Special Sensor Mi-
crowawe Imager (SSM/I) onboard satellites of the Defence Meteorological
Satellite Programs (DMSP) which provides data since 1987. A procedure
was developed to remove the bias resulting from discrete satellite sampling
times and a diurnal precipitation cycle with a maximum in the local after-
noon, making use of data from several satellite-based microwave sensors.
The diurnal cycle for the Okavango region was derived from satellite data
of the Tropical Rainfall Monitoring Mission (TRMM) which was launched
in late 1997 and provides three-hourly data.

For the period from 1969 to 1972, the available gauged precipitation time
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series were interpolated to a regular grid and subsequently precipitation
inputs for the sub-basins were extracted from that grid to generate model
inputs. The applied interpolation method was found to be a minor source
of inaccuracies compared to the limited number of rain gauges.

Given the limited data availability, the performance of the model by
Hughes et al. (2006) is satisfactory. Low flows are well simulated whereas
errors in the simulated peakflows are on the order of 20 %. Gauging problems
at high flows are possible but these errors are still small compared to the
overall uncertainty of the model. The limited accuracy of the model must be
taken into account when model results are applied for consecutive studies.
For instance, if the model is used to predict outflow from the catchment for
the next flooding season as a result of past precipitation events, large errors
must be expected, irregular under- and overestimations of the outflow being
significant. The model is better suited for long term statistical analyses.
The model manages to reproduce a series of years with smaller or larger
outflows within the calibration and validation periods (1960-1972 and 1992-
1997 respectively). A general shift towards drier years, as expected in the
region as a result of global warming, can therefore also be simulated.



Chapter 2

Available Data and Existing

Models

2.1 Sources for data characterizing the Okavango

Delta

The success of hydrological models to reproduce flow conditions observed in
the Okavango Delta depends largely on the availability and precision of input
data. A large number of datasets related to the Okavango Delta region are
nowadays available on the internet or have been published and are available
upon request, they are described in this section. For non-commercial scien-
tific studies, most of these datasets can be obtained free of charge. The size
and difficult accessibility of the Okavango Wetlands make remote sensing
data particularly useful as a complement to ground based measurements.
The advantage of remote sensing methods is that they result in distributed
data. However, they require complicated calibration procedures and should
always be checked against ground truth measurements. Newly emerging
techniques like satellite gravimetry (e.g. the GRACE satellites) and radar
altimetry have to be assessed and it still has to be found out in how far
hydrological modelling of wetlands can build on them.

Topography

The Shuttle Radar Topography Mission (SRTM) carried out by NASA and
the National Geospatial-Intelligence Agency from the USA, together with
the German and Italian Space Agencies in February 2000 (Farr et al., 2007)
provides a unique dataset of elevations at a 3 arc-seconds (approx. 90 m)
resolution for all areas situated in-between 60 degrees north and 58 degrees
south. Unfortunately its vertical accuracy of approximately 5 m for most of
the African continent (Rodriguez et al., 2005; Farr et al., 2007) is insufficient
for hydrologic applications in the Okavango Delta. An additional problem

23
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of the SRTM data, which applies also to other remotely sensed elevations,
is that the topography of flooded areas cannot be obtained. The SRTM was
flown in February when the flood extent was low. Regardless, the bottom
elevations of large areas of the permanent swamp could not be recorded as
the instrument could only measure water surface elevations.

A micro-topographic map has been generated by Gumbricht et al. (2005),
making use of a vegetation map derived from Landsat Thematic Mapper
(TM) scenes (McCarthy et al., 2005) and an island map (Gumbricht et al.,
2004). Empirical elevations relative to the water surface were assigned to
the vegetation community classes. The island map was used to further dif-
ferentiate grassland on floodplains from grassland in the centre of islands.
The relative elevations were added to a 500 m resolution regional elevation
model generated by Gumbricht et al. (2001), which is based on a combi-
nation of remote sensing, ground measurements, and interpolation. The
elevation model obtained in this way has the resolution of Landsat scenes
(28.5 m). It has been compared with elevation measurements on the ground,
along five transects. The correlation coefficient (R2) between the measured
transects and the elevation model was found to be poor, ranging from 0.1
to 0.57. But structurally the elevation model compares well with the mea-
sured transects. Relative low and high reaches corresponding to islands and
lagoons are captured by the model. Given its underlying classifications, the
micro-topographic elevation model can, however, only be applied in areas
where flooding is frequent enough to sustain a vegetation community which
is well adapted to flooding. A flooding frequency of at least one event every
few years is required. Naturally, the area where topography can be modelled
is also the area that is the most interesting for hydrological modelling.

On the whole it can be stated that topography is the most critical pa-
rameter for the reconstruction of flooded areas in a model. Yet, topography
in the Okavango Delta region is not known to a sufficient accuracy.

Properties of the Kalahari Beds Aquifer1

A major groundwater exploration programme spanning two phases (1995-
1997 and 2000-2004) was carried out by the Department of Water Affairs to
supply water to the village of Maun and surrounding areas. This programme
resulted in a total of over 150 boreholes (both for exploration and produc-
tion) being drilled in the distal part of the Delta. A suite of geophysical
borehole logging methods was carried out at more than 100 sites, resulting
in over 7000 m of logged length. The methods used included natural gamma
count, self-potential (SP) resistivity, and resistance techniques. The natural
gamma count method is especially suited for distinguishing between sands,

1The subsection Properties of the Kalahari Beds Aquifer has been written as part of
the publication Milzow et al. (2009) by Lesego Kgotlhang who is kindly acknowledged.
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clayey sands and clay while resistivity methods give an indication of the wa-
ter quality in addition to lithologic differentiation if contrasts are sufficient.
The self-potential method is also well suited for distinguishing lithological
contacts, although it is not as efficient as the natural gamma count method.
The integration of the results from all four methods allows to differentiate
clearly between clean sands, clays, and interlayered sand and clay beds.

The basic conceptual depositional model derived from the spatial distri-
bution of aquifers and aquitards is that of a tectonically active (i.e. syn-
tectonic deposition) basin alternating between fluvial and lacustrine deposi-
tion (Department of Water Affairs, 2004). The Kunyere and Thamalakane
faults acted as barriers to outflow from the Delta. The coupling of these
fault barriers with hydrologic/climatic conditions and degrees of tectonic
activity resulted in either fluvial or lacustrine dominated deposition in the
lower Delta. These alternating cycles resulted in the development of a mul-
tilayered aquifer system with sands acting as the aquifers while clay, clayey-
and silty-sands formed aquitards.

The prevalence of clay material on and near the fault zones causes these
faults to effectively act as groundwater flow barriers. The lithology of the
aquitards changes from being clay dominated at or near the faults, grading
into silt dominated material away from them (northwest direction), resulting
in increased leakage through the aquitards in this direction.

Test pumping analyses by the Government of Botswana (Department of
Water Affairs, 2004) at 39 observation boreholes in the distal lower wetlands
show median values of 35 m2/day and 0.00143 (dimensionless) of transmis-
sivity and storativity respectively. A range of 3 m2/day to 165 m2/day in
transmissivities and of 6.0 · 10−4 to 7.1 · 10−2 in storativities was observed.
Higher values are to be expected for the central wetlands because of larger
fractions of sand and less clay deposited there.

Soil map

A soil map of Botswana at the scale 1:1,000,000 has been published by FAO
(1990). This map is available from the web page of the European Digital
Archive of Soil Maps - EuDASM (http://eusoils.jrc.it/esdb archive/

EuDASM-Africa, last access: 16.11.2007). A digitized and slightly more
detailed soil map is available through the Sharing Water Project (RAISON ,
2004). The Sharing Water Project was founded by the U.S. Agency for
International Development and was carried out by partner institutions from
several countries including Angola, Namibia and Botswana. The overall
purpose of the project was to help in ensuring the sustainable management of
the Okavango at a catchment scale. The project website hosts an extensive
database. Some of the datasets which are directly linked to hydrological
modelling are referred to in this article.

http://eusoils.jrc.it/esdb_archive/EuDASM-Africa
http://eusoils.jrc.it/esdb_archive/EuDASM-Africa
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Vegetation cover

The ecoregion classification by McCarthy et al. (2005) is based in a first
step on the statistical classification of Landsat TM 5 scenes acquired in July
and August 1994. Supervised and unsupervised maximum likelihood clas-
sifications were used in a combined way. A second step involved flooding
patterns between 1972 and 2000 at 1 km resolution, as determined by Mc-
Carthy et al. (2003). The wetlands were classified into 12 ecoregions ranging
from rivers to dry woodland. Contextual information such as the distance of
pixels from the river network was also used. A total of 170 sample sites were
surveyed, one-quarter of which was used to train the algorithms and three-
quarters to validate the methodology. The classification into 12 ecoregions
resulted in an accuracy of 46.2 %. When classifying into 6 ecoregions, the
accuracy was increased to 74.3 %. The main difficulties in classifying the
Okavango Wetlands were found to be the similar spectral responses of dif-
ferent vegetation types (e.g. Cyperus papyrus and various tree species), the
high spatial variability of the vegetation cover, and its temporal variability
due to fluctuations in water availability.

A second classification by Ringrose et al. (undated report) is available
through the Sharing Water Project (RAISON , 2004). Its spatial resolu-
tion of 30 m is the same as the ecoregion classification. A major difference
to the work by McCarthy is the number of classes: based on vegetation
types (e.g. grassland, woodland) and dominant species, 47 classes are dis-
tinguished. The classification uses supervised classification of Landsat TM
scenes, supplemented by the analysis of aerial video imagery. For an accu-
racy assessment, the 47 classes are reduced to 8 combined classes, resulting
in an accuracy of 75 %. This accuracy is strongly class dependent; the
accuracy of for instance the combined island class is only of 46 %.

Soil moisture

Soil moisture at a 1 km resolution is in principle available for the entire
Okavango catchment area from the ENVISAT ASAR sensor (Bartsch et al.,
2006; Wagner et al., 2007). Radar backscatter, however, is also largely influ-
enced by surface roughness and vegetation. Consequently, the spatially and
temporally heterogeneous cover of the Okavango Delta results in an ambi-
guity of the backscattered signal. In areas with forest, the volume backscat-
tering from the canopy is too strong to distinguish changes of backscattering
resulting from soil moisture (Sabel et al., 2007). The soil moisture patterns
of most of the central areas of the Okavango Wetlands can thus not yet be
determined from remote sensing. Soil moisture of the upstream catchment
area has been successfully derived from ENVISAT ASAR imagery. A good
correlation between soil moisture in the upper parts of the catchment and
discharge at Mohembo with a time lag of three months has been observed
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(Bartsch et al., 2007).

Precipitation

Long time series of gauged precipitation measurements are only sparsely
available for the Okavango catchment. With the onset of the civil war period
in Angola, the number of hydrometeorological measurements dropped sig-
nificantly (Wilk et al., 2006). The situation is better for the Okavango Delta
where the stations Shakawe and Maun, situated at the up- and downstream
ends of the Delta, provide continuous time series of basic meteorological
variables since 1973, available for instance through the National Climatic
Data Centre of the U. S. Department of Commerce (http://www.ncdc.
noaa.gov, last access: 21.11.2007). However long precipitation records do
not exist for the centre of the wetlands, where microclimatologic effects will
influence variables such as temperature and wind speed. For modelling pur-
poses it is very convenient to use precipitation derived from remote sensing.
The Famine Early Warning Systems Network (FEWS NET) provides 10
day sums of precipitation at a resolution of approximately 10 km since 1995
and daily sums since 2002 (2.1). The data are based on infrared images
from Meteosat, meteorological ground station records, and microwave satel-
lite observations (Herman et al., 1997). The accuracy of the algorithm was
analysed by Xie and Arkin (1997), who determined an RMS error of around
0.5 mm/day for the Okavango Delta region.

The satellite of the Tropical Rainfall Measurement Mission (TRMM) was
launched in November 1997 and provides data since January 1998. Precip-
itation amounts are calculated with a 0.5 degree spatial resolution and are
available as three-hourly accumulations. The primary instruments on the
satellite providing rain data are a precipitation radar, a passive microwave
imager, and a visible and infrared scanner (Adler et al., 2007). The lower
horizontal resolution of the TRMM data as compared to the FEWS NET is,
depending on the type of application, compensated by information on the
vertical structure of the precipitation process. The accuracy of the method
depends strongly on the precipitation type, performing best for convective
precipitation. Several validation studies of TRMM precipitation are sum-
marized in Huffman et al. (2007).

Evapotranspiration

Actual evapotranspiration rates can be assessed through remote sensing data
by means of surface energy balance methods. A wet pixel with evapotran-
spiration tends to be cooler than a dry pixel, with corresponding differences
in the radiative properties recorded by the satellite. Algorithms such as the
Simplified Surface Energy Balance Index, S-SEBI (Roerink et al., 2000), can
be used to calculate evapotranspiration on a daily basis. The method is well

http://www.ncdc.noaa.gov
http://www.ncdc.noaa.gov
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suited to generate patterns of evapotranspiration, but has a low absolute
accuracy. Calibration with ground measurements is therefore necessary.
Brunner et al. (2004) have used the chloride method to calibrate potential
recharge maps (i.e. precipitation minus evapotranspiration) obtained from
remote sensing.
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Figure 2.1: 1990-2000 averages over the Okavango Delta area of precipitation
as available from the Famine Early Warning Systems Network (a), and of actual
evapotranspiration (b, Bauer et al., 2006a).

Discharges and water levels

The Department of Water Affairs of Botswana is carrying out intensive mon-
itoring of water levels and discharge rates inside the Okavango Delta which
provides valuable data for hydrological modelling. The inflow to the Delta
at Mohembo has been measured daily since 1975 and monthly discharges are
available since 1933. This is especially valuable, as up to now a hydrological
model combining the catchment area in Angola and the Okavango Delta
has not yet been developed. Models of the Okavango Delta have been fed
with discharge measurements taken at the stations Mohembo (Botswana)
or Mukwe (Namibia). The two stations are separated by only about 40 km
of incised channel. Still, data differ, especially at high flows when flows
may bypass the Mohembo measurement station. Sefe (1996) conducted a
detailed study on the Mohembo data and found many points to lie outside
the range of possible stage-discharge relationships.

Flooding patterns2

Seasonal flooding patterns derived from satellite data can provide valuable
information for the calibration of hydrological models. Yet, the usefulness

2The subsection flooding patterns has been written as part of the publication Milzow

et al. (2009) by Philipp Meier who is kindly acknowledged.
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of remotely sensed data needs to be reviewed for each dataset. Vegetation
in the Delta, being exposed to seasonal variation of water availability and
small scale variations of topography, changes on a scale of metres. The
resulting complex patterns of land cover in the wetlands limit the applica-
bility of many remote sensing data products since a relatively high spatial
and spectral resolution is needed (Neuenschwander et al., 2005). Most of
the studies presented hereafter rely on satellite images in the visible and
thermal ranges. In comparison to sensors operating in the microwave range,
these ranges have the advantage of providing a higher spectral resolution.
However, the major disadvantage of images in the visible and thermal range
is that it is not possible to obtain data when the region is covered by clouds.
Cloud cover is frequent during the rainy season, which fortunately does not
coincide with the flood peak. Regardless, analysis of the seasonal variability
of the flooding is strongly hindered by clouds when using passive sensors.

Neuenschwander et al. (2002) investigated the applicability of data ac-
quired by the ALI (Advanced Land Imager) instrument onboard the EO-1
satellite. Seasonal variability not only of the fluctuating flooded area but
also of vegetation patterns can be seen on ALI images of the southern part
of the Delta. The evolution of a flooding event can be assessed by classify-
ing a series of images into different land cover classes. Land cover classes
related to inundation (water, permanent swamp and intermittent marshes)
are extracted for spatial analysis. The total areal extent of the respective
classes in a series of images shows the effects of flooding, with a maximum
flooded area in August (Neuenschwander et al., 2002).

The longest time series of flooding patterns can be obtained by the
method presented by McCarthy et al. (2003). Flooding patterns derived
from nearly 400 NOAA AVHRR (Advanced Very High Resolution Radiome-
ter) images were compiled for the time from 1972 to 2000. Landsat and
ERS-2 ATSR were used to calibrate and evaluate the classification. The
detection of shallow water bodies and wetlands on satellite data is a diffi-
cult task since the signal of water, especially when using data with coarse
resolution, interferes with other surface types.

In a first step, sufficiently cloud free images were selected and from these
images the clouds were masked out. Supervised classification techniques had
to be rejected due to inaccuracies of the images’ geometry and the use of
different sensors. The distinction between flooded and non-flooded pixels
was carried out using an unsupervised clustering method. The number of
clusters was gradually minimized, and thus the area of each class maximized,
until pixels of the largest class within the Delta also occurred outside the
Delta area. The inundation of small pools caused by local rainfall was
disregarded if it did not last longer than one month. Landsat and ATSR data
were applied only to check the coherence of the flooding patterns visually
(McCarthy et al., 2003).

Later, the classification of AVHRR images was evaluated using classified
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Landsat and ATSR images, where these classifications were regarded as true.
The spatial agreement of flooding patterns determined with both methods
was found to be between 79 % and 89% for images covering the whole area.
The flooding extent reaches its maximum between July and September and
has a minimum between January and February. The central and eastern
regions of the Delta show the largest extent of flooding. Over the entire
period of analysis (from 1972 to 2000), the smallest extent of flooding was
found in February 1996 and the largest extent in August 2000 McCarthy
et al. (2003).

However, the method presented by McCarthy et al. (2003) has some
drawbacks. The high sensitivity to clouds strongly limits the seasonal cov-
erage; during the rainy season only few data are available. The coarse reso-
lution of 1 km inhibits the detection of small-scale features such as channels,
lagoons and islands. A pixel only partly consisting of wetland differs strongly
enough from a pixel outside the Delta area to be classified as inundated. This
effect leads to an overestimation of the total flooded area. Nevertheless the
relative dynamics of flooding are reliably reproduced.

The need for the use of higher resolution images is also pointed out by
Wolski and Murray-Hudson (2006b). Landsat images with a resolution of
30 m were classified into different inundation and dry land classes using
spectral characteristics. Most of the inundated and dry classes could be
separated well, whereas a large overlap in spectral characteristics of densely
vegetated, permanently flooded areas and riparian woodlands made the sep-
aration difficult. A combined approach of supervised and unsupervised clas-
sification as well as the consideration of geometric properties of inundated
areas resulted in relatively high accuracies of flood mapping. Disconnected
inundated patches were classified as dry land, taking into account that the
flooded area is usually continuous. The accuracy was assessed using aerial
photographs (Wolski and Murray-Hudson, 2006b). It is not discussed in
the article whether continuity may exist at a sub-pixel scale in the form of
narrow channels linking apparently disconnected inundated patches. Given
the high resolution of 30 m, this is however expected to occur only in few
cases.

Active microwave techniques are relatively insensitive to clouds and thus
allow a better seasonal coverage. Meier (2006) used ENVISAT-ASAR im-
ages available since 2002 with a resolution of 150 m. Zones likely to flood
were identified by a high temporal variation of pixel values, which is a conse-
quence of the seasonal change in reflectance of the earth surface. Areas with
low temporal variance were masked out and disregarded during further im-
age processing. On radar images, open water surfaces are characterized by
low backscattering values due to the high reflectance of water. In contrast,
flooded vegetation is characterized by high backscattering values due to the
double reflection effects of the water surface and the vegetation. A stepwise
approach was chosen for the classification of single pixels. In a first step,
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pixels with unambiguously low or high values were classified directly. A
second class was formed by those pixels having a value within a close range
to the values of the first class. As an additional constraint the temporal
variance of that particular pixel had to be above the median value. Finally,
the third class was composed of pixels with a medium-low or medium-high
value. Besides a stronger criterion for the temporal variance, these pixels
were only classified if they belonged to a continuous cluster where at least
one pixel was classified in the first or second class (Meier , 2006).

The recognition of open water surfaces is possible as the view is quite un-
obstructed; the classification of flooded vegetation though is difficult due to
the superposition of changing backscattering characteristics (Meier , 2006).
Resulting from the higher resolution of the ASAR data, micro-topographic
features can be resolved as well as inundation around channels. Quantita-
tive comparisons of the inundated area show that the areas obtained from
NOAA AVHRR images are much larger than those from ASAR images (Fig-
ure 2.2). Small structures such as channels, small ponds, and lagoons con-
tribute strongly to the total inundation (Milzow et al., 2008b).
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Figure 2.2: Flooding patterns derived from ENVISAT-ASAR (150 m resolution)
and NOAA-AVHRR (1 km resolution) (Milzow et al., 2008b).

To overcome the drawback of coarse resolution, Milzow et al. (2008b)
used data from the AVNIR-2 instrument onboard ALOS (Advanced Land
Observation Satellite) with a 10 m resolution. A cloud free mosaic was built
using seven images within the period from the 25th to the 30th of August
2006. Open water surfaces were extracted by applying a threshold on the
near infrared band (NIR), based on the fact that water absorbs light at
this wavelength. The vegetation in shallow floodplains typically appears
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impervious to visible and infrared radiation. Yet, the difference between
flooded vegetation and vegetated dry land was large enough in the visible
range to delineate inundated areas using the three visible light bands (Milzow
et al., 2008b).

The application of remotely sensed data for the calibration of hydrolog-
ical models shows promising improvements. A good compromise between
long time series of low resolution data and short temporal coverage of high
resolution has to be found.

2.2 The history of hydrological modelling of the

Delta

Hydrological modelling of the Okavango Delta has a long history. Model de-
velopment went from conceptual box models, to multibox models, to highly
resolving physically based hydrodynamic models. Together with the increase
in complexity of numerical models, additional groundwater components were
included by modellers. Overall model realism could be increased consider-
ably by including groundwater components, thus confirming the importance
of the groundwater surface-water linkage in the Okavango swamps. The
motivation for modelling was always derived from the need to predict the
outcome of planned measures both in the upstream and inside the Delta.
Changes in the inflow to the Okavango Wetlands or alterations inside the
wetlands will undoubtedly result in a change of flooding patterns, both spa-
tially and temporally. Ashton and Neal (2003) qualify it as a “matter of
urgency” to evaluate the response of the wetlands to decreased or changed
inflows. Due to the complexity of the system, numerical models seem today
to be the only feasible solution for such an assessment.

The first numerical flow model of the Okavango Delta was compiled
within a UNDP/FAO project in the mid-seventies (UNDP/FAO , 1977).
Dincer (1985) further developed this conceptual model in which one cell
was used to represent the entire swamp system. The single cell model was
later refined into a model with up to 10 cells (Dincer et al., 1987). The
flooded area A in m2 for the cell and the water volume V in m3 stored in
the cell are related by the simple function:

V = b · An (2.1)

where b and n are empirical parameters derived from a single 5 km2
experimental area at Beacon Island. This exponential relation of volume to
area was later challenged by McCarthy et al. (1998b) because it is valid only
for small areas that can be approximated by a bowl-shape. In reality the
wetlands consist of a multitude of pools and at the large scale are better
approximated by a linear relation between volume and area. Dincer et al.
(1987) point out changes over time of the spatial flow distribution (which
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they call regimes) and see sedimentation as cause for these changes. Their
model was therefore calibrated independently for different periods, yielding
different model parameter sets to describe different regimes.

Dincer’s model was further modified to a 13-cell model by IUCN (Scudder
and al., 1993) introducing - among others - changes in the relation of volume
to flooded area. Areas of intermittent Aint and perennial Ap swamp for each
cell were determined from ecological zoning maps and the associated depth
range r was defined. The inundated surface A was then derived from the
water depth, d as

A = Ap +
d · (Aint − Ap)

r
(2.2)

A non-linear volume-to-outflow relation based on Manning’s formula,
and a loss component accounting for water losses as the water front reaches
dry areas were also introduced into Dincer’s model. Details are given in
Gieske (1997). Because long term losses to groundwater represent only a
small proportion compared to evapotranspiration, groundwater percolation
was not included in the model. However, Scudder and al. (1993) recognized
the importance of the soil in storing water during initial flooding. Apparent
regime changes, leading to different relations between the inflow at Mo-
hembo, precipitation and outflow of the different subsystems are discussed,
but for model calibration only one regime was considered. Double-mass
analyses of precipitation records of gauges in and around the Delta were
performed and the time series of the rain gauges at stations Shakawe and
Maun (respectively at the inflow and outflow of the Delta), which were used
as model inputs were corrected accordingly.

Gieske (1997) suggested that the regime changes are not due to phys-
ical changes in the channel network and that the precipitation time series
should not be corrected. His explanation invokes the long term memory
effects of the wetland system. Shallow groundwater levels are influenced
by climatic conditions of the last decade, to which short term events (an-
nual precipitation and flow peaks) are then added to result in the yearly
outflow of the wetlands. This explanation is later supported by the results
of statistical analyses from Wolski and Murray-Hudson (2008) pointing out
the differences between hydrological changes which are physically induced
(as is the shift in flood distribution from the Thaoge to the Xudum) and
transient changes due to the non-linearity of the system (as are these regime
changes). Gieske (1997) constructed a four cell hydrological model limited
to the Jao/Boro flow system. The parameters that were time invariant in
the model by Dincer et al. (1987), and had to be adjusted for every regime
period, were replaced by a time variant parameter. This parameter was de-
rived from cumulative rainfall departures (CRD) with a 10 year long-term
memory. The relation between the flood distribution in the different subsys-
tems and antecedent rainfall is still empirical, but is based on the important
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impact of groundwater levels on surface water flow. Without considering
regimes or rainfall corrections, Gieske’s model achieved much better simu-
lation results of the outflows at the downstream end of the subsystem than
the previous models by Dincer et al. (1987) and Scudder and al. (1993).

Based on the 13-cell IUCN model, Water Transfer Consultants (1997)
developed a model to assess to what extend water abstraction in the up-
stream will have an impact on the outflow and the area flooded. The major
change was the inclusion of a memory effect on shallow groundwater. When
a cell is wetted, a loss term is subtracted, amounting to 30 mm per month
since the cell was last flooded. The flooded areas are, as in the IUCN model,
a linear function of the water volume stored in each cell.

The four reservoir models presented above succeed in simulating the
outflow at the end of the Boro channel with different degrees of accuracy.
However, a major shortcoming of all four models is that channel and flood-
plain flow are not simulated separately. Models of the Okavango Wetlands
have always been in demand for their supposed ability to evaluate the impact
of water management policies. One intervention technique is the clearing of
channels from encroaching vegetation. The impact of such a clearing can-
not be simulated properly if channel and floodplain flow are not simulated
separately.

The discharge at the end of the Boro system is undeniably an important
variable. The water supply of the township of Maun depends directly on
this surface water and on the local groundwater fed by the system. But
the ecological value of the wetlands consists of the multitude of different
ecosystems spread over the Delta, and preserved by flooding of different
frequencies, lengths, and water depths. These hydrological variables, their
spatial distribution, and how they are affected by water management poli-
cies definitely require distributed hydrological modelling for meaningful sim-
ulations. The main difficulty for distributed modelling is data availability.
Topography and vegetation maps are now available at a resolution of 30 m.
For meteorological and groundwater records, the data availability is more
restricted. Long term meteorological records are limited to two stations at
the edges of the wetlands, whereas it is recognised that microclimatic effects
may play a significant role in the heart of the wetlands. There exists good in-
formation on surface water levels close to the main channels of the wetlands,
but in the dry season, when the channels have dried up, groundwater level
records are rare. Another difficulty arises from the different scales at which
the hydrological processes occur. Whereas groundwater heads are smoothly
distributed over large distances, the channel network and topography of the
floodplains are sensitive at a much finer scale.

Recognizing the necessity for distributed hydrological modelling, the first
spatially distributed model of the Delta was constructed by Bauer (2004)
at the Swiss Federal Institute of Technology in Zurich (ETH Zurich). This
model is based on MODFLOW software (Harbaugh et al., 2000) of the USGS,
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with special additions. Two model layers represent the aquifer and the sur-
face water respectively, where the surface water comprises overland and
channel flows. A groundwater table rising into the first layer triggers sur-
face water flow. The grid resolution is 1 km by 1 km. The unsaturated zone
is simulated indirectly by a function decoupling groundwater and surface
water, with increasing depth to groundwater. Precipitation and potential
evapotranspiration are combined and multiplied by a factor decreasing with
depth to groundwater. Due to this simplification, a delay between precipita-
tion and groundwater recharge cannot be reproduced. For overland flow it is
argued that given the low flow velocities and shallow water depths compared
to vegetation height, a linear energy loss law relating water level gradients
and discharge is reasonable. Stem density is approximately constant for all
encountered water depths and vegetation friction dominates over bottom
friction. Channels were conceptualized as surface flow cells (of one kilome-
tre resolution), with flow computed by Manning’s equation and scaled with
a factor (channel width / cell width) to account for the size of the channel.
Overland flow in channel cells is neglected. The model simulates the water
years from 1970 to 2006 with one parameter set. The observed flooding pat-
tern is reasonably reproduced after adjusting 4 global parameters. It was
used successfully for the assessment of water management measures (Bauer
et al., 2006a). Bauer’s model is the first sufficiently physically based model
to allow the extrapolation from the present state to a state not formerly
seen, and thus, to simulate future scenarios.

At the Harry Oppenheimer Okavango Research Centre (HOORC), Wol-
ski et al. (2006) developed a hybrid reservoir-GIS model in which flooding
maps are simulated by combining yet another reservoir model with a digi-
tal elevation model and historical flooding maps derived from satellite data.
The reservoir model itself represents an advance over the earlier box models,
as for the first time it explicitly considers groundwater reservoirs. The effect
of previous years of e.g. high rainfall or inflow, resulting in higher ground-
water levels and reduced infiltration in the following year can be simulated,
resulting in a larger simulated flooding extent. Each of the nine surface
reservoirs that the model consists of is linked to five underlying floodplain
groundwater reservoirs, which are recharged by surface water depending on
the flooded area in the surface reservoirs. Each of the floodplain groundwa-
ter reservoirs is linked to an island groundwater reservoir. In this way the
lateral groundwater flow away from the floodplains as described in Wolski
and Murray-Hudson (2006a) is conceptualized. Groundwater flow between
groundwater reservoirs is not possible. The relation of volume to flooded
area is represented by a power law of the same type as in Dincer et al. (1987),
but the coefficients are determined for each surface reservoir from the 28 m
resolution micro-topography generated by Gumbricht et al. (2005). The
reservoir model serves well to simulate outflow in the different subsystems
over high and low flow periods with one set of parameters. Unfortunately,
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groundwater level data are insufficient to verify the simulated volumes stored
in the groundwater reservoirs. From these simulated volumes, flooding pat-
terns are now derived. An empirical relationship between flood volume,
as modelled for each distributary system, and observed flooding patterns in
the same system is considered. Observations of flooding patterns were taken
from NOAA-AVHRR satellite images that were classified by McCarthy et al.
(2003). The period from 1984 to 2000 was chosen for the calibration of the
volume to flooding pattern relationship (Wolski, University of Botswana,
personal communication 2007). Differences in flooding patterns within one
distributary system for floods of the same volume cannot be explained by
the methodology and are treated as random variation. The simulation pe-
riod presented in Wolski and Savenije (2006) ranges from 1990 to 2000 and
is therefore not different from the calibration period. Because the model
is not physically based, the predictive power of the model for new system
states has still to be shown.

DHI Water and Environment (Jacobsen et al., 2005) developed a spa-
tially resolving model within the Okavango Delta Management Plan (ODMP)
(Government of Botswana, 2007) based on the MIKE SHE and MIKE 11
software. The spatial discretisation is also 1 km by 1 km. Channel flow
is simulated by solving the Saint-Venant equations for a one dimensional
river network. Flow cross sections are interpolated between 30 measured
cross-sections of 2 km width, thus including a floodplain zone. Overland
flow over the entire model is calculated with the 2D-Saint-Venant equation.
Surface roughness is derived from vegetation maps. Unsaturated flow to the
groundwater is described by Richards’s equation in one dimension. Evap-
otranspiration from all surface and groundwater components is simulated
by a soil-vegetation-atmosphere transfer model (MIKE SHE SVAT) by cal-
culating heat fluxes. The complex SVAT model requires many distributed
vegetation and meteorological inputs, some of which are derived from re-
motely sensed data. For example, leaf area index and albedo were derived
from MODIS imagery available every 10 days.

The calibration was targeted at the correct simulation of flooded areas
as observed from NOAA-AVHRR data (McCarthy et al., 2003). Because of
the long computational time needed to run the model (11 hours to simulate
one year on a standard PC) only a manual calibration was performed. The
calibrated model performs very well in reproducing the flooded areas of the
flood in 2000. However, it must be noted that the calibration and validation
period of 1.5 years is very short and does not guarantee model performance
in reproducing long term changes. Also, the flood in 2000 was very large due
to heavier than usual local rainfall, a situation occurring only once in many
years. While the flooded areas are reproduced by the model, no correlation
is achieved between simulated and observed flows.

As an extension to the DHI model, two detailed hydrological models with
a 250 m resolution were derived for two branching zones (Scanagri , 2006a).
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Boundary conditions were set as time varying fixed heads extracted from
the large scale model. Simulations were carried out to identify the impacts
of channel clearing (by reducing flow resistance) and water abstractions on
flow and flooding. The detailed models did not perform much better in
simulating discharges than the main model. The results concerning channel
clearance scenarios are thus questionable. However, an interesting finding is
that the impact on water levels is significant (with changes of water levels
up to 1 m) only on a very local scale while changes propagating over tens
of kilometres are much smaller (on the order of 0.1 m). The simulation of
groundwater abstractions from the Delta combined with the effect of possible
upstream dams result in a rather homogeneous decline of water levels.

The model that has been developed and used in the present thesis is a
further development of the ETH Zurich model by Bauer (2004). The main
changes in regards to the first version are summarised in Section 3.5.

Modelling an area as large as the Okavango Wetlands requires evidently
a number of assumptions and simplifications. The three latest models, devel-
oped respectively at HOORC, DHI, and ETH follow different strategies for
that purpose. As a result, the models perform best for different applications
and are complementary.

The HOORC model, which links water volumes to observed flooding
patterns, is the most precise model in simulating flooding patterns given
small changes in meteorology and inflow. Also, it is the best suited model
to investigate small scale spatial changes as for instance the flooding of spe-
cific small lagoons. It is however limited to states which have previously
occurred and cannot simulate the impact of changes in the topography, veg-
etation or channel characteristics. The DHI model is simulating processes
of the unsaturated zone the most realistically. This detailed simulation of
the soil-atmosphere linkage requires a fine discretisation and leads to long
computational times. Flow routing is also handled in great detail with a
large number of cross-sections reproducing the shape of the channels and
adjacent floodplains as far as they are known. Only short time periods can
be simulated given the detailed level of modelling and therefore problems
arise in the calibration of the model. The strategy is certainly promising
for models of sub-areas of the Okavango Wetlands. The ETH model, like
the DHI model, simulates flooding patterns on a purely physical basis. It
can therefore be used to simulate new system states as for instance condi-
tions drier or wetter than ever observed, a changed topography or changed
channel characteristics. The required computation times are considerably
shorter than for the DHI model owing mainly to simplifications in the evap-
otranspiration modelling and in the flow routing through channels. Long
time series can thus be simulated, the price being less precision at the local
scale. The model has been developed with a focus on the overall water dis-
tribution over the wetland rather than on changes in, for instance, a specific
lagoon.
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2.3 Application of existing models

The three most recent distributed hydrological models have all been used
to study anthropogenic impacts on the extent and distribution of flooding
in the Okavango Delta. Induced changes can be summarized into four main
categories:

1. Reduction of inflow to the Delta by upstream water abstractions for
irrigation, industrial, and household water supply.

2. Redistribution of flows inside the Delta area by channel dredging and
clearing.

3. Changes in inflow to the Delta with respect to quantity and quality
by landuse changes in the Angolan catchment area.

4. Hydrological changes due to global warming.

The first two induced changes differ from the other two as they do not involve
direct modifications of the catchment area. In order to evaluate their impact,
it is therefore sufficient to simulate the hydrology of the Okavango Delta with
altered inflows. The two other induced changes necessitate a model of the
whole catchment because of the altered relation between precipitation and
runoff and the changes in precipitation and temperature respectively.

Impacts of scenarios which can be simulated locally without a basin
model, of the categories 1 and 2 defined above, were already analysed by
means of the ETH Zurich model (Bauer , 2004; Bauer et al., 2006a). Diverse
scenarios of surface water and groundwater abstractions were simulated and
it was found that the influence of domestic abstractions is negligible even
when considering water needs for the entire basin and population growth
as projected for 2025. Estimated possible abstractions of 5,000,000 m3/day
for irrigated agriculture are by one order of magnitude larger than domestic
water needs. Abstractions of this magnitude are found to have a significant
impact on the flooded area, especially in peripheral areas. The decrease
in the flooded area is over-proportional to the decrease in inflow. In the
simulated 20 year time series, the main impact was on the frequency of
occurrence of flood events with small flooded areas. The flooded areas of
less than 3000 km2 increased eight-fold. This means an increase of areas
which are flooded less frequently and thus prone to a shift of vegetation
from pure grassland to bushland. For a dam as it was proposed but never
realized for the site of Popa Falls, with a reservoir volume of 107 m3, virtually
no influence on the flooding of the Delta was found. But larger hypothetical
dams in Angola led to a damping of the strongly seasonal inflow and spatial
changes of the flooded area. Upstream seasonal swamps were decreased in
size whereas downstream seasonal swamps were increased. This occurred
because the lower inflow peaks led to less flooding in the upper Delta, and
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the higher baseflow caused by dam releases led to larger transfers of water
to the lower Delta. However, the impact of dams is less than the impact
of projected agricultural abstractions. Dredging of a specific channel - the
Nqoga - is found to impact not only downstream regions of that channel,
but to influence the water distribution at the scale of the entire wetlands
through backwater effects.

In 2003 a hydrological model for the catchment, the adapted Pitman
precipitation-runoff model as presented in the section the upstream catch-
ment area was developed. The outflow of the catchment at Mohembo simu-
lated with this model under various climate change and landuse scenarios has
been used as input to all three distributed models. The approaches chosen
for the three models are similar. Model outputs under present conditions are
compared to model outputs under changed but stationary conditions derived
from local, regional or global development scenarios (e.g. dredging, water
abstractions, or climate change respectively). The impacts of the different
induced changes are simulated separately in order to assess the individual
impacts. Of course the simulation of combined effects is equally feasible
and is carried out to a certain extent but is less instructive given model and
scenario uncertainties.

The ODMP Integrated Hydrologic Model developed by DHI has been ap-
plied for scenarios corresponding to hypothetical conditions in 2025 (Scana-
gri , 2006b), based on climate change and development predictions. Modified
input time series are created according to the scenarios and starting with
past sequences of relatively wet years and of relatively dry years separately.
As in Bauer (2004), possible future dams in Angola were not found to have a
major impact on hydrologic conditions in the Delta. The impact of projected
irrigation (a yearly abstraction of about 700 Mm3 with most abstractions
between June and October, corresponding to about 7 % of the yearly river
flow) was found to be significant and has the potential to decrease the area
of the permanent swamp by 40 % for dry years and by 20 % for average
years. A similar figure has been proposed by Bauer et al. (2006a) with a
20 % decrease of the permanent swamp for the same decrease in inflow,
but homogenously spread over the year. Similar to earlier work, the model
shows that local abstractions of surface water and groundwater in the Delta
region have only minimal consequences. The impact of climate change was
found by far the most significant. Projected scenarios assume a warming
of 2.2 ◦C, a 9 % decrease of precipitation, and a 38 % reduction of inflow.
Assuming these climate changes, the model predicted a decrease of the per-
manent swamp area by 68 %. The clearing of blockages in the Maunachira
and Santantadibe channels was simulated by decreasing the flow resistance
parameters for the associated model reaches. The observed impact was a
local shift of flooded areas towards the downstream direction, as well as a
doubling of the outflow from the wetlands. Deforestation in the catchment
is the only induced change which increases the water availability in the Oka-
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vango Delta. Its impact on the permanent swamp area can be an increase
of around 10 % in dry as well as normal years. Besides the impact on mini-
mum and maximum areas, the impact on classes with intermediate flooding
frequency is also shown. This is important because many of the ecosystem
types of the wetlands rely on a certain frequency of flooding.

The hybrid reservoir-GIS model by Wolski et al. (2006) was applied by
Murray-Hudson et al. (2006) to study the impact of climate change and
development scenarios in the catchment area. The strategy is similar to
the one adopted for the DHI model. Seven functional classes ranging from
permanent floodplain to dryland were defined based on inundation frequency
and related to vegetation communities. Development scenarios consisting of
different degrees of water abstractions, damming and deforestation in the
catchment were considered. The impact of climate change was evaluated
in more detail with data from three general circulation models (HadCM3,
CCC and GLFD) for two greenhouse gas emission scenarios (A2 and B2)
and for the periods from 2020 to 2050 and from 2050 to 2080. Also, the
differences in climate change for the catchment area and the Delta area
were considered separately for each of the scenarios because they differed in
tendency and amount. Baseline time series of wet and dry sequences of years
were used to generate the modified inputs. From the model outputs, the size
and distribution of the functional classes were extracted and compared to
the baseline model run. The impact of water abstractions was found to
be significant for high abstraction rates only. This is consistent with the
results of the ETH Zurich and DHI models. The lower water availability
resulted in a shifting of the functional classes. The permanent floodplain
diminished in size, the dryland area increased whereas intermediate classes
were barely affected. Deforestation led to the opposite effect: a shifting of
classes by an increase of the permanent swamp. The damped flow resulting
from damming was also found to impact the flooding of the wetlands: the
permanent swamp area increased in the dry period and diminished in the
wet period. The natural variability is thus reduced by dams and strong
repercussions on ecosystems are to be expected. The wide range of projected
conditions in the climate change scenarios led to possible changes ranging
from drier to wetter conditions in the Delta. Hardly any firm conclusion was
possible given the discrepancy of projected climate conditions. The impact
of climatic uncertainty is much stronger than the impact of development in
the catchment.



Chapter 3

General Model Setup

3.1 Model type and concept

The purpose of the model developed in the present work is to simulate flood-
ing patterns in the Okavango Delta given current or altered inputs of pre-
cipitation, temperature, and river inflow. The distributed approach that is
chosen allows treating individual mechanisms separately. In particular rain-
fall, evapotranspiration, and river inflow to a certain area are not summed
up and handled as a single input as is done in the case of conceptual box
models. The water exchange with the atmosphere is a distributed input.
The exchange between river flow and groundwater or overland flow takes
place only in those cells that are in contact with active channels.

For many applications a conceptual approach may be sufficient (e.g. to
reproduce current state dynamics). However if the goal is to simulate states
(combinations of temperature, precipitation and inflow) that have not oc-
curred in the past, a distributed model represents a more meaningful ap-
proach. Inundation patterns resulting from new states of the system cannot
be captured by empirical relations based on data from the past.

The model has been developed to quantitatively evaluate the impact of
new water management scenarios (including dams, abstractions, dredging of
channels inside the wetlands) and climate change on the flooding patterns.
The new states resulting from those changes will only rarely correspond to
states that have already been observed in the past. Therefore a distributed
and physically based approach is necessary. In terms of modelling, the size
of the Okavango Delta confronts us with problems of data availability and
computational power requiring the following model simplifications:

1. The water storage of the unsaturated zone is neglected.

2. The micro-topography cannot be considered explicitly by reducing the
cell size, but its effect on most parameters can be approximated by
water level dependent functions.

41
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3. Soil and aquifer parameters are assumed spatially constant.

4. A relatively coarse resolution is chosen.

By focusing the model on a specific question (How will the flooding
patterns be affected by water management and climate change?) we can
incorporate model simplifications that would not be possible if the model was
expected to reproduce all mechanisms of a complex environment accurately.
These simplifications are discussed in detail throughout the next sections.
Despite its simplified nature, the model succeeds in simulating heterogeneous
flooding patterns which are close to the observed ones.

The model is based on the software MODFLOW 2000 (Harbaugh et al.,
2000). It consists of two layers with 87,697 active cells each. The horizontal
cell size is 1 km by 1 km. The lower layer represents the Kalahari Aquifer
while the upper layer represents overland flow in the swamp. Darcy’s law is
applied to simulate flow in both of these layers. In addition to the overland
flow which is governed by the topography, all major channels are included
explicitly as 1D objects. The stream-flow routing package SFR2 (Niswonger
and Prudic, 2005) is used to simulate discharges and water depths by ap-
plying Manning’s equation for rectangular cross sections. The main effect of
the unsaturated zone in the Okavango Delta is to decouple the atmosphere
from the groundwater. It is accounted for by a reduction coefficient govern-
ing groundwater recharge and evapotranspiration dependent on the depth
of the water table (Section 3.4).

Input data are available from 1970 until present. Time discretisation
consists of 440 monthly periods of 100 time steps each. On a standard PC
(Intel Pentium 4, 2.6 GHZ) the CPU time for running the model over the
440 months is approximately 30 hours.

3.2 Model geometry

Topography

Topography is the key parameter driving overland flow. At the same time
it is the most sensitive parameter in the model. Very low gradients (0.3 0/00
on average) require high accuracy in the elevations to allow an appropri-
ate routing of the overland flow. The Shuttle Radar Topographic Mission
(SRTM) dataset is of insufficient accuracy for modelling applications in the
Okavango Delta. Gumbricht et al. (2005) took advantage of the special
topography of the Okavango Delta to construct a micro-topographic map
of 28 m resolution. The Okavango Delta consists of a very regular fan on
which a micro-topography of islands, lagoons and channels with a maximum
amplitude of around 3 m is superimposed. These low fluctuations, in com-
bination with the seasonal flooding, result in a strong correlation between
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Figure 3.1: Thickness of the Kalahari Aquifer as estimated from an airborne
magnetic survey.

vegetation species and the elevation relative to the regular fan. The au-
thors translated a vegetation community map derived from Landsat images
(McCarthy et al., 2005) into relative elevations that were then added to a
topographic basemap of the regular fan established from ground GPS mea-
surements. The coarse model resolution of 1 km has been selected despite
the available 28 m resolution micro-topographic map because of computa-
tion power limitations. For each model cell the elevation can be computed
simply as the arithmetic mean of all micro-topographic elevations in that cell
or, if the sub-grid topographic information is used as described in Section
4, as the minimum of all micro-topographic elevations in that cell.

Aquifer thickness

The aquifer thickness is implemented as spatially variable. A study based
on aero-magnetic data revealed strong discontinuities especially along the
tectonic faults of the graben system (Kgotlhang et al., in preparation: Aero-
geophysical remote sensing to generate input data for a distributed hydro-
logical model of the Okavango Delta, Botswana). The thickness is found to
vary from 30 m up to 450 m (Figure 3.1).

Channel geometry

Channel positions and widths are manually picked from aerial photographs
with a resolution of 1 m (Figure 3.2). At such a fine resolution, all channels
contributing to fast water transfer from the main river to more distal areas
are clearly visible. Channel widths vary between approximately 10 m and
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100 m. The stream-flow routing component of the model is thus active at
a much finer resolution than the 1 km grid for overland and groundwater
flow. The picked data points are separated into reaches where each reach is
composed of all picked points falling into one model cell. The thus defined
reach is associated to the corresponding cell and its bed elevation is set equal
to the elevation of the cell plus or minus a definable elevation difference.
Sinks in the channel thalwegs are filled. The slope, Si of each reach i is
calculated as:

Si =
hi − hi−1

(Li−1/2) + Li + (Li+1/2)
(3.1)

where h is the reach elevation, L the reach length, i−1 indicates the upstream
reach and i + 1 the downstream reach.

River branches of the wetlands display a large heterogeneity of channel
width and roughness even over short distances. In terms of water transfer
to a distal point this heterogeneity averages out. Therefore, longitudinally
constant or linearly changing effective parameters for each channel still route
stream-flow properly.
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Figure 3.2: a) The network of 42 channels included in the model totalling 2466
km. b) Example aerial photograph with channel, floodplains, lagoons, and vegetation
fringed islands (appearing in white).

Many of the channels shown in Figure 3.2 have not been active for sev-
eral decades. These dry channels are still included in the model to allow the
simulation of hydrological conditions different from today’s. There are how-
ever two limitations when modelling the long term drying and re-wetting of
channels with MODFLOW. When channels stay dry for several years their
beds tend to get vegetated, which changes the hydraulic roughness. This
temporal change cannot be simulated. The second limitation is that the
position of channels must be predefined. Simulating the formation of new
channels is not possible.
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Drains

Drains are included as boundary conditions on 532 of the model margin
cells. They simulate a regional groundwater flow out of the model area.
Their elevation has been set 20 m below topography, representing the ex-
pected extinction depth for evapotranspiration. Drains are located where
channels point towards model margins indicating groundwater flow in these
directions. No channel flow leaves the model area. Drains have been placed
southeast of Lake Ngami, at the southeastern model boundary perpendic-
ular to the Boteti, east of the Khwai system along the Mababe depression,
and east of the Selinda Spillway along the Linyati swamp.

3.3 Hydrogeological parameters

Hydrogeological parameters have been set according to a priori knowledge
from various field measurements and a preliminary manual calibration.

Hydraulic conductivity of the Kalahari Aquifer: The Kalahari sediments
consist of windblown sand redistributed by fluvial processes in the area of
the Okavango Delta. Layers of siliceous and calcareous precipitates lead to
changes in hydraulic conductivity. Precise information on the positions of
these less permeable layers is not available, but the layers are believed to be
discontinuous at larger scales. In default of knowledge about the locations
of the discontinuous layers, a spatially constant hydraulic conductivity value
constitutes a reasonable approach for modelling. From pumping tests, the
hydraulic conductivity of the Kalahari Aquifer is known to be on the order
of 10−4 m/s (Obakeng and Gieske, 1997 in Ramberg et al., 2006b).

Hydraulic conductivity in the swamp layer: Flow in the overland flow
layer in principle obeys the diffusive wave approximation of the two dimen-
sional Saint-Venant equation (e.g. Bolster and Saiers, 2002):
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Where h is the elevation of the free water surface in m, n is Manning’s
coefficient, d is the water depth in m, t the time in s, x and y the distances
in m, α and β are empirical parameters, and s+ and s− source and sink
terms which in our case are inflow from rivers and evapotranspiration. α
is related to the turbulence of the flow and β takes into account vegetation
density changes with flow depth. But, as vegetation friction dominates over
bottom friction and as there is no variation in the stem density with flow
depth (flow occurs mainly below the canopy) β is set to zero. With overland
flow velocities on the order of few cm/s, α is set to one. The equation thus
simplifies to the standard Darcy law:

∂h

∂t
=

∂

∂x

[

d

n

(

∂h

∂x

)]

+
∂

∂y

[

d

n

(

∂h

∂y

)]

+ s+ − s− (3.3)



46 CHAPTER 3. GENERAL MODEL SETUP

where 1/n expresses the hydraulic conductivity. A value as high as 40 m/s
has been determined for this very sensitive model parameter by manual
calibration. In Section 4 this parameter is then turned into a water level
dependent parameter because of changing flow paths through a cell with
changing water levels.

The specific yield of the Kalahari Aquifer is about 0.05. In the overland
flow layer specific yield is significantly smaller than 1 because of sub-grid
topography effects (Bauer et al., 2006a). The estimated value of 0.5 is
confirmed by sensitivity tests.

The upper and lower layers are linked through a leakage factor which
is not dependent on heads. With a value of 3 · 10−7 s−1 it is smaller than
the hydraulic conductivity of the lower layer divided by the average dis-
tance between the two layers. Thus it causes water to spread through the
floodplains before infiltrating. An airborne electromagnetic (AEM) survey
completed in January 2008 has mapped the electric conductivity of the sur-
face and deeper layers over the entire Delta area. Zones with low exchange
between surface and groundwater result in a high content of total dissolved
salts through evapo-concentration whereas zones with high infiltration rates
have lower values of total dissolved salts. The survey results can potentially
be exploited to produce a map of relative changes in the leakage parameter,
thus making it spatially variable.

Channel flow obeys Manning’s equation, which under the assumption of
a wide rectangular channel can be simplified to:

Q =
1

n
· w · y5/3 · S1/2

0 (3.4)

where Q is the discharge in m3/s, n the dimensionless Manning’s roughness
coefficient, w the channel width in m, y the channel depth in m, and S0 the
dimensionless slope of the channel bed. A value of 0.03 is chosen for n. Q
and y are simulated by the model. Channels are connected via Darcy flow
through the channel beds to the overland flow layer, if this layer is wetted,
and directly to the lower aquifer, if the upper layer is dry. Channel beds
have a hydraulic conductivity of 5 · 10−5 m/s and a thickness of 0.5 m.

3.4 Temporally varying inputs

The only driving inputs of the model are the discharge of the Okavango River
at its inflow to the wetlands, precipitation, and potential evapotranspiration.
The latter two are combined into a net water exchange with the atmosphere
as formulated by Bauer et al. (2006a).

Inflow has been recorded daily since 1930 through propeller measure-
ments.

Precipitation between 1970 and 1995 is taken from 3 ground stations at
the fringes of the wetlands. Starting in 1995, the Famine Early Warning
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System (FEWS) provides precipitation maps with 8 km resolution based
on Meteosat infrared data, ground station data, and microwave satellite
observations. These maps are used as a distributed model input.

Net water exchange with the atmosphere

The calculation of actual evapotranspiration over a flooded area ETmax and
finally of the actual net water exchange with the atmosphere, NWEact con-
sists of several steps illustrated in Figure 3.3. First the potential evapotran-
spiration ETpot, is calculated with Hargreaves’ equation (Hargreaves and
Samani , 1982) using average minimum and maximum temperatures from
four meteorological stations in the Okavango Delta area:

ETpot = 0.0075 · T · KT · RTOA · ∆T 0.5 (3.5)

T is the mean daily temperature in ◦F, KT a coefficient for temperature
which can be set to 0.125 for dry climates, ∆T the difference between daily
minimum and maximum temperature in ◦F, and RTOA the extraterrestrial
radiation in equivalent water evaporation in the same units as ETpot. ETpot
is thus spatially constant but temporally variable. The conversion from ◦C
to ◦F is: [◦F] = [◦C] · 9/5+32.

Actual evapotranspiration has been calculated from 98 NOAA-AVHRR
images from the period 1990-2000 (Figure 2.1) using the simplified surface
energy balance index, S-SEBI (Roerink et al., 2000). Now, a combined crop
and salinity coefficient, Ktot = ETact/ETpot is derived by comparing ETpot

from Hargreaves’ equation with actual evapotranspiration, ETact derived
from AVHRR data for cloud free days. For pixels known to be flooded Ktot

was not found to vary with seasons but to randomly fluctuate around the
mean value of 0.8 (Bauer et al., 2006a). The actual maximum evapotranspi-
ration, ETmax, applied for flooded areas is calculated by multiplying ETpot

with Ktot.
The limitation of this approach is that changes in hydrology as sim-

ulated by the model will induce changes in salinity and vegetation which
will in turn affect the reduction coefficient. This biological feedback is not
contained in the model yet. If due to e.g. climate change the vegetation
types of the Okavango Delta were to undergo significant changes, the non-
adaptive reduction coefficient would generate model inaccuracy. However,
under the reasonable assumption that the size of the wetlands may change
but that vegetation characteristics stay unchanged (same type of vegetation
and salinity in the wetlands and drylands respectively), the assumption still
holds.

Precipitation P and ETmax are now combined to a maximal net water
exchange with the atmosphere, NWEmax:

NWEmax = ETmax − P (3.6)
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Figure 3.3: Schematic illustration of the computation of net water exchange be-
tween atmosphere and groundwater.

Approximation of the unsaturated zone

The main effect of the unsaturated zone in the Okavango Delta is a progres-
sive decoupling of atmosphere and groundwater with falling groundwater
levels. It is simulated by reducing the difference between precipitation and
actual evapotranspiration from flooded areas (NWEmax) according to the
depth to groundwater. The storage of water in the unsaturated zone is
neglected.

The actual net water exchange, NWEact is simulated in the model using
an exponential decay of NWE with depth to groundwater:

NWEact = NWEmax · e−(T−h)/λ (3.7)

Where λ is the decay length in m corresponding to the depth to ground-
water at which NWE has decayed by the factor 1/e. T is the topographic
elevation, and h the hydraulic head. λ is set equal to 2 m, corresponding
to an extinction of NWE to 1 % of the initial value NWEmax at 9.2 m
depth. A negative value of NWE indicates that recharge is occurring in
the particular cell and stress period. In conditions with hydraulic heads far
below the topography, precipitation is intercepted in the unsaturated zone
and lost again by evapotranspiration without feeding the groundwater.

This simplistic steady state unsaturated zone approach is only justified
in the case of small field capacities of the soil and sediment. The monthly
time step ensures that fluxes are much larger than the variation in storage
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in the unsaturated zone, justifying the quasi steady-state approach.

3.5 Improvements from previous model version

There are four main conceptual changes in the model compared to the ver-
sion by Bauer (2004). The first change is related to channels. In the previ-
ous model version channels were simulated by means of cells with increased
hydraulic conductivity, whereas in the present version channel flow is sim-
ulated with proper flow routing according to Manning’s equation. This has
the advantage that real flow velocities are simulated, which can be used as
input for sediment transport simulations. Also, to be able to use the model
for solute transport simulations, such a separation of fast and slow flows is
required.

The second change applies to the overland flow. Several parameters
which had constant values in the first model version are now water level
dependent according to empirically derived parametric functions.

Third, the aquifer thickness is no longer assumed to be constant but
varies in thickness.

The fourth change is related to the wetting procedure. A wetting thresh-
old defined as the minimum elevation difference between the head in a wet
cell and the lower topography in a dry cell to release water into the dry
cell was previously set according to prior knowledge on flooding in the first
model version. The threshold was set to very high values in areas where
flooding had not been observed (Figure 3.4). The simulation of flooding
was thus confined to regions where flooding had been observed. Probably,
the spreading of the flood was only impounded marginally for runs with
present climate conditions. For simulations of new climate conditions and
changed topographies, it is however important to make the threshold inde-
pendent from flooding observations. Also, Lake Ngami which was cut off in
the first model version is included in the new version.

3.6 Pre- and post-processing of MODFLOW data

Pre-processing

The MODFLOW software operates with a series of input files which define
the general model setup and solver options to which additional files for
every used package are added. These files can be very long in the case of
a large model with distributed, time varying inputs and a large number of
simulation periods. Commercial pre-processors like Visual MODFLOW or
PMWIN were not suited for this study because they are not flexible enough
in automatically importing time-varying, distributed data and because they
cannot be used to generate input files differing from the standard format.
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Figure 3.4: a) Distribution of the wetting threshold in model version 1. b) Simu-
lated inundation frequency in model version 1 (after Bauer, 2004).

Modified input files were however necessary to provide all the inputs required
by the modified MODFLOW codes. Most of the input files were therefore
generated by means of Matlab scripts. The main benefits of those scripts
are briefly described in the following. The codes are available upon request
from the author.

The SFR2 (stream flow routing) input file is generated by combining
channel positions as picked from aerial photographs and the topography.
Channel elevations are then further processed as discussed in Section 4.5.
The picked channel positions are allocated to model cells and combined to
reaches for which the length, elevation, and slope are calculated.

In order to generate the EVT (evapotranspiration) input file, the main
step is to subtract precipitation from potential evapotranspiration. The in-
put is then a potential net water exchange with the atmosphere as described
in Section 3.4. For the time periods where available, distributed precipita-
tion data can be used.

Post-processing and visualisation

The MODFLOW output files contain hydraulic heads for the groundwater
and swamp cells. Because of the long simulation periods the output must be
written in binary form to be stored with reasonable disk space. To further
reduce the necessary memory, the heads are read into Matlab and stored as
integers with a scale and offset transformation so as not to lose elevation
accuracy. The head data is further processed into inundation patterns, inun-
dation extent, and water depth. For each wetted cell the fraction of the cell
which is actually inundated is calculated (see Section 4.2). The temporal
mean of the inundation state, the flooding frequency, is calculated.

For the channel flow the main MODFLOW output consists of water
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levels and flow velocities. Similarly to the head data, these are stored in
Matlab to ensure fast access and allow for a convenient comparison with
measured data.



Chapter 4

Consideration of the

Micro-Topography

The high resolution (28.5 m) of the micro-topographic map produced by
Gumbricht et al. (2005) provides valuable information for hydrological mod-
elling. Using only lower resolution data, in which elevation information is
averaged over larger pixels, changes the simulated flow patterns of the sur-
face water. The paths in-between small islands where significant flows may
occur in a concentrated manner are blocked by averaging the topography
to larger pixels (Figure 4.1). This phenomenon occurs in the main branch-
ing area of the wetlands where formerly, the Okavango was flowing into
the Thaoge. At present conditions, the uppermost section of the Thaoge
is completely blocked and the lower still active sections are fed by infiltra-
tion through papyrus dominated swamps. The discharge of the Okavango
diminishes in downstream direction without any well defined distributary
branching off. The Okavango flows eastwards at that location, meander-
ing through a belt of channels. An up-scaling of the topographic map would
turn this permeable belt into an impervious obstruction to channel and over-
land flow. The location is very important for modelling as it is here that
the major part of the flows that will feed the western wetlands around the
Thaoge are leaving the Okavango channel by seepage through the confining
vegetation and flow south. More water is redirected southwards if the flow
of the Okavango is artificially obstructed.

The model resolution of 1 km by 1 km is relatively coarse given the much
smaller scale of channels and lagoons through which water is conveyed. Even
with an existing micro-topographic dataset of 28.5 m by 28.5 m resolution a
smaller model resolution cannot be adopted because of computational time
limitations. The simulation time for a 30 year period is already approxi-
mately 24 hours on a standard PC (Intel Pentium 4, 2.6 GHZ) with the low
resolution. However, information at the sub-grid scale on various model in-
puts can be extracted from the micro-topographic dataset and parametrised

52
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Figure 4.1: Topography of a 4 km by 4 km area in the permanent wetlands (centre
coordinates: 22.34◦E, 18.81◦S) with resolutions ranging from the original 28.5 m
of the micro-topographic dataset (a) over 115 m (b) and 400 m (c) to the 1 km
model resolution (d). Downscaled elevations are computed as the median of the
high resolution data. For this example area, natural flow paths are obstructed with
sinks using the intermediate resolution of 400 m. At 1 km resolution, these sinks
are smoothed out.
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to be accounted for in the model without increasing the resolution. Basic
parameters extracted from the around 1200 elevation points falling into each
model cell are: mean-, median-, minimum- and maximum elevation as well
as the standard deviation. More elaborate parameters are the percolation
thresholds in x- and y-direction, the variation of the specific yield with water
levels, and the variation of the hydraulic conductivity with water levels in
x- and y-directions. How those parameters are determined and used in the
model is discussed in the next sections.

4.1 Surface layer bottom elevation

For each model cell the bottom of the surface layer is set to the elevation
of the lowest elevation point falling within that cell. The two parameters,
specific yield and hydraulic conductivity, will be set constant for water levels
below this point because only the aquifer is wetted in that case, but held
variable for water levels above this point because at least a fraction of the
surface layer in that cell is then wetted. Therefore the mean- or median
elevation cannot be used as limit between the groundwater and surface-
water layers.

The minimal hydraulic head at which a cell of the surface layer is wet
corresponds to a situation where isolated water patches are likely to appear
in that one square kilometre. The entire square kilometre is not flooded. An
approximation of the total inundated area can be gained by setting a thresh-
old on the hydraulic head equal to the median of all elevation points. When
the median is reached, 50 % of the elevation points are below the hydraulic
head and half the cell is flooded. When displaying cells with hydraulic heads
above the median elevation as wet and other cells as dry, the modelled shape
of the wetlands is however likely to be contracted. This is because in distal
wetted areas the flooded percentage in each square kilometre is very often
smaller than 50 %. In order to precisely assess the total inundated area the
micro-topography must be re-introduced in the analysis. For selected time
steps of the simulated hydraulic heads, the percentage of elevation points
falling below the water level can be calculated for each cell.

It is to note that using the median elevation or calculating precise per-
centages does not change the model calculation but only the visualisation
and interpretation of the results. This is therefore an important point to
consider during model calibration.

4.2 Water level dependent specific yield

The roughness of the wetland surface causes the specific yield of the surface
layer to be dependent on water depth. When a rising groundwater level
reaches the surface it first results in the inundation of isolated patches, thus
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the specific yield on the scale of the entire cell is still small. Only at high
water levels the entire cell is flooded and the specific yield is equal to 1.0. A
possible way to deal with this head dependency without changing the MOD-
FLOW 2000 code would be to separate the top layer into many layers with
specific yield derived from the micro-topography. But it is computationally
more efficient to keep only one layer and to make the specific yield height
dependent. The height dependence is calculated from the micro-topographic
map. The variability that exists at scales smaller than the 28.5 m resolution
is neglected in this approach. The specific yield varies between the specific
yield of the lower layer (0.15 for Kalahari Sand) for the lowest water level
where the cell has just been wetted, and 1.0 for a water level so high that
it exceeds all elevation points. In-between these two fixed end points the
specific yield can be described in different ways:

- The relation can be expressed by several points, in-between which the
value is then interpolated.

- A parametric function can be fitted to the observed dependency. The
error-function is particularly suited.

While being more precise, the first computation is time consuming because
it involves conditional elements (If-statements). The second method does
not need conditional elements and ensures a stepless approximation of the
specific yield, which is an advantage in terms of model stability. The specific
yield is expressed as:

Pair = [erf (α · (h − T )) + 1] /2 (4.1)

Sy,1 = Pair + (1 − Pair) · Sy,2 (4.2)

Where Pair is the percentage of the cell area being above ground for the given
water level h, Sy,1 and Sy,2 the specific yields in the top and bottom layer
respectively, and T the median of all elevation points and α a coefficient
that is fitted for every cell. The value of α defines the steepness of the
curve as demonstrated in Figure 4.2. Using the median and not the mean
of the elevation points ensures that all possible curves always pass the same
central point. When the water level is equal to the median elevation, half
of the elevation points are flooded (abscissa = 0 in Figure 4.2c). For that
situation, the effective specific yield of the cell is the mean of the specific
yields of air (1.0) and soil (0.15 for Kalahari Sand). The combined specific
yield of the top layer is thus 0.575 in that case.

The method assumes symmetry of the curve for water levels below and
above the median elevation. By comparison with the topographic data it
can be said that this limitation is unproblematic. In virtually all cases
the topographic distribution shows such symmetry. For cases where all
elevations points of one model cell are identical the fit cannot be performed.
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within two selected model cells. c) Determined variability of the specific yield
(points) and fitted functions (lines). d) Spatial distribution of the fitted parame-
ter α.
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Alpha is then set automatically to 20, which corresponds to a change of the
specific yield from the minimum value 0.15 to the maximum value 1.0 over
a range of 20 cm water depth.

In the model, the variable specific yield is implemented in an explicit
manner. Before the iterations of each time step the specific yield is recalcu-
lated by using the water levels of the preceding time step. This is reasonable
because variations of the water levels at the front of the advancing flood do
not exceed a few centimetres per day and the length of a time step is 8
hours. Variations of the water levels of 1 cm or less per time step result
in very small changes of the specific yield (e.g. a change of 0.04 in specific
yield for 1 cm water level change at the median elevation and α = 7).

4.3 Water level dependent hydraulic conductivity

Similarly to the specific yield, the hydraulic conductivity of the surface layer
is dependent on water levels. Previously it was assumed constant; the only
condition was that a certain percolation water depth had to be reached to
let a cell become conductive at all. In the following, the variation of the
conductivity due to changing flow paths for different water levels resulting
from the roughness of the micro-topography are analysed. It is however
still assumed that the hydraulic conductivity does not change if changes in
vegetation roughness with flow depth occur. Two constant conductivities,
one for the aquifer and one for the overland flow, are assumed and simply the
combination of those, given micro-topography and water levels, is evaluated.

The total cell hydraulic conductivity for a given water level cannot be
calculated analytically. Numerical models of all cells were formulated auto-
matically according to the following scheme:

1. The approximately 1200 elevation points within a cell are the interface
between a lower and an upper layer.

2. The lower layer has a constant thickness as derived by aero-magnetic
data (see Section 3.2) and a hydraulic conductivity of 10−4 m/s.

3. The upper layer has a hydraulic conductivity of 40 m/s.

4. Ten water levels are selected ranging from the minimum elevation to
0.5 m above the maximum elevation. Around the percolation threshold
the selected water levels are more closely spaced.

4.1 Fixed hydraulic heads in additional columns west and east, and
in a later model evaluation additional rows on north and south of
the cell are defined. The hydraulic heads are set 0.05 m lower and
higher than the water level respectively, creating a characteristic
gradient for the Okavango Wetlands.
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4.1.1 The model is run in steady state.

4.1.2 From the water balance in the fixed head cells the flow through
the model is calculated and given the gradient, the effective
hydraulic conductivity is retrieved.

The number of model evaluations necessary for the whole domain is the
product of 262 by 232 cells covered by the micro-topography dataset with
10 water levels and 2 directions: in total 1.2 Mio. A parametric function
is then fitted to the simulated hydraulic conductivities with the following
methodology. The total hydraulic conductivity of the surface layer (includ-
ing overland flow and flow through the soil) is a combination of the hy-
draulic conductivity of the soil and the hydraulic conductivity for overland
flow. The two extreme cases are water levels where no overland flow occurs
- the total hydraulic conductivity is then the one of the soil - and water
levels high enough so that flow through the soil and topographic roughness
become negligible compared to the overland flow - the total hydraulic con-
ductivity is then the one of the overland flow. The hydraulic conductivity
of the soil is constant but the hydraulic conductivity of the overland flow
increases with water depth because the impeding effect of the topographic
roughness diminishes with larger water depths (increased hydraulic radius).
This increase is formulated with a parametrised and scaled arc-tangent func-
tion ranging from 0.0 to 1.0. Two parameters allow for an adjustment of
the water depth at which maximal increase occurs and the range over which
the increase occurs. Because the hydraulic conductivity of the soil and the
hydraulic conductivity linked to the overland flow should be adjustable at
model execution - for model calibration - an approximation is introduced. In
the steps discussed so far, the hydraulic conductivity of the soil is neglected
and set to 0. The two functions are now combined by using two coefficient
weighting functions adding up to 1. Of course, given the introduced approx-
imation, the first term of the combined function is always equal to 0 but it
is written such that the structure of the function shows the real processes.
The coefficient functions are parametrised with two parameters which allow
influencing the switching elevation and the range in which the switching
occurs (Figure 4.3).

At model execution the function (ranging from 0 to 1) is multiplied by the
hydraulic conductivity for overland flow and then the hydraulic conductivity
of the soil is added. The function therefore reaches a maximum equal to the
sum of both conductivities but because the soil hydraulic conductivity is
very small compared to the overland flow hydraulic conductivity the error
is negligible.

Ktot,norm = B · HC2 + A · HC1 (4.3)

where

A =
erf (C2 · (hnorm − T2)) + 1

2
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Figure 4.3: Parametric function fitted to the simulated hydraulic conductivity
dependence on water levels.

hnorm = (h − hmin)/(hmax + 0.5 − hmin)

B = 1 − A

HC2 = 0

HC1 = arctan ((hnorm − T1) · C1) /π + 0.5

and finally
Ktot = Ktot,norm · KSW + KGW (4.4)

With the head dependency of the hydraulic conductivity formulated in this
way, the simulated hydraulic conductivities of each cell model can be fitted
well.

The described approach for the water level dependent hydraulic conduc-
tivity assumes an orientation of the topographic structure in x- and/or y-
direction of the model. Structures in different directions would result in
flows in directions other than the hydraulic gradient. For example a north-
south gradient could result in an east-west component of the overland flow
because of a topographic trench running from the northern to the eastern
edge of a cell. Simulation of this effect requires the non-diagonal terms in
the flow tensor and therefore additional adaptation to the flow equations
in MODFLOW. A preliminary MODFLOW version with implementation of
these adaptations has been coded. Simulations revealed a limited influence
of the implementation on simulated flow patterns with flow modifications.
For that reason the implementation has not been further considered here
but will be subject of further investigations.

4.4 Cell wetting

The hydraulic conductivity of the upper layer is now equal to the one of the
lower layer for the minimum water level in the upper layer. Therefore the
cell can be wetted through a neighbouring cell as soon as the water level in
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Figure 4.4: Elevations of picked channel positions for channel number 8. See
Figure 3.2 for location.

the neighbouring cell exceeds the bottom cell elevation of the dry cell. When
a cell is wet, it does not signify that there is a continuous flow of surface
water through it. At low water levels in the surface layer, the hydraulic
conductivity is still very small.

4.5 Channel bottom elevation

Channel positions have been manually picked from aerial photographs with
a resolution of 1 m. The elevation of every picked point is read out of the
micro-topographic map as the lowest point in a window of 1 km by 1 km
centred on the location of the point. Taking the nearest point instead of
the lowest does not work well because the picked coordinates sometimes do
not match exactly the bottom of channels. Taking the median or mean of
all elevations inside the window does also not work because the channels
sometimes flow in the vicinity of islands with a higher elevation which have
a distorting effect on the mean and median (Figure 4.4). A moving average
filter is then applied with a width of 20 points. To ensure a smooth transition
at channel connections, the end of upstream channels and the beginning of
downstream channels are appended before the filter is applied.

4.6 Evapotranspiration

Evapotranspiration is decaying exponentially with a sinking water table.
For every elevation point within a model cell an identical decay is to be
expected but with different surface levels. The exponential curves for all
elevation points could thus be summed and a new curve could be fitted.
But because the evapotranspiration is anyway an approximation it is left
unchanged. For the evapotranspiration surface the median of all elevation
points is used. Taking the minimum elevation would be wrong because it
would assume full ET as soon as one elevation point is wetted.
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4.7 Leakage

The relation of leakage to the water level is very similar to the one of the
specific yield. I assume that the infiltration flux for each model cell is propor-
tional to the percentage of the cell being covered with water. The leakage,
L in s−1, is calculated as:

L = Lini · Pair (4.5)

where Lini is the leakage for an entirely flooded cell and was calibrated to
be 4.8·10−6 s−1. Pair is the percentage above ground for the given water
level (Equation 4.1).

4.8 Errors in the micro-topographic dataset

Along the upstream reach of the Nqoga, which is the direct continuation of
the main Okavango channel, only few kilometres downstream of the island
belt, the micro-topographic map displays a suspicious rise of the ground
level. It is an example of the limitations of the micro-topographic map and
this at a location of great importance. In absolute terms the rise is minor.
It is a 1.5 m rise over 10 km. But still, because the channel flows right across
it, the consequence on simulated flows is very large. The channel locations
are picked from aerial photographs and channel flow directions are known
from the field to be always in the same direction in that area. Based on the
micro-topographic map the Nqoga would flow upstream over a distance of 10
km (about 20 km thalweg distance, see Figures 4.5 and 4.7). Given the small
amplitude of 1.5 m the topographic rise could theoretically be compensated
by greater water depths in the channel upstream than in the downstream
leading again to a downstream hydraulic gradient. But it is very unrealistic
that such a topography would ever develop. It is assumed that the rise is
erroneous and related to the methodology in which the micro-topographic
map is derived.

Since there is no small scale inconsistency (acute elevation change) in
the data it is suspected that the error is already contained in the coarser
resolution digital elevation model of a 500 m resolution DEM generated by
Gumbricht et al. (2001). That DEM is based on ground elevation measure-
ments between which interpolation is applied. An error or inconsistencies
between few of these points could lead to the observed, conically shaped
anomaly. The combination of several data types in that work has proba-
bly led to generate a local artificial mound, the limits of which have been
smoothed out by interpolation. Also, the SRTM dataset which is not based
on any ground measurements does not display the anomaly. At the same
time, the SRTM data do not distinguish elevation changes around the is-
land belt as distinctly because the methodology does not allow measuring
the ground elevation below the water. Instead, the water surface elevation



62 CHAPTER 4. MICRO-TOPOGRAPHY

0 10 20 30 40 50
973

974

975

976

977

978

979

980

Thalweg [km]

E
le

v
a
ti
o
n
 [
m

.a
.s

.l
.]

Unchanged topography

Only primary correction

Primary and secondary correction

Figure 4.5: Channel thalweg profile of the upstream Nqoga (beginning of channel
11 in Figure 3.2) before and after corrections.

is recorded and the elevations of the permanent swamp areas are thus sys-
tematically exaggerated (Figure 4.6).

The affected channel section, the upstream part of the Nqoga, is the
only channel at that position in the Panhandle, all other water is conveyed
through floodplains. The channel conveys about 45 m3/s of water (long
term mean of the simulated discharge, there is no discharge record station
on the channel) and its width is approximately 30 m. The flow direction
has never been observed to reverse.

For the hydrological model, the micro-topographic map is used but the
topographic rise is removed by applying two corrections. A primary correc-
tion consisting of the subtraction from the topography of a conical compo-
nent with a radius of 370 cells (10.545 km) and a peak value of 3 m (Figure
4.7). And a secondary correction which is also an abstraction of a conical
element but of only 0.4 m maximum height and spreading over a radius of 60
pixels (1.71 km) (Figure 4.8). The centres of the cones were positioned vi-
sually. Height and radius are chosen in a way that the uphill flowing section
is corrected to a flat section. By applying corrections which are regularly
decreasing with distance from the central point it is ensured that the small
scale topographic variations are not affected. The longitudinal elevation
profile along the channel thalweg before and after applying corrections is
shown in Figure 4.5.

Because of the low amplitudes of topographic variations, such errors are
very difficult to detect. The discussed error could be detected only because it
was situated on the course of the Nqoga. It cannot be excluded that at other
locations similar errors are still contained in the data. Also, it is difficult
to assess to what degree the correction of that particular error is complete.
The corrected topography can however be said to be more accurate than the
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Figure 4.6: a) Aerial picture from which channel positions can be derived. b)
SRTM elevation map, striped but without the elevation anomaly present in the mi-
crotopographic dataset (Figure 4.7).
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Figure 4.7: Primary correction of the micro-topography data set. a) Uncorrected
with area of correction. b) Corrected with area of maps shown in Figure 4.8 (sec-
ondary correction).
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Figure 4.8: Secondary correction of the micro-topography data set. a) Before
secondary correction with area of correction. b) Corrected.

original one. The impact on simulated flows of the correction is analysed in
Section 7.1.



Chapter 5

MODFLOW Developments

The MODFLOW software is an open source code developed by the U. S.
Geological Survey (USGS). It is a three-dimensional finite-difference ground-
water model with modular structure. This structure allows it to be easily
expanded by including new packages (Harbaugh et al., 2000). The first ver-
sion of the Okavango Model by Bauer (2004) was based on MODFLOW
1996. The present version uses MODFLOW 2000 and includes the SFR2
stream flow routing package developed by Niswonger and Prudic (2005). In
order to comply with the special settings of the Okavango Wetlands, the
MODFLOW code had to be modified in several aspects.

5.1 Changes included in the previous model ver-

sion

This section summarizes the four main changes to the MODFLOW 1996
code implemented for the first version of the Okavango model by Bauer
(2004).

In order to avoid repeated wetting and drying of cells preventing the code
from convergence, wetting is only attempted in the first iteration of every
time step. Additionally, a new wetting criterion was implemented which
introduces a maximal elevation difference between two cells to allow flow
from the cell with the lower elevation to the one with the higher elevation.
This criterion applies no matter what the water levels in both cells are. Both
of these options are adopted for the new model version in MODFLOW 2000
but only the first one is used. The maximal elevation difference is set to 10
m during model execution thus virtually removing the criterion.

The code of the evapotranspiration package was modified to allow for
an exponential decay of the evapotranspiration with depth to groundwater
instead of the linear decay which is implemented in the original code. This
change is also adopted in the new model version. It is to note that the latest
version of MODFLOW, MODFLOW 2005 now includes an evapotranspira-
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tion package in which a segmented function is used to describe the decay
(ETS1 package). This package could be used to approximate an exponential
decay.

In version 1 of the model the flow equation was changed from Darcy
flow to a more generalized flow equation allowing adaptations for each cell.
Swamp cells were parametrised so that Darcy flow was simulated whereas
cells which included a channel were parametrised to accommodate for Man-
ning’s equation of flow. This option is not necessary anymore in the new
version because channels are now included as specific objects using the SFR2
package in which Manning’s equation is applied for flow routing.

To account for the sub-grid topographic variability a statistical approach
was taken in the version 1 of the model. Various parameters were set de-
pendent on the water levels by assuming a normally distributed topography
within each model cell and adapting the MODFLOW code in consequence
(see Bauer , 2004 for details). A more explicit approach is chosen for the new
version. The variations of the parameters with water levels are examined
and a parametric function relating parameter change with water levels is
fitted for every model cell.

5.2 Bedload transport package

A bedload transport package has been developed for MODFLOW 2000. The
package routes bedload downstream as a function of flow velocities and chan-
nel widths. It assumes that the transport is never supply limited, and does
neither account for armouring effects, nor for different grain size classes. At
channel bifurcations, the bedload is split according to the transport capac-
ities in the first reaches of the downstream segments. As boundary condi-
tions, the first reach of every segment can be set to either keep a constant
height even when bedload is lost to the downstream or it can be set to have
varying height as have all other cells. The package does not allow for the
creation of sinks. If according to the transport capacity as much sediment
could be removed from a certain reach so that it becomes a sink, the actually
transported sediment amount is truncated to avoid the sink. If for the end
of a segment no downstream connecting segment is specified, the sediment
cannot leave the last reach.

The new reach elevations are found iteratively (Figure 5.1). This is neces-
sary because of channel junctions and bifurcations which make it impossible
to loop through all reaches in a strict upstream to downstream order. It
can occur that bedload is not routed from one reach (A) to the next reach
(B) to avoid a sink in the first reach (A), but that in a later calculation of
the same iteration bedload is routed to the first reach (A) from upstream,
thus allowing for more bedload to be routed from the first reach (A) to the
second one (B). An iterative approach is thus required.
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Figure 5.1: a) Flowchart of the bedload transport package. b) Scheme of three
consecutive reaches. V are the flow velocities and ST is the sediment transport.

The bedload transport capacity Qbed,cap in m3/s from one reach i to the
downstream reach i + 1 is calculated from the velocities, V in both reaches
and the width of reach i:

Qbed,cap,i = a ·
(

Vi + Vi+1

2

)b

· Wi (5.1)

a and b are constants derived from field measurements (see Section 10).
The bedload transport package is implemented into the MODFLOW

code at the time step level (Figure 5.2). At the end of every time step,
elevations and slopes of all reaches are recalculated.

5.3 Water level dependent hydraulic parameters

The parametric functions relating hydraulic parameters to water depth are
implemented similarly to the sediment transport after every time step (Fig-
ure 5.2). The iterations within one time step are thus calculated with the
parameter value from the previous time step even though, during the iter-
ation, the water levels change. This approximation saves a lot of computa-
tional time because 50 to 100 iterations are usually necessary for every time
step and the function calculating the new parameter values would need to be
called each time. The approximation is legitimate as during one time step of
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8 hours water levels change by not more than 30 mm (usually changes do not
exceed 2 mm). Even in the steepest range of the parametric curves 30 mm
water level change are equivalent to a parameter change of only 15 % for
the hydraulic conductivity, and 0.11 (-) for the specific yield. Exceptionally
new parameter values have to be calculated within a time step when the
state of a cell is changed from dry to wet. The parameter values must then
be adjusted to the initial water level assigned to that cell.

...

(other packages)

global read input

groundwater

flow

stream-flow

routing

         new

implementations

stress period loop 

iteration loop

time step loop 

Figure 5.2: Simplified flowchart of the MODFLOW structure indicating the level
at which new implementations are active.

The MODFLOW 2000 code has been modified in a way that the options
of using water level dependent parameters can be switched on individually
for hydraulic conductivity, specific yield, and leakage by new flags in the
first line of the the BCF (block centred flow package) file. If activated,
distributed parameters feeding the parametric functions are read from the
end of the BCF file. For detailed input instructions see Appendix B.

5.4 Wetting by precipitation

The combination of potential evapotranspiration and precipitation to net
water exchange with the atmosphere which is entered to MODFLOW via
the EVT (evapotranspiration package) file requires some additional change
to the MODFLOW code. In the case of a negative value for the net water
exchange (representing recharge) on a dry surface cell, this cell stays dry and
recharge is directly occurring in the lower layer. In terms of water storage
this is intended. Depending on the depth to groundwater, the recharge
is reduced, simulating the uncoupling of the surface from the groundwater
by storage in the unsaturated zone and evapotranspiration from it. But
this does not allow, even during periods with very high recharge, a wetting
of cells by precipitation. In MODFLOW 2000, cells can only be wetted if
horizontally adjacent or subjacent cells have a higher hydraulic head causing
flow into the dry cell.
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The new option allows wetting by recharge indirectly. In every iteration
in which wetting is attempted, all dry cells are set wet and their hydraulic
head is defined as the bottom elevation of the cell plus a definable height.
If no recharge occurs, the cell will fall dry again within few iterations. If
recharge occurs, the cell is already wet and water is not transmitted directly
to the underlying cell. The drawback of the method is that a reduction of the
recharge depending on the depth to groundwater is not possible anymore.
By default the option is therefore not activated in the model runs.

The option is activated by a new entry in the BCF file. If the entry is
not zero, the option is activated, and the value of the entry is the height
above the cell bottom at which the head is set at initial wetting. The option
should be used only in combination with IWETIT=0, meaning wetting only
for the first iteration of every time step because otherwise convergence is
not possible.



Chapter 6

Model Calibration and

Validation

The ecological uniqueness of the Okavango Delta results largely from the
strong seasonality of the flooding patterns. Therefore it is this seasonality
that should be reproduced accurately by the model and it is a rational ap-
proach to calibrate the model against observed flooding patterns. Flooding
patterns can be derived from remote sensing data. They cannot be assessed
on the ground for the entire area because the wetland is too large and of
difficult accessibility. The hydrological model presented in this thesis is cal-
ibrated against flooding maps derived from several sensors differing in their
spatial, temporal, and spectral resolution.

Besides the flooding patterns, the progression of the yearly flood into
the different flow systems is of importance to the local community in terms
of water supply. This applies especially to the city of Maun (population
44,000, 2001), which lies at the downstream end of the Boro system. The
water supply for Maun is based on the exploitation of near surface aquifers
(Scudder and al., 1993) which are recharged by the floods reaching Maun.

Figure 6.1 shows time series of the simulated and observed flooding ex-
tents together with the time varying model inputs.

6.1 Remotely sensed flooding maps

Flooding patterns of the Okavango Delta have been derived from multiple
satellite based sensors over the past years. The different approaches, their
advantages and disadvantages are briefly summarized in the following.

The longest time series of flooding patterns was derived from the AVHRR
sensor onboard NOAA by McCarthy et al. (2003). It provides a time series
of 30 years, the drawback being that the coarse resolution of AVHRR (1.1
km at nadir) is problematic for the finely structured inundation patterns of
the wetland. Moreover, the unsupervised classification that was applied is
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Figure 6.1: Times series of simulated and observed flooded areas together with the
driving forces inflow, precipitation, and evapotranspiration for the entire simulation
period from 1970 to 2006.
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likely to overestimate the flooded area by classifying pixels as flooded which
are covered by only a small portion of water.

Landsat TM scenes (30 m resolution) have been used for instance by
Wolski and Murray-Hudson (2006b) to determine flooding patterns. Their
work deals in detail with the problem of floating mats of Cyperus papyrus,
which can entirely cover water surfaces, making them undetectable with
standard water delineation methods. Neuenschwander et al. (2005) showed
that despite similar characteristics the ALI sensor on the Earth Observing-1
satellite is better suited for water delineation than TM on Landsat, because
of a lower noise level.

Active sensors like ASAR onboard Envisat are not prone to the major
problem of all sensors operating in the visible range, which is cloud cover.
During the rainy season the Okavango Delta is usually covered by clouds,
to which the microwaves of ASAR are almost insensitive. Meier (2006)
constructed a one year time series with Envisat ASAR data at a resolution
of 150 m.

6.2 Parameter adjustment using NOAA-AVHRR

and discharge data

The advanced very high resolution radiometers (AVHRR) onboard the satel-
lites of the national oceanic and atmospheric administration (NOAA) oper-
ate since 1978, a time at which a resolution of 1.1 km at nadir was indeed
high resolution. Despite the fact that today many other satellites provide
better resolved data, the NOAA-AVHRR images are still very useful because
of their large spatial extent, the revisit time of only 0.5 days and the length
of the time series.

Flooding patterns derived from AVHRR data by McCarthy et al. (2003)
are used in this work as reference for manual parameter adjustment. Figure
6.2 shows a sample AVHRR image of August 2006 processed similarly to the
method developed by McCarthy et al. (2003). In 11 different runs the image
is automatically clustered into 20 to 30 clusters. From these clusters only
those are counted as inundated area that exist mainly (90 % of the total
cluster surface) in a zone previously defined as the maximal wetland extent.
The run giving the largest flooded area in the maximal wetland extent zone
is then regarded as best classification.

The flooded areas of the time series of flooding patterns derived from
the AVHRR data is likely to be overestimated (Section 6.1). However, the
timing of the maximal floods and the relative extent between several years
should not be affected seriously by the problem. Hence, model parameters
are manually adjusted to obtain simulated flooding patterns having their
maxima and minima close to the ones in the AVHRR time series.

The second criterion during manual parameter adjustment was the ob-
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Figure 6.2: NOAA-AVHRR image of the 30th of August 2006. (a) Colour com-
posite of bands 1, 2, and 4, (b) near infrared intensities where cold surfaces appear
blue, (c) automatic clustering into 18 clusters, (d) result of the fully automatic
(except georeferencing) classification into wet and dry areas.
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served discharge and water level at gauging stations throughout and partic-
ularly at the downstream end of the wetlands. Here again, emphasis was put
more on the timing of maxima and minima rather than on absolute values.
The sensitive parameters in terms of channel discharge at the downstream
end of the wetlands (station Maun) are particularly the channel parameters
hydraulic conductivity of the channel bed, and the Manning’s roughness
coefficient.

6.3 Automatic calibration against ALOS AVNIR-

2 data

Detection of flooding patterns

The AVNIR-2 sensor onboard the ALOS satellite operates in the visible
and near infrared wavelength, with a resolution of 10 m at nadir. The
higher spatial resolution in comparison to other imagery and especially in
comparison to AVHRR data, makes it possible to check the results of the
classification based on classified shapes without ground inspection. Pixels
classified as flooded, form linked channels and lagoons. At 10 m resolution
even the fine structures are depicted.

A total of seven images from overpasses on the 25th and 30th of August
2006 (coinciding with the period of maximal flooding) were selected to build
a cloud free mosaic of the Okavango Delta. Flooding patterns are extracted
from the mosaic using the visible as well as the near infrared (NIR) data.
The NIR band is sensitive to open water surfaces because water has a very
low albedo for this wavelength. By setting a threshold on the NIR band all
larger channels and open lagoons are extracted from the images. Shallow
floodplains can be heavily vegetated and difficult to capture using the NIR
band because their albedo for this wavelength varies over a broad range
from medium to high values. In the visible range the signal of inundated
but vegetated floodplains differs notably from bare or vegetated dry land
(Figure 6.3). Pixels are classified as inundated floodplains only when 1)
their reflectance in the green wavelength is above a threshold value, and 2)
their reflectance in the green wavelength is higher by a defined amount than
the reflectance in the red wavelength, and 3) their reflectance in the NIR
wavelength is within a relatively high range. With these conditions, only
pixels appearing light green are extracted.

The classification of images into flooded and dry pixels will always face
the problem of mixed pixels. Points located at the interface of dry and
wet zones will produce a medium signal which will be difficult to handle.
However, the better the image resolution, the smaller will be the relative
number of mixed pixels. The employed 10 m resolution represents currently
a maximum resolution for an area as large as the Okavango Delta because
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Figure 6.3: Small subset of an ALOS AVNIR-2 image: (a) Colour composite of
the visible channels, (b) Intensities in the near infrared channel where dark tones
represent low intensities. (c) Classified subset with deep open water in black and
shallow floodplains in grey.

of data availability and data volume. Figure 6.4(a) reveals that only few
1 km by 1 km areas are entirely flooded. When resampling to the model
resolution, a threshold of 25 % of pixels flooded in each model cell is used to
define a cell as flooded. The treshold was chosen because it keeps the total
inundated surface constant when resampling.

Calibration

The model version used for the calibration against ALOS AVNIR-2 data
does not include water level dependent parameters. The three parameters
which were found to have the highest sensitivity on flooding patterns are
the hydraulic conductivity and the specific yield of the upper layer, and the
decay length for evapotranspiration. These parameters are automatically
calibrated against flooding patterns derived from the AVNIR-2 images using
the parameter estimation code PEST by Doherty (2002).

The model is calibrated against the flooding patterns of a single time
step in August 2006, corresponding to the annual maximal inundation. The
extent of flooding in a certain year is not only dependent on precipitation
and inflow of the same season. Groundwater levels mirror meteorological
and flood situations of the last few years (Wolski and Savenije, 2006). High
groundwater levels allow a faster and wider spreading of the flood because
less water is lost to local infiltration while the flood front progresses. There-
fore each model run for the calibration is started two years prior to the
acquisition day of the AVNIR-2 image. Calibration against a single time
step may seem little compared to the length of the time series available for
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Figure 6.4: (a) Mosaic of the classified AVNIR-2 images displaying the percentage
of pixels classified as flooded in each model cell, and (b) distinction into wet (black)
and dry (white) using a threshold of 25 %. (c) Model results of the calibrated
run. (d) Differences between model and satellite data (light grey: accordance, black:
incorrectly modelled as flooded, white: incorrectly simulated as dry).

instance with the NOAA AVHRR images. But it is a calibration of a dataset
with a much higher degree of confidence.

The goodness of fit for each parameter set of the automatic calibration
is defined as the number of individual cells correctly classified as dry or wet.
The calibrated values are shown in the last column of Table 6.1. Results of
the calibrated run are shown in Figure 6.4.

Table 6.1: Parameter values obtained with calibration against ALOS-AVNIR-2
flooding patterns.

Parameter Initial Value Calibrated Value

Hydraulic Conductivity, L1 [m/s] 40 26.5
Specific yield, L1 [-] 0.5 0.61
Decay length for evapotranspiration* [m] 2 1.94

* Depth at which the evapotranspiration has decayed by a factor e−1 of the original
value.

6.4 Automatic calibration against Envisat ASAR

data

Detection of flooding patterns

The Advanced Synthetic Aperture Radar (ASAR) onboard the Envisat
satellite of the European space agency offers a good compromise between
spatial resolution, coverage, and revisit time. The entire wetland is mostly
covered by one image and the resolution of 150 m (in the wide swath mode)
is sufficient to differentiate individual lagoons and islands. The active radar
signal (wavelength 5.6 cm) - unlike all sensors in the visible range - is not
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attenuated by clouds and does not depend upon solar light. Meier (2006)
analysed 38 images in the period from February 2003 to January 2006. A
good temporal resolution could be obtained for the year 2005 with 13 images
relatively homogeneously spread over the year.

The intensity of the signal returning to the satellite, the backscattering,
is dependent on the roughness of the earth surface (Figure 6.5). For very
smooth surfaces like open water, the emitted signal is reflected away from
the satellite with almost no returning signal. On rough surfaces like soil or
vegetation, the signal is scattered and part of it returns to the satellite. The
rougher the surface, the more scattering will occur and thus a decrease of
the ratio of the signal that is directly reflected away from the satellite is
achieved. If a vegetated area is flooded but the vegetation is still emerging,
a double scattering occurs. The signal is scattered before and after its
reflection on the water surface and a larger fraction of the emitted signal
returns to the satellite. The principal difficulty in using ASAR data is
an ambiguity resulting from mixed pixels. Flooded areas with only little
emerging vegetation will result in a mixture between very low and very high
backscattering, thus a medium signal is recorded, resembling the one of dry
areas.

a) smooth surface b) rough surface c) vegetation d) inundated vegetation

Figure 6.5: Reflection characteristics of the radar signal on soil cover types of the
Okavango Wetlands. (modified after Meier, 2006)

The classification of some of the pixels with medium intensity signal into
flooded area could be achieved by using the temporal variance of each pixel.
Because a time series of images was available, the temporal evolution of
each pixel could be observed and sudden changes are likely to be due to
the arrival of the flood. The reflection characteristics of the signal further
allowed the classification into open water surfaces and vegetation covered
water (Meier , 2006). Figure 6.6 shows a sample classified image.

For the first time a time series of flooding patterns could be built for
the Okavango Delta Wetlands using non optical data. Being almost insen-
sitive to clouds the technique allows a good temporal coverage also in the
rainy season. To allow a comparison to the lower resolution model outputs,
the surface percentage flooded in each model cell is then derived from the
classified Envisat ASAR images (Figure 6.7).
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Figure 6.6: a) Backscattering intensities of the radar signal for the 11th of June
2005 with, in b), overlaid classification results where blue is open water and green
is flooded vegetation.

Calibration

The calibration against Envisat-ASAR data is carried out using the final
model version which includes water level dependent parameters. Unlike in
previous model versions, several of the calibrated parameters represent a
maximal value corresponding to entirely flooded cells. During the model
execution those values are scaled to effective values depending on simulated
water levels.

In a first attempt, the model is calibrated using the 13 images available
for the year 2005. The individual calibration runs start in January 2003 to
allow for the adaptation of the hydraulic heads to the new set of parame-
ters over two years simulation time. By re-injecting the simulated hydraulic
heads into the micro-topographic dataset (Gumbricht et al., 2005) maps can
be gained showing the fraction that is flooded in each cell. These maps are
then compared with the flooding fraction maps from Envisat ASAR. The
objective function to be minimized is derived by calculating the absolute
differences between the simulated and the remote sensing derived percent-
ages of flooded surface for each cell. These differences are summed up to
one value for each time step for which a satellite observation is available.
The mean of the values from all time steps is finally taken. The number
of parameters to be calibrated was limited to three in order to avoid over-
parametrisation. The adjusted parameters were the hydraulic conductivity
of the upper and lower layer, and the leakage between both layers. The
new meaning of the leakage parameter due to the water level dependent
approach has put some uncertainty on which value to assign to it. There-
fore, calibration of the leakage was preferred to a calibration of the decay
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Figure 6.7: Percentage flooded (flooding density) for pixels of 1 km by 1 km derived
from the Envisat ASAR flooding maps of 150 m resolution. Note that the map for
January 3rd 2005 is available but not displayed.
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length for evapotranspiration (as in Section 6.3). The specific yield for the
upper layer is now assumed to be physically derived and should therefore
not be calibrated. Instead the hydraulic conductivity of the lower layer is
calibrated. The three parameters that are calibrated constitute together the
core conductivity values involved in the model.

The achievement of the calibration is relatively poor. The initial and
calibrated parameter values are shown in Table 6.2. The result of the ob-
jective function could be improved by only few percent. An increase in the
hydraulic conductivity of the upper layer as suggested by the calibration
leads indeed to a larger lateral spreading of the flood as is observed from the
ASAR images but it also leads to a faster conveyance of the flows and thus
to an earlier maximum of the flooded surface. Large flooding then occurs
before the two ASAR images of 5th and 24th of September which show the
maximal flooding extent. The difficulty to achieve a satisfactory calibration
is very likely to result from errors in the flooding maps. It is indeed not
realistic to have an area with high flooding density being restricted to the
Panhandle till as late as 4th of August and then suddenly increasing till the
5th of September. For that reason a second calibration was performed us-
ing only the classification results from four images (26.02, 05.09, 24.09, and
06.12). The first and last of these images were acquired in the dry period
whereas the two central ones are from the flooding period.

Table 6.2: Initial and calibrated parameter values for model calibration against
Envisat ASAR flooding patterns. The calibration 1 values are from the calibration
against all 13 flooding maps, and calibration 2 are from the calibration against the
4 selected flooding maps.

Parameter Initial Calibrated 1 Calibrated 2

Max. hydraulic conductivity, L1 [m/s] 200 220 66
Hydraulic conductivity, L2 [m/s] 10−4 10−4 3.8 · 10−3

Leakage [1/t] 3.0 · 10−7 4.8 · 10−6 9.3 · 10−7

Objective function before/after calibration 2447 / 2410 2098 / 1899

The results of the second calibration (Table 6.2) are slightly better than
the ones of the first calibration. The output of the objective function could
be reduced by 10 %. Still the outcome is not quite convincing. The repre-
sentation of the objective function given different parameter values (Figure
6.8) indicates a well defined minimum but an inspection of the flooding pa-
terns calculated during the calibration runs is less promising (Figure 6.9).
The calibration tends to strongly contract the flooded area during the dry
season leading to an unrealistically short reach of the flooded area during
the wet period. Starting from the initial guess, the calibration suceeds in
laterally expanding the flood but also prohibits the simulation of flooding
in the lower parts of the wetlands. The calibration run shown in the last
row of Figure 6.9 resulted in a better value of the objective function than
with the initial parameters even though only crippled flooding patterns are
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Figure 6.8: Objective function values for the calibration of the hydraulic conduc-
tivities in the upper and lower layer (HC1 and HC2 respectively), and the leakage.

A major problem for the calibration are the different structures of the
flooding density maps in the observations and in the model results. Both
maps are the result of computations including many approximations. These
are mainly the simplification of overland flow processes to a 1 km grid for
the model and the way mixed pixels and flooded vegetation is handled for
the remotely sensed flooding maps. Both maps are only approximations
of reality and look quite different. The modelled maps tend to have much
more condensed flooding patterns than the maps derived from ASAR data.
Calibration runs with high increments (33% and 67 % of the parameter
values) for the calculation of the derivatives were performed to ensure that
the search is not stuck in a local minimum of the objective function. By
varying the parameters by these large increments, it could be shown that
the values assigned by manual adjustements lead to already good agreement
between model and observations. The calibration lowers the value of the
objective function a bit further but without resulting in more convincing
flooding patterns.

6.5 Comparison of flooding maps

The flooding maps used in this thesis are the 1972-2000 time series by Mc-
Carthy et al. (2003) of NOAA-AVHRR images, the time series derived from
Envisat ASAR images for the year 2005 by Meier (2006), and the mosaic
ALOS AVNIR-2 images for August 2006 (Milzow et al., 2008a). To compare
the capabilities of the three sensors, additional NOAA-AVHRR images for
dates coinciding with the acquisitions by the two other sensors have been
processed similarly to the procedure developed by McCarthy et al. (2003)
(Figure 6.11).

When comparing AVHRR and AVNIR-2 data for the month of August
2006 (Figure 6.10) a good qualitative agreement is found for the outer limit
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Figure 6.9: Flooding densities for the four selected time steps. The top row shows
the densities derived from Envisat ASAR. The three lower rows are simulation
results at various steps during the calibration procedure.

of the flooded area. However the derived flooded area is quite different. In
the area covered by the AVNIR-2 mosaic, the flooded area is estimated to
3726 km2 with the AVNIR-2 images and to 8885 km2 with the AVHRR
image. the difference results from the previously mentioned small scale
mixture of dry and wet areas which are interpreted as entirely flooded when
analysing the AVHRR image. The histograms in Figure 6.10 show that
pixels classified as flooded in the AVHRR image are only flooded to on
average 40 % according to the analysis of the higher resolution AVNIR-
2 image. The results of the AVHRR images are not wrong but must be
interpreted with care. The determined area is not the area of open water
but the active wetland area, knowing that a wetland is by definition an
environment at the interface between terrestrial and aquatic systems. The
ratio of flooded areas as determined by the two sensors 8885/3726 = 2.38
cannot be applied to other AVHRR images to derive the area of open water



6.5. COMPARISON OF FLOODING MAPS 83

22°E 23°E 24°E 

1
9
°S

 
2
0
°S

 

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 10

50

100

150

200

250

300

Percentage of pixel classified as flooded

          in the ALOS AVNIR−2 image

N
u
m

b
e
r 

o
f 
p
ix

le
s

wet

dry

Pixel classification in the AVHRR image:

Figure 6.10: Map of the surface percentage flooded as determined with the ALOS
AVNIR-2 images (25-30.08.2006) and contours of the flooded areas determined
with the NOAA-AVHRR image (30.08.2006). Histograms of the surface percent-
age flooded as determined with the ALOS AVNIR-2 images for pixels classified wet
or dry with the NOAA-AVHRR image.

because of the spatial inhomogeneity of the flooding density. In the dry
season when only the central wetlands are flooded this ratio will be different.

The comparison of Envisat ASAR with NOAA-AVHRR images illus-
trates well the seasonal differences in the flooding intensity. The overall area
where flooding is detected varies little between the ASAR images acquired
on 30th of June 2005 and on the 5th of September 2005. Also, this area
corresponds well to the flooding pattern derived from the AVHRR images.
The major difference between the two ASAR acquisitions is the pattern of
the densely flooded area which extends far southeast in the wet season but
is limited to the surroundings of the Panhandle in the dry season. The ratio
of flooded areas as determined by the two sensors - AVHRR area divided
by ASAR area - varies from 3.3 in the dry season to 2.7 in the wet season
(Figure 6.12). The seasonal difference also appears clearly in histograms
of the ASAR flooding density for all AVHRR pixels classified as wet. For
both seasons, the maximum is between 0 and 0.1 because a large part of all
pixels are only sparsely inundated. Whereas during the dry season the his-
togram curve decreases continuously, in the wet season a second maximum
is reached for high flooding densities.
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Figure 6.11: Flooding masks derived by automatic clustering from NOAA-AVHRR
data for the year 2005. No cloud free images were available before April.
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Chapter 7

Outcomes of Model

Developments

A number of model developments have been implemented in the latest ver-
sion of the model. They concern the consideration of sub-grid topography,
new findings on the thickness of the Kalahari Aquifer, and the introduction
of flow routing through channels. In the following subsections, the sensi-
tivity of the model to these implementations is demonstrated by comparing
simulations in which these implementations are individually activated and
deactivated. The period investigated reaches from January 1970 to Sep-
tember 2006. For the baserun the water level dependent parameters are
activated, the channel branching ratio is 1:1, The aquifer is of distributed
thickness and constant conductivity, and the wetting by precipitation is de-
activated (Figure 7.1).

A measure of sensitivity, Ichange is introduced allowing a relative com-
parison of the influence of the different implementations. It is defined as the
sum for all cells, of the absolute differences between the flooding frequencies
FF of the model version with and without the particular implementation:

Ichange =
∑

all cells

abs(FFimplemented, cell − FForiginal, cell) (7.1)

The values for Ichange are listed in Table 7.1. They indicate a high sensitivity
for the water level dependent hydraulic conductivity relative to much lower
sensitivities of the channel branching ratios, the aquifer conductivity, and
the aquifer thickness.

7.1 Sensitivity to the topographic surface

The sensitivity of the topographic surface is illustrated by comparing model
results before and after the different corrections applied to the micro-topographic
dataset. In the following it is shown that the anomaly that was detected

86
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Table 7.1: Sensitivity measure of the different model developments.

Scenario Ichange

Branching ratios of 90 % to 10 % 93
Constant aquifer thickness of 180 m 109
Inhomogeneous aquifer conductivity 112
Water level dependent leakage coefficient 218
Water level dependent specific yield 366
Water level dependent hydraulic conductivity 1179
Wetting through precipitation 575
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Figure 7.1: Results of the baserun simulation for the period from January 1970 to
September 2006. a) Flooding frequency (number of time steps a cell is simulated as
flooded divided by the total number of time steps of the simulation) and b) temporal
mean of the depth to groundwater.

in the topographic dataset in the main branching zone (Section 4.8) has a
strong influence on the large scale flow distribution even though it has an
amplitude of only 2 m.

In a first run the micro-topography is used with the anomaly. In a
second run the anomaly is still present but the channel is incised into the
topography such that gradients direct channel flow eastwards. A canyon is
thus formed. In the final run the anomaly is entirely removed such that
also overland flow can be routed eastwards. The results from these three
runs show no significant difference in the time series of total inundated area.
What is changing is the distribution of the flows. The simulated incision
of a channel through the assumed erroneous cone results in a redistribution
of the flooding patterns to the east. The total removal of the cone and
therefore the redirecting also of overland flow gradients adds in relocating
the flood to the east but only to a smaller extent. This is due to the island
belt which largely blocks overland flow to the east in the branching area
(Figure 7.2).

The location of the topographic anomaly is very sensitive regarding the
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Figure 7.2: Inundation frequencies obtained with the three different topographies:
a)original topography, b) correction of channel elevations only, and c), corrected
topography. Absolute differences between runs d) b-a, e) c-a, and f) c-b. The time
period is January 1970 to December 1979.

hydrology of the wetlands. It is the main bifurcation area of flows towards
the Thaoge and flows towards the Boro and Nqoga. The upstream of the
Thaoge is nowadays entirely blocked and no visible channel bifurcation is
occurring. Only small quantities of water are reaching the Thaoge through
seepage away from the main Okavango channel and later flow concentra-
tion. The simulated redirecting of flows away from the Thaoge system when
applying the topographic corrections thus results in more realistic flooding
patterns.

7.2 Branching ratios

In the MODFLOW-SFR2 package, it must be specified for each stream bi-
furcation how much water is fed into each of the distributaries. This is prob-
lematic for applications on the Okavango Wetlands because the branching
ratio of the discharge can significantly vary with time. As first approxima-
tion, the branching ratio is set to equally distribute the discharge to both
distributaries. It is shown in the following that the parameter is not critical.
In a sensitivity study, the branching ratio is changed without much influence
on the flooding patterns. The strong connection of the streams to the over-
land flow allows for the fast redistribution of water from one distributary
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into the other along the gradients of the topography.

The two main bifurcations in the wetlands are where the Thaoge system
starts (channel 10 in Figure 3.2 a) and where the Jao system (channel 14)
branches off from the Nqoga (channel 15). The channels 10 and 14 do in
reality not start at a real bifurcation but are mainly fed by overland flow.
Therefore, at these two bifurcations, the branching ratios are modified to
feed as much as 90 % of the discharge into channels 11 and 15, and only
10 % into channels 10 and 14. Figure 7.3 shows the discharge along the
downstream distributaries using the equal flow distribution and the 90 to 10
ratio. For the channels 10, 11, and 15, the influence of a strongly unequal
branching ratio is erased quickly for the low flow period and also before the
end of the channels for the high flow period. Channel 14 shows an interesting
behaviour during the high flow period. The difference in discharge using the
different branching ratios decreases to a small residual difference until reach
40, but downstream from there it sharply increases again until around reach
60. The increase of the difference is linked to the increase in the discharge.
Whereas in the other channels, discharge is almost continuously decreasing
in downstream direction, the end of channel 14 is marked by an increase
in discharge. The explanation is that being at the end of the Jao flats
water is forced back into the channel at that location and because with
the modified branching ratio less floodplain water is available, the channel
discharge increases less. The proximity of the two discharge profiles arround
reaches 30 to 40 is due to the limited capacity of the channel. Above a certain
discharge, the water is lost more easily to the floodplains.

The modified branching ratio leads to a redistribution of the flooding
patterns into the northeastern systems (Figure 7.4). But the magnitude of
the change is very small with changes in the flooding frequency mostly below
2 %. At the locations of the branchings, a large part of the water is already
flowing as overland flow and not as channel flow. The inflow of 120 m3/s
into channel 11 on April, 1st 2004 is small compared to the discharge of
766 m3/s at Mohembo on March 3rd. A large part of the water is therefore
unaffected by the branching ratio. The change in the flood extent was found
to be almost zero. When instead of the 90 to 10 ratio a ratio of 100 to 0 is
used, the additional change is very small. The sensitivity measure Ichange is
then of 96 instead of 93.

The model tends to simulate more flow than observed in the western
systems. An unequal branching ratio would push the model in the right
direction, but the improvement would be minim compared to the loss in
model flexibility. With unequal branching ratios, values for all of them
would need to be set an changes over time would be a difficult issue to
handle.
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Figure 7.3: Simulated discharges along the distributaries of the two main bifur-
cations in the Okavango Wetlands for a low flow period (left column graphs) and a
high flow period (right column graphs). For each channel and period, the discharges
are shown as simulated with two different branching ratios.
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Figure 7.4: a) Flooding frequency for the unequal branching ratio scenario, and
b) differences of flooding frequencies compared to the baserun.

7.3 Distributed aquifer thickness

The multiple geological faults underneath the Okavango Wetlands have led
to the deposition of an aquifer which is highly heterogeneous in terms of
depth. The thickness of the Kalahari Aquifer has been determined by Kgotl-
hang et al. (2006) and is shown in Figure 3.1. Together with the topography
and the channel positions, it is used to build the model geometry. To as-
sess the importance of the thickness of the aquifer, a model run is set up
with a constant aquifer thickness of 180 m and the results are compared to
the baserun in which the aquifer thickness varies between 30 m and 450 m.
The thickness of 180 m corresponds to the median of thickness values for
all active model cells (the mean value is 202 m). The differences in flood-
ing frequency compared to the baserun are small (Figure 7.5). There is no
change in the flooded area but the pattern changes slightly. The reduction
in thickness induces a reduction of the transmissivity of the aquifer. The
flooding is a bit more concentrated around the main distributary systems
because less spreading occurs through the aquifer.

The small change of only up to 3 % is in agreement with the theory
that the aquifer is mainly acting as a storage, which needs to be filled by
vertical flows from the surface to allow for a further expansion of the flood
but that it participates only marginally itself in the lateral conveyance of
the water. With such small changes, it is difficult to evaluate which of the
runs yileds the better results. In the first version of the model by Bauer
(2004), a constant thickness of 100 m was assumed. Using this even thinner
aquifer yielded very simillar patterns of differences in flooding frequencies
as shown in Figure 7.5 with absolute values of the differences being up to 5
%.
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Figure 7.5: a) Flooding frequency for the 180 m constant aquifer thickness sce-
nario, and b) differences of flooding frequencies compared to the baserun.

7.4 Water level dependent specific yield

For the constant parametrization a specific yield value for the swamp layer
of 0.5 was selected. This value is easily justified because the interface of
groundwater and swamp layer was set at the median of elevation points,
were the specific yield caused by the topographic roughness is per definition
0.5. At higher than infinitesimal water depth the specific yield value should
thus be larger, but it is assumed that the volume of vegetation compensates
for this. Model results using the constant value of 0.5 are compared to model
results using a water level dependent specific yield. The constant value leads
to a simulation of larger flooded areas (Figure 7.6). The strongest increases
of flooding frequency occur around the main channel system. Further away
from the main channels the increase is less pronounced or presents even
higher flooding frequencies. The impact is better visible in the depths to
groundwater (Figure 7.7). Arround the Thaoge channel and towards the
Linyati Swamp, the depths to groundwater are approximately 2 m larger
using a constant specific yield value. As a result of the implementation,
channels get much longer without changes in the hydraulic parameters of
the channel beds themselves.

7.5 Water level dependent hydraulic conductivity

The implementation of water level dependent hydraulic conductivity has the
most pronounced impact on the flood distribution. Figure 7.8 clearly shows
that without a water level dependent value, the flow into the Jao distribu-
tary is heavily reduced. Flooding frequencies in the entire Jao floodplains
are reduced by over 30 % and more water is redirected towards the west-
ern side into the Thaoge. The location causing these two simulations to
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Figure 7.6: a) Simulated flooding frequency using constant specific yield, and b)
differences of flooding frequencies compared to the baserun.
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Figure 7.7: a) Simulated depth to groundwater using constant specific yield, and
b) differences of depth to groundwater compared to the baserun.

differ so considerably seems to be the downstream part of the permanent
swamps. Further downstream, in the Jao distributary, the differences are
not characterized by sudden changes anymore. The high sensitivity of the
large scale flow distribution to the handling of the hydraulic conductivity
in a small area illustrates quite well the importance of small scale processes
in the large scale model. The flooding patterns obtained with a water level
dependent hydraulic conductivity are closer to patterns observed in satellite
imagery than patterns simulated with a constant value.

7.6 Water level dependent leakage coefficient

The implementation of a water level dependent leakage value has limited
influence on the flood distribution in terms of absolute values. Maximal
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Figure 7.8: a) Simulated flooding frequency using constant hydraulic conductivity,
and b) differences of flooding frequencies compared to the baserun.

changes in the flooding frequency are on the order of ±5% (Figure 7.9). But
the influence is very systematic in that the water level dependent approach
simulates a wider spreading of the flood. The spreading occurs mainly
around channels running through dry areas. These are locations where the
infiltration from the surface layer to the groundwater was considerably ex-
aggerated because often only a small band of land is flooded around such
channels. With a constant leakage coefficient, leakage was occurring at the
same rate for those cells than for entirely flooded cells. This can be seen
in Figure 7.9b where the central systems get slightly more water using a
constant specific yield value and the surrounding areas are systematically
less frequently inundated.
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Figure 7.9: a) Simulated flooding frequency using the constant leakage coefficient,
and b) differences of flooding frequencies compared to the baserun.
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7.7 Inhomogeneous aquifer conductivity

The Kalahari Aquifer is composed of sands and clays deposited and relo-
cated by aeolian and fluvial processes. Because over time the position of
active channels has shifted, the aquifer has developed into a discontinu-
ous medium. In the central part of the wetlands, the alternation between
sands and finer clay lenses is expected to be homogeneous and horizontally
isotropic so that, at a larger scale, the hydraulic properties of the aquifer can
be considered constant. Towards the southeastern end of the wetlands, the
situation is different. Flows have been ponding up against the Thamalakane
and Kunyere faults ever since the beginning of the rifting process. While
the central block slowly moved downwards it was continuously covered with
sediments so that the step at the Thamalakane and Kunyere faults is still
today passable for high flows. But the slowing down of flows against the
faults has resulted in the cumulated deposition of finer materials along the
faults. With time, a vertical structure of lower hydraulic conductivity has
thus developed against the faults.

Detailed information on the extent and conductivity of the flow barrier
are missing. Also, it cannot be excluded that the zone is not fully continu-
ous. Already small passages of higher hydraulic conductivity would severely
reduce the effectiveness of the barrier. These unknowns would lead to too
many unknown parameters when including the barrier in the model. There-
fore for model calibration and application the barrier is ignored. However,
the sensitivity of a barrier has been evaluated by including it as bizonal
aquifer conductivity in the model (Figure 7.10).
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Figure 7.10: Bizonal aquifer conductivity distribution with lower conductivity at
the downstream end of the wetlands where finer particles are deposited.

The influence of a bizonal distribution of the aquifer conductivity on the
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flooding patterns is small. In the lower parts of the wetlands, due to less
spreading of the groundwater lens in the less conductive aquifer, channels
are flooded slightly longer (Figure 7.11). The impact on the groundwater
levels clearly follows the separation line between the two zones. In the south-
eastern zone, apart from immediately underneath the channel locations, the
groundwater levels are lower. Due to the low lateral regional groundwater
flow, there is no backward influence into the central wetlands. The barrier
effect which lets the groundwater levels raise on the northwestern side of the
less conductive zone is only effective for a few kilometres(Figure 7.12).
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Figure 7.11: a) Simulated flooding frequency using the inhomogeneous aquifer
conductivity, and b) differences of flooding frequencies compared to the baserun.
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Figure 7.12: a) Simulated depth to groundwater using the inhomogeneous aquifer
conductivity, and b) differences of depth to groundwater compared to the baserun.
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7.8 Wetting by precipitation

The possibility for cells to be wetted by precipitation without being neigh-
bours to already active cells lets the flooded area increase sharply during
precipitation events. This results in a much larger percentage of the model
area that is flooded at least once (cells that appear coloured in Figure 7.13a
are flooded at least once in 200 time steps). It has however almost no effect
on the spreading of the flood. After a precipitation event, the simulated
total flooded area drops back very quickly to the values simulated without
precipitation wetting.
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Figure 7.13: a) Simulated flooding frequency with activated wetting by precipita-
tion, and b) differences of flooding frequencies compared to the baserun.

A strong influence of the wetting by precipitation can be observed in
the simulated depths to groundwater (Figure 7.14). For areas far away
from the wetland, the simulated depths to groundwater are much shallower
when including the precipitation wetting. This is due to the fact that when
using the precipitation wetting, the interception effect of the unsaturated
zone is deactivated and thus simulated recharge rates are much higher. The
precipitation wetting has the effect to keep the water at the surface. It
can evaporate from there in following drier time steps with some part of it
infiltrating to the lower layer. However, for deep groundwater situations,
the difference that the precipitation wetting brings is this infiltrating part
which would be zero without precipitation wetting (a very deep groundwater
level inducing an actual net water exchange with the atmosphere of zero,
see Section 3.4).
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Figure 7.14: a) Simulated depth to groundwater with activated wetting by precip-
itation, and b) differences of depth to groundwater compared to the baserun.



Chapter 8

Model Performance

8.1 Variability of the flooding patterns

The strong seasonality of the flooding is one of the major characteristics
of the Okavango Wetlands and the models main target is to simulate this
seasonality properly. The annual flood spreads along the channel system
but also as overland flow in areas where no channels exist (Figure 8.1). The
importance of delaying effects on the system is nicely illustrated by Lake
Ngami at the southwestern end of the wetlands which in 1979 (Figure 8.1)
is flooded until August by flows of the previous year and after a short dry
period is flooded again by the flood of 1979.
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Figure 8.1: Simulated progression and retreat of the flood for the year 1979. The
channel system is superimposed on the simulated flooded areas.

The diversity in ecosystems resulting from the periodic flooding is en-
hanced by a variability of flooding depth over the wetland area (Figure 8.2).
The amplitude of surface water elevations is large in the upper part of the
wetlands where the water is constrained to the 15 km wide Panhandle. It
decreases quickly downstream of the Gomare Fault where flows spread into
the wide floodplains. The amplitude increases again further downstream as
water becomes more concentrated into single channel systems.
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Figure 8.2: Simulated flooding patterns and surface water depths for one time
step in August 1975. Ten year time series section of the 1970 to 2006 simulation
period for water depths at three selected locations. Note the different amplitudes
and the delay of the peak. The grey line locates the groundwater level cross section
of Figure 8.5.

8.2 Flood peak delay

Because of the combined effect of local precipitation, inflow, and ground-
water levels the progression of the flood differs from year to year. Whereas
already the highest recorded water levels in Mohembo vary between begin-
ning of April and end of May, the delay of the flood peak from Mohembo
to Maun varies between 50 and 150 days. The highest water levels in the
observed and in the simulated data have been picked for the stations of
Mohembo in the upstream and Boro Junction in the downstream. The two
stations are separated by 255 km in straight line but by 394 km following
the channel network. The model does not simulate perfectly the delay on a
year to year basis but it perfectly follows the trend to a much longer delay in
the late seventies (Figure 8.3). The delay to the station of Mporata which is
situated some 40 km upstream of Boro Junction does not have a consistently
shorter delay. Depending on groundwater levels and the wetting of the soil
by precipitation previous to the flood arrival, the progression speed of the
flood differs even over these last kilometres.

The striking change of the delay in the late seventies is not due to any
physical modification in the system as for instance a blockage in the Boro
system slowing down the flow. This can be excluded simply because such
physical changes are not simulated by the model. Groundwater storage
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Figure 8.3: Delay of the flood peak between Mohembo and Boro Junction respec-
tively Mporata. Simulated and observed values as time series and as scatterplot.

effects are the very likely explanation for this change.

8.3 Channel discharge

Channels in the central wetlands are often poorly defined and vary in width
over short distances. Because it is difficult to precisely separate channel
and overland flow, discharge data from this area must be handled with care.
On the modelling side such irregular channels are problematic for a large
scale model. Only average values over longer reaches can be used. The
simulated channel discharge for stations in the central wetlands differs from
the observed values. For example at the station Mmadinare (Figure 8.4)
observed and simulated discharge differs by a factor two but the timing of
the peak is well simulated. Also the water levels are in very good agreement
with the observed values. In the downstream parts of the wetlands where the
flows converge to better defined channels, discharge is simulated considerably
better by the model (station Xakue and Maun Bridge in Figure 8.4). The fit
for the station of Maun Bridge is quite excellent when one keeps in mind that
these up to 50 m3/s represent less than 10 % of the peak inflow (637 m3/s
in 1978) and that the flows have traveled through over 250 km of wetlands.

The four cell model by Gieske (1997) achieves a better fit of the dis-
charges at the end of the Boro in the Thamalakane River (equivalent to the
above mentioned Maun Bridge station). This is at the price of no simula-
tion of the lateral spreading of the flood. It is interesting to note that both
models lack in accuracy for the same years (e.g. 1981 and 1989)

8.4 Long term water storage variations

The Kalahari Aquifer is recharged by the infiltrating part of the flood and
local precipitation. Along active channels the groundwater table rises to
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Figure 8.4: Observed and simulated discharge for stations in the central wetlands
(Mmadinare), shortly downstream of the large floodplains (Xakue), and at the down-
stream end of the wetlands (Maun Bridge). Also shown are relative hydraulic heads
for the station of Mmadinare. The simulation results are from the baserun with a
channel branching ratio of 1:1.
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the surface, while in the centre of large islands the water table stays several
metres lower. This leads to important local gradients and groundwater flows
towards the centre of islands. At the scale of the entire wetland however,
the aquifer serves mainly as reservoir with very limited regional lateral flows
(Figure 8.5). The model simulates a regional groundwater outflow, concep-
tualized as drains, of 4.6 m3/s. This represents only 1.2 % of the inflowing
300 m3/s, together with the 80 m3/s of precipitation on a surface of 5000
km2. The remainder of the incoming water is lost to evapotranspiration,
with 65 % leaving the system via the upper - surface water - layer and 35 %
leaving via the groundwater layer. The 35 % evapotranspiration from the
groundwater layer can be interpreted as resulting mainly from transpiration
by vegetation.
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Figure 8.5: Profiles of simulated groundwater levels along a cross section through
the central wetlands. The location of the cross section is shown in Figure 8.2.

The strong interaction between surface-water and groundwater, together
with the high storage capacity of the Kalahari Aquifer, have the effect that
a year with abnormal hydrological conditions has consequences on the fol-
lowing several years. The resulting non-linearity between meteorology and
floods of the same year were, in the beginning of hydrological modelling of
the Okavango Wetlands, miss-interpreted as resulting from physical changes
in the system. The period following the very wet year 1974 was referred to
as the “Boro high flow regime” (Dincer et al., 1987) and thought to be due
by physical changes in the wetlands. The long term influence of the strong
precipitation events is well simulated by the model without any physical
changes to the channel system. Close to the lower Boro, groundwater levels
rise and inundation is more frequent from 1974 onwards but the effect is
observed more clearly at locations further away from the channels. There,
the levels are less influenced by the annual variability and the long decay
time of the high groundwater levels of 1974, 1989, and 2000 is unambiguous
(Figure 8.6). The channel discharge in the lower Boro is strongly influenced
by the higher groundwater levels whereas in the central wetlands groundwa-
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ter levels are high anyway and the channel capacities are limited. Additional
precipitation does therefore not lead to increased channel flows there but to
more lateral flooding and overland flow.
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Figure 8.6: Simulated groundwater levels close to the lower Boro (a) and approx-
imately 10 km northeast along the Thamalakane (b). The dashed line shows the
topographic elevation. c) Simulated discharges in the Jao channel in the permanent
swamp and at the end of the Boro channel.

8.5 Flooding of Lake Ngami

Lake Ngami is situated at the distal end of the Okavango Wetlands and is
flooded only episodically. The flooding is very irregular. Dry periods can
span over several years or the Lake can be flooded in several consecutive
years. The area is intensively used for cattle grazing. Resulting soil com-
paction around ponds has diminished the infiltration capacity of the ground.
The channel leading to the lake dries up every year but small ponds of water
can remain in the lake throughout the year.

Water levels and discharge are measured by the Department of Water
Affairs (Botswana) at the station of Toteng which is situated along the in-
flowing channel about 10 km upstream of the river mouth. Water levels are
also measured on the northwestern shore of the lake at the so called Fish-
eries Camp station (Figures 8.7 to 8.10). Both records start in October 1980.
Measurements are conducted only when water is expected at the stations.
It can therefore not be excluded that the inflow of small quantities of water
are missed. Also, remaining ponds at the lowest points of the lake are not
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Figure 8.7: Recorded water levels for the flood events of the years 1980/1981 and
1981/1982 illustrating discontinuities in the dataset.
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Figure 8.8: Water level record on Kunyere River at Toteng (black dots) together
with the modelled time series (black line) and the evaluation of the NOAA AVHRR
images (red stars: image with dry Lake Ngami, blue stars: flooded Lake Ngami).

detectable from the water level data at the lake shore. Another reason why
the recorded data must be handled with care is that the employed water level
gauges are sometimes weakly fixed on the ground. Movements of the gauges
leads to discontinuities in the data (Figure 8.7). These discontinuities could
be corrected for if the time series were not interrupted by long gaps in the
dry season. Because of the episodic nature of the lake, the correction can be
done only for individual flooding events. An absolute comparison of water
levels between different years is not possible. Elevations must be regarded
as relative and only the heights of individual peaks can be considered. Nev-
ertheless these data can be used as good indicator to determine in which
years Lake Ngami was flooded.

Small inconsistencies can be observed in the measured discharges and
water levels. In October 2000 a strong increase in water levels has been
recorded but no flow measurements were carried out (Figures 8.8 and 8.9).
The same inconsistency occurs in the year 1983.

A second independent time series of the flooding of Lake Ngami can easily
be extracted from the flooding maps that have been derived from NOAA-
AVHRR images by McCarthy et al. (2003) for the period from 1972 to 2000
for the entire Okavango Delta area. This time series shows flooding events for
several years known to have been dry (e.g. 1994 and 1997 being in the long
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Figure 8.9: Discharge record on Kunyere River at Toteng (black dots) together
with the modelled time series (black line).
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Figure 8.10: Water level record at fisheries camp (black dots) together with the
modelled time series (black line) and the evaluation of the NOAA AVHRR images
(red stars: image with dry Lake Ngami, blue stars: flooded Lake Ngami).

dry period in-between 1991 and 2001). The automatic classification method
applied by McCarthy et al. (2003) to identify flooded areas is likely to be
the cause for this misinterpretation. The method is such that automatically
defined classes which occur only in the area of possible flooding (the larger
Okavango Delta area) are counted as flooded. Lake Ngami, through its
specific topography and ephemeral flooding, is likely to host vegetation that
is not growing in the dry Kalahari outside of the larger Okavango Delta area.
It can therefore easily be misclassified as flooded in dry years.

The numerical model failed in simulating some of the flood events. It
reflects very well the dry period in-between 1992 and 2001 and only for the
years 1986 and 2000 simulated water in the Lake when none was recorded.
The year 2000 was characterized by unusually strong rainfalls which, by
recharging the groundwater, allowed the flood waters of 2001 to reach Lake
Ngami. The model simulates this flooding too early.

The comparison of flooding time series for Lake Ngami resulting from in-
situ observations with times series derived from NOAA AVHRR images, and
the results of the numerical model shows that the numerical model performs
better in predicting flooding of Lake Ngami than what is calculated from
NOAA AVHRR images (Table 8.1). The satellites images are not available
for every year because clouds often cover the wetlands. Out of the 14 years
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Table 8.1: Summary of the flooding or not of Lake Ngami over the last 25 years as
determined by the different measurements, the evaluation of NOAA AVHRR images
and the numerical model. X: flooded, O: dry, -: no data available. (N.B. 81 stands
for the hydrological year starting 1st of October 1980.)
year 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07

In situ H_Kunyere X X X O X O X O X X O O X O O O O O O O X X O O X X X

In situ Q_Kunyere X X O O X O X O X X O O X O O O O O O O O X O O X X X

In situ H_fisheries X X X O X O O O O X O O X O O O O O O O O X O O X X O

NOAA - - - - X X X X - - X O X X O O X O O X - - - - - - -

Model_Kunyere X O O O X O X O O X O O X O O O O O O X X X O O X O X

Model_fisheries O O O O X O O O O X O O O O O O O O O X X O O O X O O

for which images are available during the flood season, only 8 years (57%)
could be correctly interpreted. The numerical model simulated the flooding
of Lake Ngami correctly in 22 out of 26 years (81%). These results show,
that the flooding masks derived by McCarthy et al. (2003) are not adapted
to assess the flooding of Lake Ngami. Similar problems may occur in other
areas of the wetlands but because the topography and vegetation of the
Lake Ngami area are very special no further conclusions can be drawn here
concerning the accuracy of the method for the entire wetlands. Also, the
method by McCarthy et al. (2003) was not developed specifically to assess
the flooding of Lake Ngami, thus it should perform better for other areas of
the wetlands.



Chapter 9

Model Applications

The special hydrological conditions of the Okavango Delta result from the
interplay between local climate and inflow. Both of these drivers are likely to
undergo change in future decades. Climate change will affect precipitation
and evapotranspiration locally and in the catchment of the Okavango River.
Agricultural intensification and increased water needs may lead to significant
water abstractions.

The influence on the natural system of those anthropogenic impacts is
simulated with the hydrological model. In a first step, the model is run with
past time series of precipitation, potential evapotranspiration, and inflow.
To be consistent with general circulation models (GCMs) this baseline period
is chosen from 1960 to 1989. In a second step the model is run with modified
input time series representing water use and climatic conditions as expected
for future decades. The differences between both runs are then analysed
and the influence on the ecology of the wetlands can be estimated.

The model is further applied to study the influence of tectonic move-
ments. For this purpose the topographic surface is changed according to
tectonic scenarios.

Feedback mechanisms of changes in for instance vegetation which in-
fluence again the hydrology are contained in the model only in regards of
evapotranspiration. The model simulates the depth to groundwater and,
as a function of the latter the actual evapotranspiration is derived from
the potential one. Thus, new groundwater conditions lead to new evapo-
transpiration values. More elaborate feedback mechanisms like the relations
between plant growth, CO2 concentrations, temperatures, and local precip-
itation patterns cannot be simulated in the model.

9.1 Model linkage to ecology

The wetlands of the Okavango Delta are of global importance due to the im-
mense pool of biodiversity that they host and great efforts for their conser-
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vation are justified. To be increasingly profitable for conservation purposes,
hydrological models should not only predict changes in the hydrology but
also correlate those to changes in the habitats for flora and fauna. Coupled
hydrological-ecological models will eventually give the required answers to
water managers regarding questions related to biodiversity conservation and
tourism.

Using the hydrological model described here and the ecoregion classifi-
cation by McCarthy et al. (2005), a good correlation is found between the
simulated depth to groundwater and the ecoregion classes (Burg , 2007; Mil-
zow et al., 2008c).

Because with 1 km against 28.5 m the resolutions of the model and the
classification are highly unequal, as much as 1200 pixels with individual
ecoregion definitions fall within each model cell. The fraction of each cell
covered by a certain ecoregion is therefore calculated. These fractions are
then plotted against the temporal mean of the simulated depths to ground-
water (Figure 9.1). It is found that most ecoregions occur at clear preferen-
tial depths to groundwater. A similar analysis using the flooding frequency
(number of time steps simulated as flooded divided by the total number of
time steps) instead of depth to groundwater yielded less well defined distri-
butions.

With these results, given the simulated temporal mean of depth to
groundwater, the expected fraction of occurrence (or probability of occur-
rence) of a certain ecoregion can be derived (Figure 9.2). For example for a
cell with simulated depth to groundwater of 20 m the probabilistic vegetation
consists of 47 % Acacia woodland, 7 % Mopane woodland, 5 % Combretum
woodland, and 41 % sparce dry grassland. Or, using another approach,
the vegetation cover of that cell consists with a probability of 5 % of only
Combretum woodland. Because vegetation will in the long term adapt to hy-
drological conditions, the ecoregion distribution resulting from hypothetical
scenario runs of the hydrological model can also be derived. The distribu-
tions of Figure 9.1 are strongly overlapping making a one-to-one conversion
between simulated depth to groundwater and ecoregions impossible. Several
physical reasons are responsible for this:

• Several ecoregions occur within one model cell. Some ecoregions (e.g.
water) are of small spatial extent and never are the predominant ecore-
gion within a 1 by 1 km cell. Those ecoregions would never be simu-
lated if only one ecoregion was assigned to each depth to groundwater.

• A constant depth to groundwater over one model cell (1 km by 1 km)
does not reflect the small scale variability observed in the field.

• Temporal ecological effects such as fires and resulting vegetation suc-
cession are not simulated. For one depth to groundwater, different
ecoregions can be found depending on the history of the area.
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Figure 9.1: Mean of the observed fraction of occurrence computed for discrete
intervals of depths to groundwater for the 12 ecoregions. Note that y-scales differ.
For each depth the fractions of all ecoregions sum up to 100 %.
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Figure 9.2: Simulated fraction of occurrence for secondary floodplains at present
conditions.

• Ecoregions can be in competition for the same depth to groundwater;
factors such as presence of grazing animals are important but cannot
be simulated.

Murray-Hudson et al. (2006) have also linked results of a hydrological
model to ecoregions and found results similar to the ones presented here.
Their approach was however quite different. They used an empirically de-
rived relation between observed flooding patterns and simulated total flood
volumes for each of the distributaries of the Okavango Delta. They then
defined floodplain classes based on the frequency of flooding. The distrib-
ution of these floodplain classes is studied under different future scenarios.
For changes of small magnitude their methodology is very promising but the
limitation of the approach is that only combinations of hydrological condi-
tions that have occurred in the past in the distributaries can be simulated.
Conditions drier than ever observed can for instance not be simulated. Also,
because the model outputs are only flooding maps, no changes can be as-
sessed for vegetation communities in never or very rarely flooded areas which
are dependent on the depth to groundwater.

9.2 Climate change over the last decades

Scenarios of future climate in southern Africa and the Okavango region in
particular can be extracted from general circulation models. But before
doing so, an analysis of past temperature time series is conducted. The Na-
tional Climatic Data Centre of the U.S. Department of Commerce (NCDC )
archives data from thousands of meteorological stations worldwide. In an
automatic procedure, stations from countries surrounding the Okavango
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Wetlands and with sufficiently long data records are selected. From the
promising large number of stations listed in the area of interest, only 40
were found to have sufficient data availability (Figure 9.3). The criteria for
selecting stations were chosen to ensure that final time series of yearly means
are not affected by irregular measurements, and that times series are long
enough to allow for an analysis of long term temperature fluctuations. The
following steps were applied:

1. From the daily temperature values, monthly means were calculated for
months with at least five values.

2. Annual means were calculated for years with monthly means available
for every month.

3. A linear fit on the annual means was performed if out of the 35 years
between 1973 and 2007, at least 15 annual mean values could be cal-
culated.
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Figure 9.3: a) Meteorological stations available in the countries surrounding the
Okavango Wetlands, namely Angola, Zambia, Zimbabwe, Botswana, and Namibia.
b) Stations fulfilling criteria to evaluate long term changes in temperature. The
colour of each dot indicates the fitted temperature change in degrees per year.

Out of the 40 Stations with satisfactory data records, 15 show a decreas-
ing trend for temperature. These stations are grouped towards the east of
southern Africa. Very low trends are observed for the two stations at the
fringes of the wetlands, Shakawe and Maun. In Namibia, on the western
side of the wetlands, all stations indicate a positive trend. Certainly, by
comparing the individual time series (Figure 9.4), one can argue, that these
trends are not very pronounced. But fact is that they don’t appear to be
random in space.

It seems that the Okavango Wetlands are located on the borderline of
regions with different temperature trends. Additionally, the large amount
of water available for evapotranspiration has a local buffering effect on tem-
perature changes. With warmer air masses reaching the wetlands, the evap-
otranspiration rate will increase so that part of the additional energy is
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Figure 9.4: Mean daily temperature in ◦C at four selected stations. Daily val-
ues (black), monthly means (blue), annual means (red), and fitted line through the
annual means. The location of the stations is shown in Figure 9.3.
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transformed to latent heat. For climate models however, the wetlands are
too small to have their local buffering effect accounted for. For these rea-
sons, climate predictions for the Okavango Wetlands must be taken with
care.

9.3 Climate change scenarios

The intergovernmental panel on climate change provides a web based data
distribution centre (IPCC , 2008) from which results of the main general
circulation models (GCMs) can be downloaded. The data provide future
climatic conditions derived by assuming different standardized scenarios of
land use and emission of greenhouse gases. In this study, focus is put on the
scenario A2 which stands for a regionally and economically oriented world.
The A2 scenario describes a very heterogeneous world with slow technology
change. With that, it is one of the worst case scenarios in terms of projected
temperature increases. However, it must be noted that these scenarios have
not been renewed since 2000 and that the current evolution of greenhouse
gas emissions is worse than projected by the A2 scenario (Pielke et al., 2008;
Sheehan, 2008).

The agreement of the set of GCMs is unevenly distributed over the globe.
Predictions for temperature vary most at high latitudes whereas predictions
for precipitation are most uncertain for the tropical regions. At global scale,
the Okavango Basin is a location of average agreement between the GCMs
(Figure 9.5).

The latest available GCM results are those of the assessment report four
(AR4) published in 2007 by the IPCC, but for consistency reasons results
of the third assessment report (TAR) published in 2001 must be used in
this work. This is because the inflow to the wetlands under new climate
conditions cannot be derived directly from the assessment report datasets.
It has been simulated by Andersson et al. (2006) by means of a hydrological
model of the catchment area. At the time of the study by Andersson et al.,
the AR4 data were not yet available and only inflows using climate data
from the TAR could be generated. For that reason also future temperature
and precipitation inputs for the wetland model are used as predicted by the
TAR. A comparison of postulated changes from the TAR with the more
recent AR4 data is however conducted.

Figure 9.6 shows the present mean monthly temperature and precipita-
tion curves together with the changes simulated by TAR and AR4 models.
The predicted temperature increase varies in a range from 3 to 6 degrees.
the AR4 data does not differ much from the TAR data but adds more con-
fidence to the previous results. A slight trend of a stronger temperature
increase during summers is followed by most models. For changes in precip-
itation, the AR4 data helps clarifying the confusing prognoses of the TAR
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Figure 9.5: Map of the standard deviations of predicted changes (period 1960-1989
to the period 2070-2099) between the 16 GCMs for which simulations for the period
2070-2099 have been conducted according to the A2 scenario. a) (and zoom b))
show the standard deviation of the predicted change in mean annual temperature in
◦C. c)(and zoom d)) show the standard deviation of annual precipitation change in
mm/day. Standard deviation values for the Okavango Delta location (white cross)
are 0.89 ◦C and 0.23 mm/day. For the catchment area the standard deviation of
temperature is only slightly higher, ranging from 0.90 to 0.95 ◦C, but the standard
deviation of precipitation is considerably higher with 0.30 to 0.45 mm/day. The
global means are 0.87 ◦C and 0.27 mm/day.

data. For the already very dry winter months, all TAR and AR4 models
predict even drier conditions. This is probably not of so large importance
for the ecosystem because the vegetation is adapted to winter conditions
without precipitation at all in some years. For the yearly water balance and
groundwater recharge the very rare winter precipitation events are also not
important. A very important change towards drier conditions is predicted
by most AR4 models for spring (October to December) when ecosystems
rely on precipitation after the dry winters. A decrease of approximately
0.5 mm/day appears likely for these months, what would mean a relative
decrease by on average 25 % for that period. The tendency of precipitation
changes for the summer and fall months (January to May) is still unclear
according to the AR4 models. Predicted changes range approximately from
+1 mm/day to -1 mm/day. During the summer months precipitation events
are predominately convective and therefore more difficult to simulate what
could explain the discrepancies of the models. Overall, the AR4 data con-
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Figure 9.6: Monthly temperature and precipitation means as measured over the
last decades and changes simulated for the period 2070 to 2099 relative to the period
1961 to 1990 with scenario A2. Measured temperature (a) is a mean of the stations
Mohembo, Shakawe, Kasane, and Ghanzi for the years 1960 to 1998. Measured
precipitation is the mean for the period 1930 to 2006. Changes resulting from the
simulations of TAR models (c and d) and AR4 models (e and f) are plotted in red
for the catchment area additionally to the wetland area in blue.
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Table 9.1: IPCC third assessment report (TAR) projected changes in annual mean
temperature, ∆T and yearly precipitation total, ∆P for the Okavango Delta area
relative to the period 1961-1990 for greenhouse gas scenario A2 (regional and eco-
nomic oriented world). ∆Q is the change in inflow to the wetlands as simulated by
Andersson et al. (2006).

Model Period 2040-2069 Period 2070-2099
∆T [◦C] ∆P [%] ∆Q [%] ∆T [C] ∆P [%] ∆Q [%]

CCCma +2.8 0 0 +5.6 -19 -30
NIES99 +3.2 -7 -11 +5.7 -12 -3
CSIRO +2.0 -4 +287 +3.6 -14 +238
GFDL99 +2.1 -4 0 +3.4 +4 +8
HadCM3 +3.0 -1 -38 +5.0 -3 -49

firmed the predictions made by the TAR data and added a bit of confidence
to them because of the larger number of models and the more advanced
development state of the models. The model developed at the Common-
wealth Scientific and Industrial Research Organisation (CSIRO), Australia
was predicting wetter conditions in the catchment of the Okavango River
at the time of the TAR. In the AR4 it now predicts among the driest con-
ditions for the catchment. Still, conditions as predicted by CSIRO in the
TAR data cannot be excluded when considering the range of results of the
AR4 data. The evaluation of the hydrological model with changes predicted
by the TAR can therefore be expected to render outputs lying in the same
range than if using results of the more recent AR4.

The results of TAR GCMs developed at five different research centres
were used to generate modified input data representative for the periods
2040-2069 and 2070-2099. A detailed list of the GCMs which’s results were
used can be found in Appendix A. Projections for future temperature and
especially precipitation differ considerably between these five GCMs as has
been shown in Figure 9.6 for the monthly values. Also the annual mean
predicted changes in the Okavango Delta area vary from model to model
(Tables 9.1 and 9.2). Because it is not possible to define one trustworthy
future climate scenario neither with the TAR nor the AR4 data, the results
of each of the five TAR GCMs are considered one by one, assessing their
impact on the wetlands individually. Model inputs for future local precipi-
tation are generated by adapting past precipitation time series according to
monthly relative changes (similar to the annual relative changes listed in Ta-
ble 9.1). Similarly, new potential evapotranspiration inputs are generated
by applying monthly temperature changes when calculating the potential
evapotranspiration with Hargreaves’ equation. Changes to the inflow are
adopted as determined by Andersson et al. (2006) with a numerical model
of the Okavango River Basin for the same climate change scenarios.

The impact on hydrology and ecology of the changes predicted by the
TAR GCMs has been simulated within the diploma thesis of V. Burg (Burg ,
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Table 9.2: IPCC assessment report four (A4R) projected changes in annual mean
temperature, ∆T and yearly precipitation total, ∆P for the Okavango Delta area
relative to the period 1961-1990 for greenhouse gas scenario A2 (regional and eco-
nomic oriented world).

Model Period 2070-2099
∆T [◦C] ∆P [mm/day] ∆P [%]

BCM2 3.5 NA NA
CNCM3 5.1 -0.13 -9
CSMK3 4.1 -0.28 -20
ECHOG 4.6 0.04 3
GFCM20 5.1 -0.43 -30
GFCM21 5.1 -0.28 -20
GIER 4.3 -0.01 -1
HADCM3 4.8 0.08 5
INCM3 4.1 -0.31 -22
IPCM4 5.0 -0.20 -14
MIMR 4.1 -0.12 -9
MPEH5 6.0 -0.39 -27
MPEH5 6.2 -0.39 -27
MRCGCM 4.0 -0.31 -21
NCCCSM 4.3 0.43 30
NCPCM 2.6 0.01 0

2007). The hydrological model of the Okavango Delta is run for the base
period 1960-1989 and, with modified inputs, for the two future periods
2040-2069 and 2070-2099. Because of the natural inter-annual variability
in precipitation and inflow, the results of the predictions runs must not be
mistaken for absolute predictions. The model cannot predict exact flooding
patterns that will occur for instance one year ahead. It can predict the fu-
ture long term flooding distribution, i.e. which regions will in the mean be
inundated less or more frequently and how groundwater levels will be influ-
enced. Long term averages of the future scenario runs are compared to long
term averages of the baserun in order to draw conclusion on the evolution
of the wetlands.

Impact on flooding extent and frequency

For the large majority of TAR GCM scenarios, which indicate drier future
conditions, the most important decrease in flooding frequency occurs at
the fringes of the central wetlands because the reduced flood peaks result
in smaller fractions of the upstream floodplains being inundated. In the
downstream, where flows are more canalized by topography, flooded areas
are of similar size but the flooding period is shorter. The downstream ends
of the flow systems are heavily affected because the shorter recession time
of flow is insufficient for them to be reached by most floods (Figure 9.7).
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Figure 9.7: Changes in flooding frequency relative to the baserun for climate
change scenarios for the period 2070-2099 under greenhouse gas scenario A2 and a
worst case water abstraction scenario.
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The simulated total flooded area for the period 2070-2099 (Figure 9.8)
increases largely according to the CSIRO climate change predictions. The
predicted climatic conditions in the catchment area and therefore the pre-
dicted change in inflow differ so massively from the predicted inflow using
all other GCMs that the result is doubtful. On average over the year, the
GFDL model predicts wetter conditions in the wetland and catchment areas.
But due to the increased temperature, evapotranspiration also increases and
aside from few occurrences, the simulated total flooded area is smaller than
the area simulated in the base-run.
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Figure 9.8: Simulated extent of the flooding in the baserun, for climate change
scenarios for the period 2070-2099 under greenhouse gas scenario A2, and for a
worst case water abstraction scenario.

Impact on groundwater levels

The wide range of climate prediction results in a wide range of groundwater
situations (Figure 9.9). A common finding can however be derived con-
cerning the sensitivity of specific areas. The central wetlands are relatively
unaffected by changes. Sensitive locations are the downstream ends of the
individual flow systems as for instance Lake Ngami. Another very sensitive
location is the Selinda Spillway. This northeastern branch of the wetlands
which is, yet close to the central wetlands, very sensitive to water abstrac-
tions (discussed in Section 9.4) and to moderate climate change scenarios.
The reason is that the Selinda Spillway can only be flooded during high
flows when the water levels in the central wetlands are high enough to allow
spilling of flows. This demonstrates that not only the guarantee of mini-
mal low flow levels is important to ensure the conservation of the Okavango
Delta but that also the reduction of inflow peaks has a noticeable negative
effect on the wetland distribution.

Impact on ecosystems

The simulated groundwater levels for future scenarios can be converted into
changes of vegetation classes using the relation described in Section 9.1. As
the conversion is non-unique, only the expected fractions covered by given
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Figure 9.9: Drawdown of groundwater levels relative to the baserun for climate
change scenarios for the period 2070-2099 under greenhouse gas scenario A2 and a
worst case water abstraction scenario.
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ecoregions can be simulated. For some ecoregions, e.g. water, these frac-
tions are always very small because the ecoregion never spreads over large
areas without coexistent and predominant other ecoregions. A probability
of e.g. 20 % for water does not signify that water will probably not occur
in that pixel but rather that 20 % of the pixel is covered by water. The
results can be displayed as maps of the distributions and changes in distri-
butions of expected fractions of occurrence for every ecoregion under new
environmental conditions (Figure 9.10). To quantify the results, the sim-
ulated fractions of occurrence are summed up to investigate the change in
total area occupied by each ecoregion (Table 9.3). For drier future condi-
tions, the major changes take place in the extreme ecoregions - water and
dry woodland. These ecoregions tend to respectively loose or gain in area
whereas the other ecoregions are shifted in location but keep their size.

Under drier conditions, the wetland will shrink in size with an inward
shifting of the intermediate ecoregions. This is quite straight forward, the
important point is that the change is not occurring uniformly. Specific
areas are affected much more than others. Lake Ngami is affected very
heavily. The impact on the Selinda Spillway is similarly high for very dry
as for intermediate dry scenarios. The threshold beyond which the Selinda
Spillway is not retained in it’s current condition seems to be met by all
scenarios.

For the moment, the expected effect of climate change in the Okavango
region remains uncertain. Murray-Hudson et al. (2006) state clearly that “It
is beyond the scope of [their] paper to assess which of the climate models and
scenarios for greenhouse gases concentrations are most realistic”. Besides
the improvements that can be made in hydrological models, further progress
in general circulation models is a prerequisite for successful prediction of the
future hydrology of the Okavango Delta.

9.4 Development scenarios

Besides the climate changes at the global scale on which Botswana on its
own has little influence, changes in water management at the regional scale
involving the riparian states of the Okavango Basin are threatening the equi-
librium of the Okavango Wetlands. Intensification of irrigated agriculture
in Angola could lead to considerable water abstractions in the upstream of
the wetlands. The worst case scenario that can be derived from a study by
the World Food and Agricultural Organisation (FAO , 1997) consists of the
irrigation by standard methods of 200,000 ha of suitable agricultural land in
the Angolan catchment area of the Okavango River. Together with another
8000 ha in Namibia and Botswana, the water requirements for irrigation
would be 1.447 km3/year - or approximately 14 % of the wetland mean an-
nual inflow. In a first approach it is supposed that these 14 % (41 m3/s) are
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Figure 9.10: Change of the probability of occurance for secondary floodplains
relative to the baserun for climate change scenarios for the period 2070-2099 under
greenhouse gas scenario A2 and a worst case water abstraction scenario.
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Table 9.3: Area in km2 of the 12 ecoregions as observed and simulated under present conditions; changes of the areas (in km2 and %)
with inputs according to the GCMs (scenario A2, period 2070-2099) and the worst case water abstraction scenario (41 m3/s) are applied.
(modified after Burg, 2007)

Ecoregion Observed Simulated CCCma NIES99 CSIRO GFDL99 HadCM3 Wat. abstr.
Wetter than baserun simulation - - 0 0 1409 0 0 0
Water 62 51 -22 -18 101 -10 -29 -9
Permanent swamp communities 2899 2286 -980 -656 4368 -303 -1355 -398
Primary floodplain 1410 1241 -571 -260 1997 -86 -804 -146
Secondary floodplain 2442 2341 -1036 -455 2999 -177 -1415 -183
Grassland (occ. flooded) 4371 4174 -1716 -697 3412 -271 -2316 -305
Riverine forest 193 188 -72 -25 103 -8 -98 -11
Dry grassland 1042 1006 -362 -122 254 -44 -481 -58
Dry Woodland (Acacia spp.) 23128 23361 1860 871 -6126 372 2623 491
Dry Woodland (Mopane) 5176 5363 437 244 -1472 115 577 89
Dry Woodland (Combretum spp.) 466 487 11 5 -32 1 11 1
Sparse grassland / salt crust (occ. flooded) 24470 24978 2514 1133 -6929 420 3367 536
Sparse grassland / salt crust 248 467 -67 -26 -87 -11 -85 -9
Drier than baserun simulation - - 0 0 0 0 0 0
Ecoregion Observed Simulated CCCma NIES99 CSIRO GFDL99 HadCM3 Wat. abstr.
Water 100 % 82 % -43 % -35 % 198 % -20 % -57 % -18 %
Permanent swamp communities 100 % 79 % -43 % -29 % 191 % -13 % -59 % -17 %
Primary floodplain 100 % 88 % -46 % -21 % 161 % -7 % -65 % -12 %
Secondary floodplain 100 % 96 % -44 % -19 % 128 % -8 % -60 % -8 %
Grassland (occ. flooded) 100 % 95 % -41 % -17 % 82 % -6 % -55 % -7 %
Riverine forest 100 % 97 % -38 % -13 % 55 % -4 % -52 % -6 %
Dry grassland 100 % 97 % -36 % -12 % 25 % -4 % -48 % -6 %
Dry Woodland (Acacia spp.) 100 % 101 % 8 % 4 % -26 % 2 % 11 % 2 %
Dry Woodland (Mopane) 100 % 104 % 8 % 5 % -27 % 2 % 11 % 2 %
Dry Woodland (Combretum spp.) 100 % 105 % 2 % 1 % -7 % 0 % 2 % 0 %
Sparse grassland / salt crust (occ. flooded) 100 % 102 % 10 % 5 % -28 % 2 % 13 % 2 %
Sparse grassland / salt crust 100 % 188 % -14 % -6 % -19 % -2 % -18 % -2 %
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abstracted from the wetland inflow with a constant rate over the year. In
comparison to this volume, household and industrial water abstractions are
small and are not further considered here.

The water abstraction scenario is considered independently from the cli-
mate change scenarios. That means, only the inflow to the wetlands is mod-
ified, whereas local precipitation and temperature are left unchanged. Given
the large uncertainties in climate change and also in water abstractions, a
combination does not appear to be useful yet. A combined scenario would
need to be investigated for each climate scenario. But also without running
a combined simulation, it can safely be said that the negative impacts of
both would sum up.

Out of the five circulation models, the CSIRO model is the only one to
project wetter conditions, and with that considerably less negative impact
on the wetlands than the worst case water abstraction scenario (Figures
9.7, 9.9, and 9.10). It is assumed that a situation with more water would
lead to an expansion of the wetlands without loss of biodiversity during
the growing phase. Even so resulting from very different changes in the
inputs, the impacts of the GFDL scenario are very close to the impacts
of the worst case water abstraction scenario. The three others circulation
models predict drier conditions. The worst impacts are simulated using the
HadCM3 scenario, followed by the CCC scenario. The changes predicted by
the CCSR model are the median of the prediction range.

Conclusions are difficult to draw because of the prediction range of the
GCMs but it seems that the impacts of the worst case water abstraction
scenario are smaller than the impacts of climate change. Still, they are on
the same order of magnitude. And interestingly, the differences are not uni-
formly distributed. For the Selinda Spillway, the impact of water abstraction
is almost identical to the predictions of the CCSR model.

The finding that the impact of climate change is larger than the impact
of probable water abstractions is shared with results from applications of the
two other distributed models (Jacobsen et al., 2005; Murray-Hudson et al.,
2006). It is somewhat disillusioning because it puts the options of Okavango
water management in the conservation effort around the Okavango Delta
into perspective.

Agricultural development is often associated with deforestation which
was found to result in higher flow volumes by Andersson et al. (2006) due
to faster flow into channels and less transpiration. But given the simplified
nature of the used catchment model, quantitative evaluations must be taken
with care. What is to be kept in mind is that the sensitivity of the basin
outflow to deforestation has been shown to be quite strong. More exper-
tise and detailed modelling of the catchment area are however necessary to
quantify the impact of deforestation.
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9.5 Tectonic scenarios

The question whether tectonic movements have played a key role in the
shifting of flows away from the Thaoge system towards the Nqoga in the
1880s and starting in the 1920s have induced the progressive and still ongoing
failure of the Nqoga (McCarthy et al., 1992) is still unresolved. In the
Okavango Delta - which is actually an alluvial fan - the shifting of channel
positions is a sine qua non process for the fan development. Additionally to
the shifting induced by sediment deposition, tectonic movements could have
redirected the flows at distinct times in history.

The numerical model is used to study the impact on flow distribution of
different tectonic movement scenarios. These scenarios have been derived by
L. Kgotlhang (publication in preparation) by considering the energy released
in recorded earthquakes and the position of faults throughout the Okavango
Delta. The extensional nature of the Okavango Graben basically allows for
lowering of blocks and for tilting blocks downwards along axes perpendicular
to the extensional direction. The epicentres of earthquakes that occurred
in the past 60 years could be determined with accuracy. But the Okavango
Delta is covered by a multitude of faults and it is difficult to determine which
faults were active during which earthquake. Starting from the intensity of
a given earthquake, the vertical movement is inversely proportional to the
size of the block that moves. Knowing the location and magnitudes of past
earthquakes is therefore not sufficient to reconstruct the tectonic history
of the Okavango Delta. The analysed scenarios must be regarded more
as a sensitivity analysis of movements that could have occurred than as a
reconstruction of past events.

The model in its standard set-up simulates flooding patterns on today’s
topography. In order to evaluate the impact of possible past tectonic move-
ments, these movements are integrated backwards onto the present topo”-
graphy. The result is the past topography and flooding patterns that develop
accordingly. By moving blocks upwards, sharp edges are artificially created
which did not exist in reality because the sharp edges that existed after an
earthquake were quickly blurred out. This inaccuracy is not expected to
affect the large scale water distribution.

The simulated scenarios include the movement of a large block in the
eastern part the wetlands and a tilting of the Panhandle area which is mo-
tivated by two faults delimiting the Panhandle on the northeastern and
southwestern sides (Figure 9.11). The selected amplitudes of 0.3 m for the
vertical movement of the block and of maximally 0.4 m movement for the
tilting of the Panhandle are a conservative choice. Much larger displace-
ments could have occurred over the last centuries given the seismic activity
in the region.

The simulated flooding frequencies with modified topography are then
compared to the baserun (Figure 9.12). Both of the movements redirect
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Figure 9.11: Elevation changes as simulated in the tectonic scenarios. The chan-
nel system is drawn in black lines. The grey line is the boundary of the larger
wetland area.

flows to the southwestern flow systems of the wetlands. The tilting of the
Panhandle has a stronger effect on the flooding patterns than the vertical
movement of the large block. Only in the central parts of the block loca-
tion, the movement of the latter has more influence than the tilting of the
Panhandle. A combination of both movements results almost in an addition
of both individual impacts.

By influencing flooding and overland flow, tectonic movements also have
an impact on the channel discharge in the different flow systems of the
wetlands. Channels can fall dry and others be initiated. The inclusion of
all channels (even known to be inactive presently) in the numerical model
is justified by such simulations. The simulated discharge for the different
scenarios at a station along the Matsibe is shown in Figure 9.13. The tectonic
scenarios induce a general increase of flow volumes at the station. However,
the increase relative to the baserun is most pronounced at low flows. A
hypothetical explanation can be found in the interaction between channel
and overland flow. During the high flow period channel beds are usually
full and additional water is lost to overland flow. Therefore high flows are
not increased significantly by the tectonic scenarios but at low flows when
the channel capacities are not fully exploited an increase is possible. Over
several years, increased flow through a channel would lead to a widening of
the channel and thus to an increase of its capacity and its discharge. Such
changes cannot be simulated with the model.

Through the conducted simulations it is shown that scenarios that could
have occurred influence the flow distribution in a way coherent with obser-
vations. That means a redistribution of the flows away from the Thaoge
system. The influence of tectonics on flow distribution can therefore not be
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Figure 9.13: Simulated discharge time series for the baserun and the three tectonic
scenario runs for a station along the Matsibe (location is indicated in Figure 9.12).
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excluded. It may well be that during the geological times of the Okavango
Fan’s build-up tectonics have played an incipient role in the repeated shift-
ing of channels. Sediment transport processes have however been intensive
enough to ensure the formation of a regular fan.



Chapter 10

Sedimentological

Measurements

The Okavango Delta being an alluvial fan of up to 400 m thickness, sedi-
ment transport is undoubtedly an important aspect that led to its formation.
For the wetland’s current evolution at time scales interesting for manage-
ment purposes sediment transport has been studied relatively little but its
importance is recognized.

10.1 of the Okavango Delta

The ongoing lowering of rocks from the Karoo, Ghanzi, Damara, and Kg-
webe groups has formed the Okavango Graben into which the Okavango
River discharges and forms the Okavango Wetlands. Within those wet-
lands, 96 % of the inflowing waters are lost by evapotranspiration. The
consequential downstream decrease in discharge and transport capacity of
the spreading channels leads to the deposition of all incoming sediments.
Over geological time scales a regular alluvial fan has been created (Figure
10.1). The thickness of the fan varies between 30 m and 400 m (Figure 3.1)
and consists of sediments transported by the Okavango River and additional
aerosol inputs (Garstang et al., 1998).

The dominant type of sediment transport depends on sediment and flow
characteristics which in the channels of the Okavango Delta currently are
fine to medium sands with a relatively uniform grain size of 0.35 mm and
flow velocities rarely exceeding 1.5 m/s. Given the geological times involved
since the creation of the Okavango Delta and the associated climate varia-
tions, it is likely that flow and sediment characteristics throughout the past
have differed from what they are today. Under current conditions, clastic
sediment transport in the main channels occurs predominantly as bedload
transport. The proportion of suspended organic mater increases downstream
after the water has filtered through floodplains but in the absolute stays low

130
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Figure 10.1: Schematic representation of the Okavango Graben with arrows indi-
cating tectonic movements, and the fan that has developed within the graben. See
also contour lines in Figure 1.1.

(McCarthy et al., 1991b). The suspended organic load plays however an
important role for nutrient transfers.

Active bedload transport and low organic content of the suspended load
cause the bottoms of the main distributor channels to be free of aquatic
vegetation cover. Channel bottoms are sandy and characterized by dunes
with superimposed ripples. With flow velocities V in channels never exceed-
ing 2 m/s and flow depths d never being below 1 m, the Froude number
Fr = V

√
g · d does not exceed 0.6. It can thus safely be assumed that the

flow will always be sub-critical. The possibility of a switching to super-
critical flow would have been problematic because two different transport
mechanisms would have been involved.

The massive fan of unconsolidated Kalahari sands which underlies the
wetlands ensures that sediment transport in the main distributary channels
of the Okavango Delta is always capacity limited. When water flows from the
main channels into the floodplains it must pass the dense channel flanking
vegetation which filters out bedload and suspended load. Particle sediments
are therefore deposited in the channels and only dissolved matter can reach
the floodplains where chemical sedimentation occurs.

Monitoring of the sediment transport at the entrance to the Okavango
Delta and at important branching points allows to study the time scales in-
volved in the formation of the fan and in the channel switching mechanisms.

The Okavango Research Group of the University of Witwatersrand in
Johannesburg has conducted a few intensive studies on bedload in the Oka-
vango Delta. Emphasis of the research was on the Okavango-Nqoga-Maunachira
system. Among many other findings McCarthy et al. (1991b) showed that
approximately 95 % of the bedload entering the wetlands is deposited before
the end of the Panhandle. However, these findings are based on 12 measure-
ments spread along the system at low flows in December 1987 and only two
measurements in April 1989 at medium flows.
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10.2 Bedload monitoring technique

Channels of the Okavango Delta represent a difficult situation for bedload
transport monitoring. The main part of the bedload transport occurs in
perennial channels. Installation of equipment on the channel bottoms during
a dry period is therefore not possible. Shores consist of extensively spread
floating vegetation giving only limited stability for anchoring ropes. The
construction of a bridge is planned over the main channel at Mohembo but
currently no bridges exist.

Bedload of the Okavango Delta is characterised by dunes and ripples but
the use of bedform movement techniques (nuclear gauges or side scanning
sonars) to quantify the transport is still inappropriate because of the lack of
fix points to install the instruments. Given currently available measurement
techniques (IAEA, 2005) the sole option is the use of pressure difference
samplers. Helley-Smith type samplers were employed from a boat anchored
on the channel banks with ropes. Sampling points were arranged in a gridded
manner over the cross section. 5 bedload transport rates separated by 1 or 2
m were always measured in one stream line. A velocity profile (at 20 %, 50
% and 80 % of depth) was measured at the most upstream of these 5 points.
The average of the five individual measurements in combination with the
3 velocities is hereafter referred to as one point measurement. Depending
on channel width approximately 10 point measurements were taken for each
surveyed cross section.

A handheld sampler was initially used but for measurements during high
flows with water depths up to 5 m and flow velocities above 1 m/s it had
to be replaced by a suspended sampler (see Table 10.1 for specifications).
The consistency of data from both instruments was checked and found to
be good. In total 38 bedload transport measurements have been conducted.
Some measurement stations have been visited several times in the years 2006
and 2007 to study the temporal change of the bedload transport. Sand and
water samples were taken at the stations for further analysis.

Table 10.1: Specifications of the pressure difference samplers.

Handheld Suspended
Type Helley-Smith Helley-Smith
Model Rickly, Model 8015 US-BL 84
Nozzle opening 76 mm x 76 mm 76 mm x 76 mm
Nozzle expansion ratio 3.22 1.40
Bag mesh opening size 60 µm 60 µm
Bag opening ratio 35 % 35 %
Weight 1.8 kg + rods 15 kg
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10.3 Grain size distribution

Along the central channel system Okavango-Boro a general decrease in grain
size can be observed in downstream direction (Figure 10.2). The deviation
of the Sepopa station from that trend is caused by the bypassing of the
Okavango (on which Sepopa is located) by the Filipa channel. The Filipa
channel flows parallel to the Okavango for approximately 30 km carrying
the larger share of the flows before joining again into the Okavango.
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Figure 10.2: Station averaged retention curves for stations along the Okavango-
Boro channel system.

The variability of the grain size distribution within a single station was
found to be of the same magnitude than the longitudinal change. A clear
lateral trend in grain size was found for stations for which several samples
were taken along a cross section (Figure 10.3) so that a larger change in the
D50 diameter was found in lateral direction through the channels than in
longitudinal direction through the entire wetlands.
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Figure 10.3: Left: Retention curves of a samples taken at Sepopa (full lines) in
comparison to samples taken at all stations in the Okavango Delta (dashed lines).
Right: Lateral distribution of the D50 grain size at Sepopa.
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10.4 Chemical sedimentation

Chemical sedimentation in the Okavango Wetlands consists of calcrete, car-
bonates (magnesium, potassium and sodium) , and silcrete. The accumu-
lation is driven by evapotranspiration causing increased concentrations on
islands and on drying floodplains. Given unlimited supply of oxygen and
carbon, the following amounts of deposits can be generated by the respective
inputs of cations and silica:

40.08 g of Ca → 100.09 g of CaCO3 (10.1)
24.31 g of Mg → 84.32 g of MgCO3 (10.2)

39.10 g of K → 69.11 g of K2CO3 (10.3)
22.10 g of Na → 52.11 g of Na2CO3 (10.4)

28.09 g of Si (96.09 g of H4SiO4) → 60.09 g of SiO2 (10.5)

Along with the bedload monitoring, water samples were taken in July
and August 2005 at various locations spread over the wetlands and regularly
throughout 2006 at the station of Mohembo. The samples were analysed by
means of ion chromatography. For many of the samples the concentration of
sulphate was around the detection limit of around 0.1 mg/l. At such concen-
tration sulphate cannot be measured precisely with the ion chromatograph
but is also not relevant for sedimentological processes. Concentrations of
nitrate, phosphate, lithium, and ammonium were with few exceptions below
the detection limit.

The spatial distribution of concentrations in the samples taken along the
channels shows a general increase in downstream direction (Figure 10.4).

Figure 10.5 indicates a relation between discharge and ion concentra-
tions. For higher discharges, the concentrations are generally higher. The
limited number of samples does however not allow to derive a relation for
each ion. Therefore, in order to calculate the annual input for each ion, the
mean concentration is multiplied with a mean annual inflow of 300 m3/s.
These mean concentrations and the resulting amounts of possible deposits
are listed in Table 10.2. The total of approximately 300,000 tonnes per
year is dominated by silica. It represents an absolute maximum value as it
assumes the chemical sedimentation of all incoming solutes without losses
through regional groundwater outflows which are likely to contain high con-
centrations of these solutes. The amount is 36 % below the 457,000 tonnes
estimated by McCarthy and Metcalfe (1990).

An approximate solute balance can be derived for the Okavango Wet-
lands by considering the outflows from the system. By means of measured
discharge and solute concentrations in the surface outflow, McCarthy and
Metcalfe (1990) calculate a loss of approximately 30,000 tonnes per year.
Considerably more solutes are leaving the system by flows of saturated brines
to the regional groundwater system. McCarthy and Metcalfe (1990) calcu-
late that with a sub-surface outflow amounting to 2.7 % of the inflow, but
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Figure 10.4: Spatial variability of major ion concentrations. The diameter of
the circles is proportional to the concentrations. The northern most location is
Mohembo, the two systems spreading towards the southeast are Nqoga-Maunachira
and Jao-Boro.

Jan 2006 Jan 2007 Jan 2008
0

1

2

3

4

5

C
o

n
c
e

n
tr

a
ti
o

n
 [

m
g

/l
 ]

Ca K Mg Na Cl Br SO HF H SiO  /10444

D
is

c
h

a
rg

e
 [

m
  

/s
] 

3

0

200

400

600

800

1000

Discharge

Figure 10.5: Temporal variability of major ion concentrations at Mohembo. Note
that the concentration of H4SiO4 is plotted divided by 10.
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Table 10.2: Amount of annual deposits resulting from a mean inflow of 300 m3/s
and mean concentrations in mg/l as indicated.

Ion Mean concentration Deposit Amount of deposit

Ca 3.5 mg/l CaCO3 73,700 tonnes
Mg 0.8 mg/l MgCO3 23,400 tonnes
K 2.3 mg/l K2CO3 34,300 tonnes

Na 2.0 mg/l Na2CO3 39,800 tonnes
Si* 6.7 mg/l SiO2 121,300 tonnes

tot: 292,500

* in the form of 23 mg/l of H4SiO4

which is saturated in solutes 180,000 tonnes of solutes are removed annually
from the system. If the total loss of 210,000 tonnes per year is subtracted
from the solute input found in this study and from the results of McCarthy
and Metcalfe (1990), the remaining solutes, which are available for the accu-
mulation of the fan, are of 250’000 and 83’000 tonnes per year respectively
- a factor of three difference (Figure 10.6). The results of this study sug-
gest that the relative contribution of bedload inputs to the overall sediment
accumulation on the fan is much more important than thought previously.

0

100,000

200,000

300,000

400,000

Dissolved

solids

Suspended

load

Bedload Aerosols

Previous studies

This study

[t
o

n
n
e

s
/y

e
a

r]

a)

a)

b)

c)

O
u

tp
u

ts

4
5

7
,0

0
0

1
2

0
,0

0
0

1
5

5
,0

0
0

30,000

2
5

0
,0

0
0

i)

ii)

i)

ii)

2
9

3
,0

0
0

Figure 10.6: Sediment inputs to the Okavango Wetlands as derived from the
bedload and solute investigations compared to findings of previous studies by a)
McCarthy and Metcalfe (1990); b) McCarthy et al. (1991a); and c) Garstang et al.
(1998). The amounts of matter that leaves the system as solutes are shown within
the bars of solute inputs: i) Occasional outflows along the Boteti River (29,800
tonnes/year). ii) Flows of saturated brines to the regional groundwater system
(180,000 tonnes/year).
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10.5 Bedload transport to flow relation

A comparison of the measured bedload transport rates with laboratory de-
rived formulas is difficult because the Okavango Wetlands are an extraordi-
nary flat environment. With a mean channel slope of 0.19 0/00, the channels
are by a factor 2 flatter than the range of application of usual laboratory
derived sediment transport formulas (e.g. Meyer-Peter and Müller , 1948:
0.4 0/00 to 2.3 %). Also, the sediment (median grain size 0.35 mm) is one to
two orders of magnitude smaller than the gravel for which the Meyer-Peter
and Müller formula was derived.

The approach from Einstein (1950) which is based on the probabilities
of movement for individual particles is more promising for the Okavango
Delta. In principle it is valid for all ranges of slopes and grain sizes, but
because some constants have been derived under specific conditions, the
range of validity covers only fine sediments in low gradient channels. This
range corresponds to the Okavango Delta. But when applying Einstein’s
formula to the observed channel slopes and water depths (as approximation
for the hydraulic radius) it renders transport rates about the triple of the
measured values.

From the measured data, the relation between depth averaged flow ve-
locity and bedload transport at a given point is studied to define a rating
curve (Figure 10.7). The high variability in the data was to be expected be-
cause measurements were conducted in a natural system with disturbances
and not in a laboratory flume. The effect of channel properties (side walls,
uneven channel bed etc.) and measurement conditions (moving boat, hand-
held sampler etc.) cannot be excluded. Still, the data clearly show the
exponential shape of the relation. An exponential relation of the type

Qbedload = a · V b (10.6)

is fitted to the data. For the exponent b a value of 3.3 is found. The
multiplier a has the value 0.07. Additional measurements during high flows
would significantly improve the characterisation of the rating curve.

The variability can further be reduced by studying the relation between
mean cross sectional flow velocity to the specific bedload transport. The
rating curves differ insignificantly in the densely covered velocity range up
to 0.9 m/s. Above 1 m/s the rating curves differ strongly, the exponent b
being higher for the fit on the cross sectional means. The rating curve fitted
on point measurements is preferred because cross sectional means consist
of different numbers of point measurements which leads to an inconsistent
weighting of the values.

McCarthy et al. (1991b, 1992) conducted similar measurements at low
flow conditions in December to January and two measurements at medium
flow conditions in April. The rating curve, fitted on cross sectional means,
differs from the results of this study by the higher transport that it predicts.
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Figure 10.7: Relation between depth averaged flow velocity and bedload transport.

The logarithmic representation in Figure 10.8 shows the differences more
clearly. Note that the rating curves are not fitted on the logarithms of
the data but on the data directly with a least squares fit in order no to
underweight the high flow measurements.
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Figure 10.8: Logarithmic representation of cross sectional averages. (Stars: Mc-
Carthy et al., 1991b, 1992; Circles: this study).

The rating curve shown in Figure 10.7 can be directly applied for sedi-
ment transport modelling under the assumption of a uniform grain size and
capacity limited conditions. The grain size analysis revealed only a weak
positive correlation between the D50 grain size and the flow velocity as well
as the bedload transport. When the deviation from the fitted rating curve
is plotted for each sample against its D50 grain size, minor trends can be
observed (Figure 10.9). Most of the deviations range from -0.01 to +0.02
[kg/m/s], which compared to the range of transport rates covered by the
rating curve (up to 0.2 [kg/m/s]) is relatively small. A possible trend in
the deviations related to grain size does therefore not need to be further
considered for modelling purposes.
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Figure 10.9: Deviation of measured transport rate from fitted rating curve against
D50 grain size. Black line: Fitted line on all data points. Grey line: Fitted only on
grey data points.

10.6 Spatial and temporal variability of bedload

transport

For the first time bedload transport in channels of the Okavango Delta has
been monitored monthly over one entire flood cycle (Figures 10.10 to 10.12).
In the period from January 2006 to January 2007 the discharge varies by
a factor of less than 2 for stations Sepopa and Jedibe whereas the bedload
transport varies by a factor of about 35. Effective bedload transport was
limited to the months of February 2007 to July 2007.

Jan06 Jul06 Jan07 Jul07
0

2

4

6

8

10

B
e
d
lo

a
d
 t
ra

n
s
p
o
rt

 [
k
g
/s

]

  
 M

e
a
n
 v

e
lo

c
it
y
 [
d
m

/s
]

0

200

400

600

800

1000

D
is

c
h
a
rg

e
 [
m

 /
s
]

3

bedload
mean velocity

discharge

Figure 10.10: Total bedload transport, mean flow velocity and discharge at station
Mohembo (channel width = 115 m). Note the factor 10 of change in the vertical
scale for discharge and total bedload transport compared to Figure 10.11 and 10.12.

The high variability encountered for individual sampling volumes is suc-
cessfully averaged out by taking 40 to 100 individual samples (8 to 20 point
measurements) per cross section. Bedload transport is monotonically rising
and then falling with mean flow velocities (discharge / flow area). Because
of steep sidewalls consisting of dense floating vegetation (mainly Cyperus
papyrus) the channel width stays constant over the year. Especially for the
station Sepopa it can be seen that the smooth course of the discharge is not
followed by the mean flow velocity. Beyond a certain threshold water level
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Figure 10.11: Total bedload transport, mean flow velocity and discharge at station
Sepopa (channel width = 35 m).
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Figure 10.12: Total bedload transport, mean flow velocity and discharge at station
Jedibe (channel width = 26 m).

and discharge are rising without an increase in flow velocities. The sediment
transport rate follows the flow velocities. Neither the formula from Meyer-
Peter and Müller nor Einstein’s approach can reproduce this behaviour. An
increase in bedload transport is predicted because of the hydraulic radius
increasing with water depth.

The data acquired at station Mohembo in April 2007 represents the
bedload measurement at highest discharge and flow velocities that have so
far been measured in channels of the Okavango. The annual maximum
inflow that was recorded that day at the DWA measurement location was
750 m3/s. At the bedload measurement location (5 km downstream) the
average of two consecutive measurements rendered a discharge of 530 m3/s
with depth averaged flow velocities on the order of 1 m/s. 10.8 kg/s of
bedload were transported through the cross section at that time.



Chapter 11

Sedimentological Modelling

11.1 Distribution and magnitude of aggradation

rates

Sediment transfers play a crucial role for the slow shifting of flooding pat-
terns in the Okavango Wetlands. Being an alluvial fan, all parts of the fan
area have been in the past subject to flooding and sediment deposition. It
remains however unknown over which timescale these shifts occur. In order
to get an idea of the current aggradation rates in the channels, the model
is run over a long period with activated bedload transport package. The
model is run with inflow and meteorological inputs corresponding to the
years from 1970 to 2006, and with initial channel elevations extracted from
the topographic map derived by Gumbricht et al. (2005). It is therefore a
forecast of the channel elevations given similar climate conditions than in
the past. The upstream boundary condition of the channel network, the
first reach at the inflow in Mohembo, is set to a constant elevation.

The accumulated elevation changes of the channel bottoms after 37 years
of model run (Figure 11.1) are very low with few peak values of approxi-
mately 50 cm. The distribution indicates highest rates in the Panhandle
region where the transport capacity of the channels is the highest contrast-
ing with very stable conditions in the central and lower wetlands.

The simulated elevation changes are relatively small and are probably
not much larger than the accuracy of the initial elevations. Not too much
importance should therefore be assigned to the small scale variability of
elevation changes. A good identification of larger erosional or aggradational
reaches is however possible. Interesting elevations changes can be observed
in segments 10 and 22 (labelled in Figure 11.1).

Segment 10 is part of the important branching where flows separate into
the Thaoge and Jao systems. The high aggradation rate in the beginning
of segment 10 (Figure 11.2a) is consistent with the failure of flows towards
the Thaoge in recent times. During the first year of the simulation, the

141



142 CHAPTER 11. SEDIMENTOLOGICAL MODELLING

22°E 23°E 24°E 

1
9
°S

 
2
0
°S

 

-0.5

-0.4

-0.3

-0.2

-0.1

0    [m]

0.1

0.2

0.3

0.4

0.5

Seg. 10

Seg. 22

Figure 11.1: Accumulated elevation changes of channel bottoms over a 37 year
simulation.

elevation profile develops into a smoother curve to compensate what proba-
bly are elevation inaccuracies of the input data. The aggradation simulated
during the following years is due to a decrease in downstream direction of
the transport capacity.

The end of segment 22 (the Maunachira) shows progressive aggradation
over the simulation period (Figure 11.2b). The waters of the Maunachira
eventually flow into the Khwai but the linkage of both channels is primarily
through floodplains. The Maunachira is therefore simulated without outflow
and the current channel bed aggradates. The model cannot simulate at what
point the current channel will fail or where a new channel will be induced.
With the long time scales involved in channel shifts this would not be feasible
because the required computational time for model execution would be far
too long. Over the time scales that the model has been developed for (few
decades) it can be seen that the elevation changes are small enough to justify
not taking into account channel shifts but concentrate on aggradation and
erosion rates.

11.2 Impact of upstream sediment retention

The proposal by NamPower (2003) to construct a 20 MW hydropower dam
in the Caprivi Strip raised concerns about the retention of sediments. The
impact on flooding was found to be minor because of the small size of the
reservoir relative to the discharge. The reservoir of 107 m3 would be filled
in less than half a day at mean flow of the Okavango River. What would
be the consequence of retaining large volumes of sediments behind the dam
could however never be evaluated and the present model represents the first
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Figure 11.2: Evolution of the longitudinal elevation profiles of channels 9, 10,
and 22 during the bedload transport simulation. It is to note that the transition to
a smooth profile for channel 10 takes place in less than one year.
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opportunity for a coarse evaluation.

A dam in the upstream of the Okavango Wetlands is simulated by chang-
ing the boundary condition of the most upstream channel reach. By setting
it to active, the first reach’s elevation changes according to the bedload
transport to the second reach. However, it does not get any bedload input
from upstream. A situation is thus simulated in which a dam retains the
entire bedload fraction of the sediment transport. The simulation including
the dam is run over the period from 1970 to 2006.

Even after 37 years of total bedload retention in the upstream of the
wetlands the impact is limited to the upper part of the Panhandle. The
total simulated elevation changes with or without the dam (Figures 11.3
and 11.4) differ noticeably only in the first 15 km of channel 1. In the first
reaches, the dam induces a lowering of the channel profile of approximately
40 cm.
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Figure 11.3: Total simulated elevation changes with activated bedload package
over the period from 1970 to 2006. a) without dam, b) with dam.
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Despite the fact that elevation changes due to bedload retention are
simulated only in the most upper part of the wetland, some impact on the
flooding distribution is observed all over the wetlands. Obviously there is
an impact in the Panhandle region adjacent to where the channel elevations
are the most affected. The decrease in flooding frequency is up to 10 %
in that area after the construction of a dam. Whereas the remainder of
the Panhandle is virtually not affected, the wetlands on the fan region are
affected with magnitudes simillar to the changes in the upper Panhandle.
This finding indicates one more time how important very small changes in
elevations at certain key positions can be for the flooding distribution of the
entire wetlands.
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Figure 11.5: Impact on the flooding frequency of bedload retention by a dam.
Differences of flooding frequencies 37 years after the construction of a dam.

11.3 Simulation of the lower Boro dredging

No regular and long term monitoring of elevations profiles in channels of the
Okavango Wetlands has been carried out which could be used to assess the
performance of the bedload transport modelling. The only record available
is related to the channel clearing in the lower Boro River in 1971. Ellery and
McCarthy (1998) describe the extent of the intervention and the observed
recovery of the system in the following two decades.

Between 1971 and 1974 the lowest 4.5 km of the Boro River were deep-
ened by 3.5 m and further 13 km were deepened by 1 m. Ellery and Mc-
Carthy (1998) observed that the nick point upstream of the section deepened
by 3.5 m has propagated upstream by 10.5 km until 1994. Whereas the up-
per nick point quickly was smoothed out. This development is simulated
with the model. The last channel reaches are lowered by the mentioned
amounts and the model is run over 25 years starting in 1975.

The model fails in simulating properly the upstream propagation of the
larger nick point. What is simulated is a smoothing of the nick point by
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upstream erosion and downstream deposition. But the magnitude of this re-
distribution corresponds to the observed behaviour. After 15 years, the nick
point has vanished and the distance influenced upstream of the nick points’
initial position is approximately 6 km. The simulated elevation change from
15 to 25 years after the dredging is only marginal (Figure 11.6). What is
missing in the model to properly simulate the propagation of a nick point
is a measure of the cohesivity of the bed material. The last sections of the
channels at the lower end of the wetland are characterized by very low flow
velocities and channel beds are - unlike in the remainder of the wetlands
- colonized by vegetation. Below the nick point, the vegetation has been
removed and is unable to grow again due to increased flow velocities.
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Figure 11.6: Simulated recovery of the longitudinal elevation profile in the lower
Boro River after the dredging of 1971.

11.4 Long term sedimentological modelling

The long timescale involved in depositional processes of the Okavango Fan
makes a coupled simulation of detailed hydrological processes and geomor-
phological evolution difficult. In order to simulate the long term evolution
of the fan, another type of model than the one developed in this thesis is
required. Within the diploma thesis of C. Ehrat (Ehrat , 2006) such simu-
lations were conducted using the EROS model by Crave and Davy (2001).
EROS is a cellular automata model which simulates erosion and sedimen-
tation on landscapes. EROS has been developed primarily for catchment
areas where erosion dominates over to deposition. The special settings of
the Okavango Fan require some adaptations to the EROS code.

In the Okavango Wetlands, deposition is generated by a continuous
downstream decrease of discharge which is due to infiltration and evapotran-
spiration. In EROS, water is conceptualized as precipitons - water particles
launched on the topography with sizes relative to precipitation intensities.
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A decrease of the size of precipitons with time - to simulate evapotranspira-
tion - had to be implemented in the code. A second difference to “standard”
catchment areas concerns the structure of channel networks. In a usual river
catchment, flows converge from many small headwater creeks to one large
channel downstream. Because of this convergence, small scale variations
in topography do generally not influence the overall aspect of the channel
network. If from one location, a precipiton is routed to a wrong neighbour-
ing cell because of some very small elevation error it is very likely to join
the same course than if it had been routed to the correct cell very quickly.
Drainage divides are only located on topographic edges where very little
water is flowing anyway. In the case of the Okavango Fan, main channels
flow into drainage divide areas and the large scale channel network is very
sensitive to small topographic variations. A diffusion coefficient parameter
in EROS determines if a precipiton moves only along the steepest slope path
or if it follows a path derived by attributing to each downward direction a
probability proportional to the slope in that direction. This probabilistic
approach is necessary in the case of the Okavango Fan because without it
no flow branching would be simulated. Also it makes the model less sensitive
to small changes in the initial topography (Figure 11.7).

a) b)

Figure 11.7: Flow patterns developing with the dynamic condition “steepest slope”
(a) and “proportional to slope” (b). (Ehrat, 2006)

Difficulties in reproducing the evolution of the fan surface arise because
of small scale processes which are not simulated by the EROS model. The
simulations tend to smooth the initial topography because effects such as
island growing and peat fires cannot be accounted for. Also, the vegetation
cover which stabilises channel positions for longer times resulting in channels
running on topographic ridges before sudden channel failure is not simulated.
Despite these difficulties, realistic flow distributions are simulated (Figure
11.7b).

The model is applied to a hypothetical dam scenario in which half of
all incoming sediments are retained in the upstream of the wetlands. To
assess the impact of the sediment retention, the model is run over a period
of 5 million years. The scenario must be understood as a sensitivity study.
The lifetime of a dam never being on the order of millions of years as in
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the simulation and simply because there would not be enough place to store
the retained sediments upstream of such a dam. What is observed from the
simulation is the incision of a main channel in the upper part of the fan.
The incision leads to less spreading of the flows and therefore to further
conveyance of the water. As the channel reaches the end of the initial fan,
deposition results in a new lobe developing in front of the initial one (Figure
11.8). What can be retained from this experiment for the short management
timescale related to a dam is the upstream incision, the concentration of
flows into one distributary system, and the increase of discharge in that
system.
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Figure 11.8: Series of the evolution of a new fan with halved sediment supply
from the upstream. From top to bottom, the plots show times t=0, 1, 2, 3, 4, and
5 million years. The displayed distribution of the water is computed as the average
from flow paths over 15,000 years. (Ehrat, 2006)
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Conclusions and

Recommendations

Conclusions and recommendations on hydrological modelling

The hydrological model developed has proven to be successful in simulating
flows in the Okavango Delta Wetlands. The general flow characteristics of
the spreading and strongly delayed flood could be reproduced as well as
long term variations. A new upscaling method has been proposed, which
determines a water level dependent hydraulic conductivity for overland flow
for each grid cell taking into account the available sub-scale remote sensing
information on topography. The method allows for the anisotropy (of col-
umn and row conductivities) to differ from cell to cell and vary with water
levels. This represents an important improvement compared to the stan-
dard MODFLOW code which allows to specify only one single anisotropy
value per layer. The development has strong influence on the lateral dis-
tribution of surface flows. The parameters used to put the conductivities
into a functional form are themselves useful in characterizing the regions of
the Delta with respect to orientation and frequency of unresolved channels.
Further model developments should be targeted at improving the simula-
tion of the distribution of the flows into the different distributary systems
of the wetlands. It was possible to show clearly that the topography is the
most sensitive parameter in this regard - by far more sensitive than branch-
ing ratios in channels. It was also shown that the available topographic
maps contain errors of magnitudes significant for the flow distribution. The
achievement of a more accurate physically based hydrological model of the
wetlands seems thus to be limited by the availability of an accurate elevation
model.

The spreading of the flood and the linked distribution of groundwa-
ter levels was found to be closely correlated to the vegetation distribution.
Consequently, optimizing the model with respect to a proper simulation of
flooding patterns is the best way to achieve results suited for ecological ap-

150



151

plications. The model has been calibrated against flooding patterns derived
from data of various satellite sensors. However, the accuracy of these flood-
ing maps is problematic. All available flooding maps have - if at all - been
validated only against flooding maps from remotely sensed data of higher
spatial resolution. A validation against on-ground mapped flooding con-
tours or transects indicating dry and wet sections has never been realised,
not least because of the difficulties of conducting such a verification. The
area is large, accessibility is poor, and the flooding patterns change over
time. A large spectrum of numbers can be found in the literature when it
comes to defining the total inundated surface. This is not only because the
surface varies with time but because virtually all of the sensors operate with
a spatial resolution coarser than the scales at which lagoons, channels, and
dry land are interlaced in the wetlands. Pixels identified as containing water
are most of the time not entirely flooded. Summing up these pixels does not
give the flooded surface but a surface of active wetland at the scale of the
sensor resolution.

To avoid the cloud cover problem, an active radar sensor was used to
capture flooding patterns. The wavelength of 5.6 cm (C-band) of the ASAR
sensor was found to have pros and cons. On the one hand it was possible to
differentiate between flooded vegetation and open water surfaces. Also, the
differentiation between flooded and dry dense vegetation is easier than in
the visible wavelength. On the other hand mixed pixels of open water and
flooded vegetation were very difficult to classify. The use of L-band radar
with longer wavelength could be better suited for the Okavango Wetlands
because it is less sensitive to vegetation. With 20 cm wavelength the signal
should be relatively undisturbed by floating vegetation.

Conclusions and recommendations on bedload monitoring

The analysis of water samples taken at the entrance to the wetlands in Mo-
hembo revealed lower concentrations of ions and dissolved silica than found
in previous studies. Because of a very likely removal of dissolved matter from
the overall wetland-aquifer system through the flow of saturated brines to
the regional groundwater system, the relative differences between amounts of
dissolved matter staying in the wetland-aquifer system, as previously found
and as derived in this work, differ by a factor of three. The relative contri-
bution of bedload inputs to the overall sediment accumulation on the fan is
highly raised by these results.

The intensive bedload transport measurements carried out in collabora-
tion with the Department of Water Affairs of Botswana (DWA) rendered
remarkable results building on the earlier findings made by the Okavango
Research Group around Prof. T. S. McCarthy of the University of the Wit-
watersrand in South-Africa. From the bedload transport measurements at
several station and during diverse flow conditions a flow-transport rating
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curve was established which is similar to the one by McCarthy et al. (1992)
but describes lower transport rates for usual flow conditions.

The implementation of bedload transport through the obtained rating
curve into the MODFLOW model was achieved by programming a new bed-
load transport package interacting with the stream flow routing package of
MODFLOW. It could be shown that current erosion and aggradation rates
of channel beds are generally very low but higher (up to 1.4 cm/year) for
specific short channel sections. The simulation of a dam in the upstream
of the wetlands retaining all bedload revealed a considerable impact on the
channel bed elevations only for the first 15 km after the dam. The influence
of a dam on the flooding frequency was found to be a decrease of approx-
imately 10 % immediately downstream of the dam were the channel beds
are considerably lowered, and interlaced changes in both directions in the
entire wetlands of usually few percent with few locations being impacted up
to 10 %. Changes indicate more flooding close to the main channels and less
flooding into farther spread floodplains.

DWA has carried out intensive measurements of water levels and dis-
charge over the last decades. This effort has led to a very good under-
standing of the current water distribution, the seasonality of the Okavango
Delta system, and the changes in the water distribution that are presently
occurring. The main underlying mechanisms of these changes are sediment
transport coupled with vegetation growth and tectonics. Despite its impor-
tance, sediment transport and in particular bedload transport, which is the
main form of sediment transport responsible for channel switching in the
Okavango Delta, has been studied only marginally in comparison to water
flows. The continuation of sediment monitoring is important for a better
quantitative understanding (volumes and times involved) of the aggradation
and failure of channels.

In order to quantify the distribution of incoming bedload into the main
distributary systems of the Okavango Delta, monitoring at the following
stations is proposed:

• Mohembo, for measurement of the total bedload entering the fan.

• Entrance of the Nqoga system, close to the branching of Nqoga and
Boro.

• Entrance of the Boro system, downstream of the junction with the
lagoon water.

• Entrance of the Crescent Island channel (Thaoge system), downstream
of the junction from the lagoon water.

And optionally:

• Entrance of the Boro system, before the junction with the lagoon wa-
ter.
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• Entrance of the Crescent Island channel (Thaoge system), before the
junction with the lagoon water.

The Thaoge and Boro systems pose a problem because the water feeding
them follows different flow paths depending on the season. Both branching
systems are very similar in their structure (see illustration in Figure 12.2).
The flow in the main channel (A) is linked to a lagoon system by infiltration
and overland flow (D) but not by any channel flow. Depending on the
season, the water is withdrawn or feeds the main channel. Downstream, a
channel (B) carries either water away from the main channel towards the
lagoon system and channel (C) or from the lagoon back to the main channel.
Channel (C) which represents the Boro and the Thaoge always flows away
from the lagoon.

A

D

C

B
Figure 12.2: Schematic illustration
of the branching situations as encoun-
tered for the Boro and Thaoge systems.

If one is interested only in transport of bedload into the Boro and Thaoge
originating from the main channel, the monitoring must take place in section
(B). However, due to additional inflow from the lagoon system the total
bedload transport in (C) may be higher. The difference is highest at the
beginning of the flood period when the water flows back to the main channel
through section (B). To be able to tell where the bedload in (C) originates
from, monitoring in (B) as well as in (C) is necessary.

From the many existing methods to measure bedload transport (IAEA,
2005) the only appropriate one for the perennial main channels of the Oka-
vango Delta is, so far, the use of pressure difference samplers. With the
construction of a bridge at Mohembo the use of side scanning sonars will
become an option. This more accurate method would allow an interesting
and independent cross-check of the data gained with the pressure difference
instruments.

In the small channels of the central and lower wetlands, the amount of
inorganic suspended sediment is certainly very small compared to the bed-
load. During high flows in the main Okavango River this could be different.
Even if the suspended load represented only 10 % of the total transported
sediment it would still represent a large amount in comparison with the
bedload transported in the smaller channels downstream. In April 2007
measurements revealed a bedload transport of 10 kg/s at Mohembo and of
only 0.3 kg/s at Jedibe. A precise study of the amount of suspended sedi-
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ment carried during high flows at Mohembo would be an important addition
to the bedload measurements.

Conclusions and recommendations on wetland management

The Okavango Wetlands system is naturally in a constant disequilibrium
because of its location on a growing alluvial fan. The lifetime of channels is
on the order of decades to centuries. For the establishment of a village or a
lodge this is a long period of time and sudden changes in flow conditions are
therefore not understood as natural fluctuations but perceived as a failure of
the system. Technical measures like channel dredging and papyrus clearing
are taken to prevent channel switching and keep a failing channel active
against the natural behaviour of the system. These measures are successful
in the short term but cannot be maintained over decades.

Growing anthropogenic impacts, such as agricultural water abstractions
and climate change, are however not part of this natural fluctuation. The
development of both of these forcings over the coming decades is very dif-
ficult to predict but in general all scenarios point towards drier future con-
ditions. Comparisons of worst case developments in the agricultural inten-
sification and greenhouse gas concentrations showed a stronger impact of
climate change than of water abstractions on the wetlands’ hydrology and
vegetation distribution. However the impacts are of similar magnitude so
that for the real future situation to come, a combination of both impacts,
none can be neglected. An important finding is that the degradation of the
wetland conditions will not occur uniformly in space. Specific areas will be
affected earlier and more heavily than others. These are Lake Ngami and the
Khwai region at the fringes of the wetlands but also the Selinda Spillway,
which is located much closer to the permanent swamp. Additionally, the
Selinda Spillway shows to be impacted almost equally by water abstractions
as by climate change. With drier future conditions, the wetland will shrink,
involving an inward movement of the different ecoregions. The loss in extent
will be greatest for the aquatic ecoregions of the central wetlands.

A large number of detailed studies in diverse fields have been conducted
on the the Okavango Wetlands, but the wetlands’ main determining factors
lie outside the wetlands, in the Okavango catchment in the southern high-
lands of Angola. Civil war, land mines, and a poor economic situation in
Angola create a difficult situation for scientific investigations and are at the
same time the reason for the excellent quality of the water reaching the wet-
lands because of inexistent industrial development in the catchment. With
the recovery of Angola’s economy the catchment will be subject to other
changes apart from climate as for example land use, deforestation, nutrient
inputs, which will all influence the hydrograph (and eventually water qual-
ity) at Mohembo. More research on the catchment upstream of Mohembo
is urgent and the key to further Okavango research.
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In order to conserve the biodiversity value of the Okavango Wetlands,
special efforts should be undertaken to protect the most affected areas and
ecoregions of the wetlands. To compensate for the remotely generated cli-
mate change, local flow reducing actions could be minimised. To a certain
level, the decrease in inflow due to upstream agricultural water abstractions
can also be mitigated by the installation of efficient irrigation schemes as
opposed to wasteful flood irrigation. As such schemes are more costly than
standard flood irrigation, a subsidy for water saving irrigation could be paid
by the Government of Botswana to preserve the Okavango Delta as an im-
portant income source through tourism. Such efforts could be coupled with
international measures of subsidizing adaptation to climate change, and pay-
ments for ecological services such as the contribution of the Okavango Delta
to the global biodiversity pool.
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Table A.1: General circulation models which’s results have been used for this study.
Model ab-
breviation

Model name Agency Assessment
Report

BCM2 Bergen Climate Model (BCM) Version
2

Bjerknes Centre for Climate Research (BCCR), University of Bergen,
Norway

AR4

CNCM3 CNRM-CM3 Centre National de Recherches Meteorologiques, Meteo France,
France

AR4

CSMK3 CSIRO Mark 3.0 Commonwealth Scientific and Industrial Research Organisation, Aus-
tralia

AR4

ECHOG ECHO-G = ECHAM4 + HOPE-G Meteorological Institute of the University of Bonn, Germany; Korea
Meteorological Administration (KMA), Korea; and Model and Data
Group at Max Planck Institute for Meteorology (MPI-M), Germany

AR4

GFCM20 CM2.0 - AOGCM Geophysical Fluid Dynamics Laboratory, NOAA, USA AR4
GFCM21 CM2.1 - AOGCM Geophysical Fluid Dynamics Laboratory, NOAA, USA AR4
GIER GISS ModelE-H and GISS ModelE-R

(which differ only in ocean component)
Goddard Institute for Space Studies (GISS), NASA, USA AR4

HADCM3 HadCM3 Hadley Centre for Climate Prediction and Research, Met Office,
United Kingdom

AR4

INCM3 INMCM3.0 Institute of Numerical Mathematics, Russian Academy of Science,
Russia

AR4

IPCM4 IPSL-CM4 Institut Pierre Simon Laplace (IPSL), France AR4
MIMR MIROC3.2 (Model for Interdiscipli-

nary Research on Climate)
Center for Climate System Research (CCSR), National Institute for
Environmental Studies (NIES), Frontier Research Center for Global
Change (FRCGC), Japan

AR4

MPEH5 1 ECHAM5/MPI-OM Max Planck Institute for Meteorology (MPI-M), Germany AR4
MPEH5 2 AR4
MRCGCM MRI-CGCM2.3.2 Meteorological Research Institute, Japan Meteorological Agency

(JMA), Japan
AR4

NCCCSM Community Climate System Model,
version 3.0 (CCSM3)

National Center for Atmospheric Research (NCAR), USA AR4

NCPCM Parallel Climate Model (PCM) National Center for Atmospheric Research (NCAR), USA AR4

NIES99 CCSR/NIES Center for Climate System Research (CCSR), National Institute for
Environmental Studies (NIES), Japan

TAR

CCCma CGCM2, Canadian Global Coupled
Model

The Canadian Centre for Climate Modelling and Analysis, Canada TAR

CSIRO CSIRO Mk2 Commonwealth Scientific and Industrial Research Organisation, Aus-
tralia

TAR

GFDL99 GFDL-R30 Geophysical Fluid Dynamics Laboratory, NOAA, USA TAR
HADCM3 HADCM3 Hadley Centre for Climate Prediction and Research, Met Office,

United Kingdom
TAR



Appendix B

User Guide to Modified

MODFLOW Inputs

During the development of the modified MODFLOW version, the meaning
of some parameters has changed and new parameters have been introduced.
The changes relative to each input file are described in this appendix.

Name file

Changes to the name file are only required in order to use the bedload
transport package. The package is activated by listing the bedload transport
input file in the MODFLOW name file. The file type (Ftype) must be
“SED”. The additional line of the name file will for instance be:

SED 12 input bedload.dat

The output of the sediment transport package is written as formatted
text to the file specified in the bedload transport input file. This output file
should be defined at the end of name file especially for that purpose so that
nothing else is written to it, using for instance:

DATA 93 output bedload.dat

BAS, Basic package

Two new options are included which can be activated by specifying their
names on the item 1 line of the BAS file:

SHOWPROGRESS - Prints current stress period, time step, and itera-
tion to the command window.

DONTSTOP - Causes MODFLOW to continue execution if the maximal
number of iterations for a time step is reached without achieving conver-
gence. A warning is printed to the output file and to the command window
at every occurrence.
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EVT, Evapotranspiration package

In the evapotranspiration package, the use of the variables NEVTOP and
EXDP is extended. NEVTOP can now also take the value of 4, signifying
that evapotranspiration is calculated from the top active cell in each column
using an exponential decay with depth to groundwater. EXDP is still the
extinction depth, but at the same time EXDP/10 is the decay length, the
depth at which ET has decayed by a factor e−1.

BCF, Block centred flow package

The first input line of the BCF6 file is extended by five new input arguments,
the capabilities of the arguments IWETIT and LTYPE are changed, and
optional inputs are read from the end of the file:

1. IBCFCB HDRY IWFLG WETFCT IWETIT IHDWET IPRBCF
RMAXINC UHDSY UHDHC UHDCV UPWET

2. LTYPE(NLAY)
...

If UHDSY or UHDCV is 1 read items 10 and 11.
10. [SYC1(NCOL,NROW)] −− U2DREL
11. [MEDIANH(NCOL,NROW)] −− U2DREL

If UHDHC is 1 read items 12 to 21.
12. [MINH(NCOL,NROW)] −− U2DREL
13. [MAXH(NCOL,NROW)] −− U2DREL
14. [HCC1X(NCOL,NROW)] −− U2DREL
15. [HCC2X(NCOL,NROW)] −− U2DREL
16. [HCC1Y(NCOL,NROW)] −− U2DREL
17. [HCC2Y(NCOL,NROW)] −− U2DREL
18. [HCT1X(NCOL,NROW)] −− U2DREL
19. [HCT2X(NCOL,NROW)] −− U2DREL
20. [HCT1Y(NCOL,NROW)] −− U2DREL
21. [HCT2Y(NCOL,NROW)] −− U2DREL

IWETIT - is the iteration interval for attempting to wet cells. This vari-
able exists by default but its significance is slightly changed. If IWETIT=0
it is not changed to 1 anymore. IWETIT=0 causes wetting to be attempted
only in the first iteration of every timestep.

IPRBCF - is the printout interval for cells getting dry or wet.

RMAXINC - is the maximal increase in topographic elevation from a
wet cell to a dry cell still allowing wetting from the wet cell to the dry cell.
Wetting occurs only if the other wetting conditions are also met.
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UHDSY - is a flag that determines whether water level dependent specific
yield is used. It can take the values of 1 for yes and 0 for no.

UHDHC - is a flag that determines whether water level dependent hy-
draulic conductivity is used. It can take the values of 1 for yes and 0 for
no.

UHDCV - is a flag that determines whether water level dependent leakage
from the top to the second layer is used. It can take the values of 1 for yes
and 0 for no.

UPWET - is a flag indicating whether wetting of a top layer cell by
precipitation only should be used. If the value is 0 it is inactivated. A value
larger than 0 activates the option. If activated, for every iteration in which
wetting is attempted, all dry cells are set wet and their hydraulic head is
defined as the bottom elevation of the cell plus a height given by the value
of UPWET.

LTYPE - This variable exists by default but its capabilities have been
extended. The left digit, defining the method of calculating interblock trans-
missivity, can now take a value of 4. With a value of 4, the harmonic mean
is used.

[SYC1] - is read only if at least one of UHDSY and UHDCV is set to 1.
It is the parameter α of Equation 4.1.

[MEDIANH] - is read only if at least one of UHDSY and UHDCV is set
to 1. It is the median topographic elevation of each cell, T in Equation 4.1.

[MINH] - is read only if UHDHC is set to 1. It is the minimum topo-
graphic elevation in each cell.

[MAXH] - is read only if UHDHC is set to 1. It is the maximum topo-
graphic elevation in each cell.

[HCC1X] - is read only if UHDHC is set to 1. It is the coefficient C1 of
Equation 4.3 for the x-direction.

[HCC2X] - is read only if UHDHC is set to 1. It is the coefficient C2 of
Equation 4.3 for the x-direction.

[HCC1Y] - is read only if UHDHC is set to 1. It is the coefficient C1 of
Equation 4.3 for the y-direction.

[HCC2Y] - is read only if UHDHC is set to 1. It is the coefficient C2 of
Equation 4.3 for the y-direction.

[HCT1X] - is read only if UHDHC is set to 1. It is the threshold T1 of
Equation 4.3 for the x-direction.

[HCT2X] - is read only if UHDHC is set to 1. It is the threshold T2 of
Equation 4.3 for the x-direction.

[HCT1Y] - is read only if UHDHC is set to 1. It is the threshold T1 of
Equation 4.3 for the y-direction.

[HCT2Y] - is read only if UHDHC is set to 1. It is the threshold T2 of
Equation 4.3 for the y-direction.
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SFR2, Stream flow routing package

An additional variable, DELTAH is read for each reach from the stream
reach information block:

2. KRCH IRCH JRCH ISEG IREACH RCHELN {STRTOP} {DELTAH}
{SLOPE} {STRTHICK} {STRHC1} {THTS} {THTI} {EPS} {UHC}

DELTAH is added to the reach bottom elevation directly after the data is
read. The idea of this variable is to allow for an easy rising or lowering of
channels by means of a parameter which can be calibrated. The option is
implemented only for ISFROPT=1, meaning no vertical unsaturated flow.

ST, Bedload transport package

Data read from the new input file:

For each simulation:
1. OUTUNIT
2. MULTIPLIER EXPONENT SEDDENSITY
3. PREVSINKDI PREVSINKJU PREVSINKNORM

For each segment:
4. SEGBOUNDCOND

OUTUNIT - is the unit number of the file to which output will be printed
when a non-zero value is specified for ICBCFL in the output control file.

MULTIPLIER - is the multiplier, a used to calculate bedload transport,
QBed [kg/s/m] rates from flow velocities, V [m/s]. QBed = a · V b

EXPONENT - is the exponent, b used to calculate bedload transport
rates from flow velocities.

SEDDENSITY - is the bedload density in kg/m3. It is defined as the
weight of dry sand per volume of the loosely settled sand water mixture.

PREVSINKDI, PREVSINKJU, PREVSINKNORM - are flags indicating
whether the creation of sinks should be prevented along channel thalwegs
when the bedload is transported. A value of 1 prevents sinks whereas a
value of 0 allows them. The three flags are used to set this option for the
last reaches before diversions, for the last reaches before junctions, and for
all other reaches respectively.

SEGBOUNDCOND - defines the boundary conditions for the first reach
of each segment. A value of 1 indicates that the elevation of the reach can
vary. If the reach does not get any input it’s elevation can thus only go
down. A value of zero indicates that the elevation is fixed, however bedload
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transport away from the reach occurs. Setting SEGBOUNDCOND to 0 is
useful at locations where streams enter into the model area.



Appendix C

Bedload Transport Data

All sediment transport rates measured in 2006 and 2007 are printed in Tables
C.1 to C.38. The position is the distance in metres from the river bank
at which the measurement was started. All velocities are in m/s. V20
is the velocity measured at a distance equal to 20 % of the water depth
from the channel bottom. V80 is taken at the same distance from the
water surface, and V50 is measured in the middle of the water column. All
sediment volumes are in ml of looseli settled water saturated sand. The
sampling times differ and are given in the captions of the tables. Pressure
difference Helly-Smith samplers of two types have been used: a handheld
model (Rickly, Model 8015), and a cable suspended model (US-BL 84). Both
samplers have a nozele opening of 3 inch by 3 inch (7.62 cm). If not specified
otherwise in the caption the handheld sampler was used.
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Table C.1: Sediment transport rates measured at Mohembo 2005-07-16; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.00 NaN NaN NaN NaN NaN NaN

5.0 2.94 0.529 0.556 0.566 3.0 0.0 14.0

10.0 3.49 0.720 0.810 0.786 110.0 74.0 170.0

15.0 3.30 0.608 0.776 0.827 145.0 54.0 60.0

20.0 3.25 0.615 0.749 0.865 96.0 112.0 96.0

25.0 2.98 0.683 0.862 0.840 50.0 663.0 196.0

30.0 2.83 0.834 0.837 0.904 230.0 24.0 538.0

35.0 2.90 0.711 0.838 0.856 89.0 143.0 460.0

40.0 2.93 0.751 0.838 0.873 345.0 315.0 235.0

45.0 2.93 0.700 0.769 0.805 108.0 63.0 84.0

50.0 2.77 0.767 0.836 0.853 164.0 76.0 146.0

55.0 2.66 0.692 0.825 0.876 118.0 27.0 134.0

60.0 2.65 0.775 0.853 0.918 136.0 229.0 131.0

65.0 2.72 0.712 0.794 0.819 32.0 75.0 238.0

70.0 2.66 0.680 0.853 0.840 65.0 18.0 74.0

75.0 2.74 0.647 0.740 0.821 106.0 53.0 15.0

80.0 2.78 0.462 0.676 0.741 11.0 142.0 172.0

85.0 2.70 0.584 0.625 0.720 35.0 33.0 72.0

90.0 2.70 0.554 0.737 0.776 49.0 47.0 254.0

95.0 3.00 0.587 0.649 0.744 35.0 45.0 45.0

100.0 3.00 0.540 0.670 0.781 54.0 67.0 10.0

105.0 3.14 0.565 0.678 0.610 31.0 39.0 30.0

110.0 3.54 0.416 0.297 0.177 8.0 4.0 4.0

113.4 3.20 NaN NaN NaN NaN NaN NaN

Table C.2: Sediment transport rates measured at Sepupa 2005-07-19; Measure-
ment direction: left to right; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.15 0.167 0.096 0.009 0.0 13.0 0.0

3.1 2.85 0.302 0.321 0.272 12.0 0.0 0.0

8.2 3.15 0.472 0.486 0.511 11.0 66.0 62.0

13.2 3.35 0.486 0.569 0.554 32.0 26.0 40.0

18.1 3.72 0.445 0.556 0.514 24.0 56.0 104.0

23.1 3.48 0.450 0.579 0.588 118.0 27.0 36.0

28.1 3.58 0.486 0.554 0.500 2.0 22.0 0.0

33.1 3.70 0.286 0.358 0.324 0.0 0.0 2.0

34.1 3.00 NaN NaN NaN NaN NaN NaN
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Table C.3: Sediment transport rates measured at Beginning of Boro at Jao; Mea-
surement direction: left to right; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.35 NaN NaN NaN NaN NaN NaN NaN NaN

2.5 3.50 0.399 0.496 0.397 1.0 0.0 27.0 2.0 12.0

5.0 3.35 0.491 0.566 0.509 24.0 18.0 19.0 18.0 51.0

10.0 3.58 0.610 0.595 0.516 90.0 140.0 174.0 11.0 152.0

15.0 3.40 0.652 0.696 0.625 122.0 63.0 136.0 112.0 148.0

20.0 3.22 0.506 0.613 0.589 23.0 10.0 58.0 31.0 26.0

22.5 3.38 0.351 0.483 0.409 32.0 14.0 10.0 6.0 45.0

25.0 2.63 0.080 0.184 0.233 NaN NaN NaN NaN NaN

Table C.4: Sediment transport rates measured at Xakue; Measurement direction:
left to right; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

-3.0 0.70 NaN NaN NaN NaN NaN NaN NaN NaN

-2.0 0.58 NaN NaN NaN NaN NaN NaN NaN NaN

-1.0 0.48 NaN NaN NaN NaN NaN NaN NaN NaN

0.0 0.77 NaN NaN NaN NaN NaN NaN NaN NaN

1.0 0.98 NaN NaN NaN NaN NaN NaN NaN NaN

2.0 1.35 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 1.52 NaN NaN NaN NaN NaN NaN NaN NaN

4.0 1.60 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 1.68 0.000 0.000 0.000 NaN NaN NaN NaN NaN

6.0 1.92 0.037 0.032 0.024 NaN NaN NaN NaN NaN

7.0 2.09 0.204 0.165 0.193 NaN NaN NaN NaN NaN

8.0 2.14 0.282 0.358 0.285 1.0 7.0 3.0 6.0 5.0

9.0 2.20 0.364 0.362 0.368 2.0 9.0 6.0 2.0 9.0

11.0 2.40 0.485 0.521 0.478 26.0 36.0 35.0 40.0 134.0

13.0 2.60 0.458 0.505 0.502 16.0 12.0 14.0 72.0 31.0

15.0 2.84 0.425 0.537 0.532 1.0 19.0 6.0 11.0 61.0

17.0 2.74 0.501 0.569 0.560 75.0 46.0 1.0 1.0 61.0

19.0 2.80 0.471 0.291 0.410 0.0 60.0 10.0 69.0 11.0

20.0 2.36 0.232 0.314 0.294 0.0 2.0 41.0 5.0 19.0

21.0 1.64 0.014 0.074 0.089 NaN NaN NaN NaN NaN

22.0 1.20 NaN NaN NaN NaN NaN NaN NaN NaN

23.0 0.45 NaN NaN NaN NaN NaN NaN NaN NaN

24.0 0.43 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 0.45 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.5: Sediment transport rates measured at Maunachira after Khiandian-
davhu junction; Measurement direction: left to right; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.98 0.342 0.307 0.352 NaN NaN NaN NaN NaN

3.0 2.74 0.416 0.520 0.532 12.0 17.0 14.0 15.0 67.0

6.0 2.44 0.519 0.595 0.588 35.0 22.0 26.0 31.0 33.0

9.0 2.43 0.621 0.605 0.536 10.0 41.0 108.0 120.0 48.0

12.0 2.73 0.592 0.518 0.507 76.0 119.0 164.0 110.0 139.0

15.0 2.80 0.644 0.613 0.602 4.0 16.0 182.0 21.0 225.0

18.0 2.78 0.678 0.685 0.607 13.0 3.0 112.0 7.0 26.0

20.0 2.92 0.524 0.614 0.504 13.0 4.0 122.0 64.0 18.0

21.0 1.32 0.533 0.263 0.217 NaN NaN NaN NaN NaN

22.0 0.00 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.6: Sediment transport rates measured at Creschen Island; Measurement
direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

-2.5 3.90 NaN NaN NaN NaN NaN NaN NaN NaN

-2.0 3.80 0.060 0.035 0.033 NaN NaN NaN NaN NaN

1.0 3.75 0.231 0.304 0.251 0.0 0.0 1.0 0.0 0.0

3.0 3.70 0.456 0.414 0.345 9.0 6.0 12.0 7.0 6.0

5.0 3.90 0.440 0.441 0.444 10.0 16.0 14.0 24.0 24.0

7.0 3.88 0.129 0.277 0.293 0.0 1.0 11.0 4.0 9.0

8.0 3.95 0.005 0.043 0.116 NaN NaN NaN NaN NaN

10.0 3.95 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.7: Sediment transport rates measured at 800 m upstream of smith block-
age; Measurement direction: left to right; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 4.34 NaN NaN NaN NaN NaN NaN NaN NaN

1.0 4.00 0.343 0.277 0.109 NaN NaN NaN NaN NaN

2.0 3.95 0.464 0.488 0.299 0.0 0.5 48.0 1.5 30.0

3.0 3.92 0.349 0.508 0.600 NaN NaN NaN NaN NaN

4.0 3.92 0.425 0.427 0.652 0.0 0.0 4.0 0.0 0.0

6.0 4.09 0.352 0.394 0.361 0.0 0.5 2.0 2.0 23.0

8.0 4.20 0.381 0.425 0.393 0.0 0.8 4.0 0.0 15.0

9.0 4.30 0.341 0.403 0.477 NaN NaN NaN NaN NaN

10.0 4.42 0.329 0.407 0.297 2.0 30.0 0.0 12.0 0.0

11.0 4.55 0.299 0.347 0.195 0.5 0.5 0.5 0.0 0.0

12.0 4.60 0.187 0.218 0.100 NaN NaN NaN NaN NaN

13.0 4.70 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.8: Sediment transport rates measured at upstream of Xakanaxa Lediba;
Measurement direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

-0.5 2.20 0.042 0.060 0.132 NaN NaN NaN NaN NaN

0.0 2.20 0.079 0.100 0.370 NaN NaN NaN NaN NaN

1.0 2.20 0.215 0.384 0.372 NaN NaN NaN NaN NaN

2.0 2.12 0.380 0.417 0.419 NaN NaN NaN NaN NaN

3.0 2.15 0.434 0.478 0.432 6.0 2.0 3.0 1.0 1.0

4.0 2.19 0.475 0.482 0.449 NaN NaN NaN NaN NaN

5.0 2.22 0.476 0.479 0.421 4.0 1.0 9.0 7.0 2.0

6.0 2.26 0.500 0.496 0.492 NaN NaN NaN NaN NaN

7.0 2.40 0.408 0.512 0.501 2.0 1.0 2.0 8.0 0.0

8.0 2.15 0.310 0.194 0.384 NaN NaN NaN NaN NaN

9.0 1.68 0.001 0.001 0.325 NaN NaN NaN NaN NaN

10.0 1.50 0.010 0.037 0.175 NaN NaN NaN NaN NaN

11.0 1.25 0.000 0.054 0.155 NaN NaN NaN NaN NaN

Table C.9: Sediment transport rates measured at Jedibe 2005-11; Measurement
direction: left to right; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.37 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.02 0.291 0.286 0.234 0.0 0.0 1.0 0.0 0.0

6.0 3.02 0.383 0.368 0.352 1.0 4.0 3.0 1.0 2.0

9.0 3.15 0.368 0.404 0.373 1.0 4.0 3.0 2.0 3.0

12.0 3.33 0.404 0.419 0.342 0.0 0.0 0.0 6.0 9.0

15.0 3.16 0.394 0.414 0.347 1.0 8.0 4.0 9.0 4.0

18.0 3.07 0.368 0.373 0.316 0.0 4.0 3.0 2.0 2.0

21.0 2.94 0.332 0.352 0.270 1.0 1.0 4.0 1.0 9.0

24.0 2.95 0.167 0.260 0.172 0.0 0.0 0.0 0.0 0.0

25.0 2.93 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.10: Sediment transport rates measured at Sepopa 2005-11; Measurement
direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.83 NaN NaN NaN NaN NaN NaN NaN NaN

1.0 2.92 0.265 0.234 0.229 NaN NaN NaN NaN NaN

6.0 2.44 0.481 0.465 0.388 15.0 5.0 1.0 1.0 18.0

11.0 2.75 0.599 0.507 0.368 2.0 1.0 1.0 20.0 11.0

16.0 2.66 0.604 0.527 0.440 16.0 5.0 24.0 9.0 4.0

21.0 2.50 0.615 0.563 0.460 1.0 4.0 0.0 9.0 16.0

26.0 2.44 0.522 0.481 0.388 6.0 4.0 5.0 5.0 8.0

31.0 2.29 0.270 0.306 0.037 0.0 0.0 0.0 0.0 0.0

33.0 1.83 0.214 0.067 0.000 NaN NaN NaN NaN NaN

35.0 1.50 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.11: Sediment transport rates measured at Jedibe 2006-01; Measurement
direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.03 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.23 0.306 0.327 0.275 0.0 0.0 0.0 0.0 0.0

6.0 3.12 0.424 0.424 0.388 0.0 2.0 1.0 0.0 1.0

9.0 3.08 0.491 0.481 0.440 1.0 3.0 5.0 5.0 3.0

12.0 3.23 0.450 0.476 0.435 12.0 0.0 0.0 2.0 6.0

15.0 3.25 0.394 0.450 0.404 0.0 0.0 1.0 1.0 5.0

18.0 3.11 0.388 0.460 0.404 8.0 8.0 0.0 2.0 6.0

21.0 3.02 0.337 0.347 0.286 1.0 1.0 0.0 0.0 0.0

24.0 2.80 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 2.49 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.12: Sediment transport rates measured at Mohembo 2006-01; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.05 NaN NaN NaN NaN NaN NaN NaN NaN

10.0 3.37 0.732 0.753 0.576 5.0 152.0 34.0 32.0 18.0

20.0 3.26 0.576 0.810 0.701 27.0 4.0 24.0 52.0 24.0

30.0 3.06 0.831 0.716 0.576 12.0 17.0 61.0 62.0 200.0

40.0 2.86 0.868 0.800 0.670 8.0 25.0 71.0 5.0 2.0

50.0 2.54 0.904 0.789 0.732 210.0 101.0 200.0 10.0 8.0

60.0 2.46 0.867 0.774 0.670 51.0 26.0 102.0 21.0 27.0

70.0 2.42 0.794 0.670 0.597 52.0 132.0 41.0 232.0 24.0

80.0 2.36 0.784 0.586 0.498 4.0 7.0 32.0 350.0 20.0

90.0 2.54 0.784 0.581 0.498 11.0 5.0 34.0 9.0 50.0

100.0 2.62 0.696 0.675 0.582 12.0 35.0 34.0 92.0 6.0

110.0 2.86 0.540 0.571 0.493 3.0 37.0 6.0 2.0 5.0

115.0 3.10 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.13: Sediment transport rates measured at Sepopa 2006-01; Measurement
direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.08 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 2.90 0.460 0.527 0.399 16.0 0.0 0.0 0.0 0.0

10.0 3.26 0.594 0.584 0.445 3.0 0.0 3.0 4.0 1.0

15.0 3.15 0.594 0.599 0.445 15.0 10.0 0.0 0.0 2.0

20.0 3.14 0.620 0.609 0.481 17.0 2.0 23.0 4.0 29.0

25.0 2.93 0.543 0.543 0.414 18.0 3.0 16.0 5.0 15.0

30.0 2.84 0.368 0.414 0.404 6.0 8.0 4.0 3.0 2.0

35.0 2.00 NaN NaN NaN NaN NaN NaN NaN NaN



Table C.14: Sediment transport rates measured at Jedibe 2006-02-16; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.12 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.26 0.450 0.450 0.388 3.0 7.0 8.0 1.0 0.0

6.0 3.26 0.512 0.579 0.507 8.0 8.0 0.0 0.0 0.0

9.0 3.25 0.584 0.584 0.537 11.0 15.0 9.0 2.0 7.0

12.0 3.38 0.486 0.563 0.533 32.0 27.0 18.0 110.0 3.0

15.0 3.29 0.522 0.537 0.548 29.0 56.0 36.0 42.0 1.0

18.0 3.25 0.440 0.517 0.440 2.0 3.0 2.0 2.0 1.0

21.0 3.06 0.353 0.450 0.332 1.0 1.0 6.0 15.0 1.0

24.0 2.55 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 2.55 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.15: Sediment transport rates measured at Mohembo 2006-02-12; Mea-
surement direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.76 NaN NaN NaN NaN NaN NaN NaN NaN

10.0 3.69 0.748 0.826 0.716 59.0 13.0 4.0 125.0 8.0

20.0 3.57 0.867 0.872 0.670 480.0 21.0 6.0 2.0 4.0

30.0 3.76 0.841 0.841 0.690 76.0 62.0 25.0 65.0 56.0

40.0 3.71 0.758 0.675 0.592 61.0 36.0 15.0 54.0 18.0

50.0 3.59 0.883 0.716 0.716 38.0 52.0 92.0 76.0 112.0

60.0 3.32 0.810 0.846 0.675 40.0 146.0 146.0 90.0 360.0

70.0 2.90 0.810 0.748 0.680 36.0 3.0 13.0 170.0 162.0

80.0 2.84 0.820 0.779 0.649 90.0 40.0 43.0 78.0 230.0

90.0 2.92 0.737 0.716 0.618 94.0 76.0 1.0 40.0 76.0

100.0 2.90 0.820 0.716 0.612 23.0 80.0 20.0 176.0 42.0

110.0 3.46 0.233 0.514 0.467 7.0 1.0 12.0 18.0 106.0

115.0 3.66 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.16: Sediment transport rates measured at Sepopa 2006-02-24; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.75 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 3.22 0.546 0.589 0.394 27.0 56.0 27.0 22.0 7.0

10.0 3.30 0.686 0.692 0.604 86.0 32.0 42.0 88.0 62.0

15.0 3.04 0.743 0.681 0.548 150.0 188.0 71.0 112.0 48.0

20.0 3.10 0.671 0.670 0.579 182.0 385.0 114.0 131.0 34.0

25.0 3.52 0.681 0.671 0.496 32.0 70.0 62.0 50.0 26.0

30.0 3.23 0.496 0.507 0.414 7.0 9.0 11.0 11.0 10.0

35.0 2.05 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.17: Sediment transport rates measured at Jedibe 2006-04-23; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.42 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.27 0.368 0.399 0.373 8.0 30.0 40.0 15.0 41.0

6.0 3.43 0.424 0.584 0.450 29.0 86.0 23.0 38.0 70.0

9.0 3.28 0.573 0.676 0.676 60.0 154.0 176.0 106.0 128.0

12.0 3.54 0.645 0.671 0.651 84.0 81.0 295.0 220.0 185.0

15.0 3.61 0.625 0.686 0.635 34.0 120.0 85.0 225.0 65.0

18.0 3.63 0.686 0.656 0.594 115.0 70.0 14.0 40.0 34.0

21.0 3.45 0.604 0.579 0.537 11.0 5.0 0.0 13.0 13.0

24.0 3.47 0.460 0.563 0.450 NaN NaN NaN NaN NaN

25.0 2.64 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.18: Sediment transport rates measured at Sepopa 2006-04-08; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.53 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 3.44 0.507 0.543 0.435 6.0 14.0 23.0 12.0 15.0

10.0 3.47 0.651 0.666 0.553 16.0 115.0 110.0 72.0 154.0

15.0 3.26 0.738 0.697 0.584 90.0 24.0 59.0 82.0 132.0

20.0 3.36 0.753 0.681 0.604 17.0 118.0 114.0 116.0 194.0

25.0 3.27 0.671 0.671 0.609 60.0 80.0 178.0 36.0 90.0

30.0 3.47 0.517 0.501 0.399 26.0 17.0 39.0 28.0 26.0

35.0 2.36 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.19: Sediment transport rates measured at Jedibe 2006-05-25; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.27 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.46 0.584 0.609 0.532 6.0 78.0 68.0 60.0 6.0

6.0 3.70 0.676 0.661 0.579 78.0 54.0 110.0 156.0 180.0

9.0 3.70 0.728 0.707 0.661 250.0 60.0 50.0 84.0 158.0

12.0 3.60 0.717 0.748 0.743 240.0 230.0 150.0 114.0 266.0

15.0 3.64 0.625 0.728 0.681 162.0 210.0 160.0 110.0 158.0

18.0 3.56 0.568 0.708 0.615 162.0 180.0 123.0 140.0 142.0

21.0 3.49 0.460 0.563 0.388 3.0 9.0 6.0 10.0 6.0

24.0 3.35 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 2.65 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.20: Sediment transport rates measured at Sepopa 2006-05-24; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.76 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 3.66 0.640 0.671 0.553 5.0 54.0 74.0 23.0 74.0

10.0 4.10 0.697 0.676 0.429 160.0 84.0 140.0 100.0 100.0

15.0 4.03 0.712 0.681 0.537 34.0 86.0 134.0 81.0 250.0

20.0 3.69 0.661 0.681 0.537 96.0 62.0 60.0 112.0 82.0

25.0 3.50 0.579 0.563 0.414 36.0 44.0 54.0 60.0 20.0

30.0 3.92 0.383 0.424 0.255 3.0 4.0 9.0 3.0 11.0

35.0 2.65 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.21: Sediment transport rates measured at Jedibe 2006-07-18; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.28 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.43 0.563 0.599 0.450 58.0 31.0 42.0 36.0 48.0

6.0 3.53 0.625 0.599 0.594 50.0 114.0 39.0 134.0 118.0

9.0 3.72 0.686 0.656 0.579 15.0 23.0 164.0 166.0 168.0

12.0 3.50 0.584 0.645 0.625 0.0 34.0 110.0 154.0 232.0

15.0 3.59 0.594 0.661 0.661 102.0 45.0 41.0 84.0 156.0

18.0 3.73 0.615 0.630 0.455 14.0 50.0 108.0 23.0 68.0

21.0 3.10 0.455 0.496 0.414 0.0 8.0 9.0 8.0 5.0

24.0 3.29 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 2.99 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.22: Sediment transport rates measured at Sepopa 2006-07-16; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.35 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 3.33 0.532 0.543 0.435 23.0 60.0 35.0 49.0 4.0

10.0 3.42 0.630 0.651 0.588 78.0 132.0 114.0 120.0 160.0

15.0 3.41 0.640 0.640 0.588 186.0 122.0 37.0 88.0 70.0

20.0 3.45 0.666 0.635 0.491 50.0 38.0 80.0 44.0 78.0

25.0 3.45 0.599 0.548 0.486 80.0 20.0 44.0 29.0 178.0

30.0 3.47 0.435 0.450 0.327 9.0 10.0 8.0 0.0 6.0

35.0 2.43 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.23: Sediment transport rates measured at Jedibe 2006-08-19; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.50 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.42 0.486 0.527 0.440 11.0 7.0 41.0 24.0 39.0

6.0 3.47 0.563 0.527 0.409 20.0 36.0 28.0 48.0 30.0

9.0 3.51 0.532 0.599 0.579 61.0 110.0 92.0 120.0 74.0

12.0 3.66 0.594 0.609 0.486 5.0 34.0 124.0 21.0 82.0

15.0 3.74 0.501 0.553 0.537 41.0 146.0 30.0 68.0 124.0

18.0 3.65 0.517 0.558 0.527 11.0 34.0 28.0 58.0 19.0

21.0 3.68 0.429 0.455 0.214 0.0 4.0 3.0 3.0 3.0

24.0 3.13 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 2.50 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.24: Sediment transport rates measured at Mohembo 2006-08-27; Mea-
surement direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.25 NaN NaN NaN NaN NaN NaN NaN NaN

10.0 2.73 0.752 0.679 0.653 50.0 78.0 6.0 1.0 3.0

20.0 2.48 0.778 0.726 0.632 102.0 110.0 170.0 48.0 14.0

30.0 2.38 0.784 0.711 0.622 66.0 84.0 116.0 128.0 72.0

40.0 2.11 0.763 0.737 0.726 134.0 166.0 32.0 56.0 24.0

50.0 1.68 0.825 0.742 0.773 202.0 186.0 28.0 130.0 160.0

60.0 1.85 0.784 0.810 0.663 350.0 94.0 160.0 116.0 140.0

70.0 1.86 0.773 0.721 0.663 14.0 230.0 48.0 29.0 500.0

80.0 1.85 0.773 0.799 0.674 70.0 17.0 38.0 75.0 124.0

90.0 1.86 0.705 0.700 0.627 96.0 60.0 90.0 186.0 84.0

100.0 2.21 0.721 0.699 0.622 100.0 90.0 180.0 68.0 174.0

110.0 2.47 0.214 0.386 0.486 42.0 14.0 1.0 84.0 70.0

115.0 1.89 NaN NaN NaN NaN NaN NaN NaN NaN



186 APPENDIX C. BEDLOAD TRANSPORT DATA

Table C.25: Sediment transport rates measured at Mohembo 2006-09-17; Mea-
surement direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.38 NaN NaN NaN NaN NaN NaN NaN NaN

10.0 2.92 0.653 0.684 0.517 8.0 60.0 56.0 31.0 78.0

20.0 2.22 0.778 0.721 0.716 35.0 226.0 66.0 0.0 0.0

30.0 2.10 0.789 0.741 0.711 4.0 100.0 241.0 244.0 52.0

40.0 1.96 0.758 0.700 0.711 50.0 44.0 84.0 116.0 130.0

50.0 2.03 0.799 0.669 0.575 82.0 62.0 46.0 22.0 88.0

60.0 1.83 0.752 0.679 0.699 53.0 24.0 80.0 55.0 16.0

70.0 1.89 0.731 0.674 0.611 37.0 33.0 144.0 136.0 112.0

80.0 1.81 0.731 0.653 0.575 12.0 24.0 39.0 150.0 19.0

90.0 1.91 0.700 0.663 0.569 15.0 60.0 37.0 39.0 22.0

100.0 2.04 0.627 0.622 0.449 22.0 52.0 62.0 17.0 3.0

115.0 1.97 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.26: Sediment transport rates measured at Sepopa 2006-09-16; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.18 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 2.64 0.486 0.517 0.491 1.0 13.0 14.0 1.0 19.0

10.0 3.11 0.606 0.648 0.481 1.0 14.0 13.0 1.0 6.0

15.0 2.99 0.616 0.580 0.501 4.0 1.0 3.0 41.0 52.0

20.0 2.85 0.632 0.580 0.454 13.0 29.0 15.0 10.0 24.0

25.0 2.67 0.601 0.538 0.507 8.0 3.0 25.0 9.0 32.0

30.0 3.03 0.366 0.334 0.277 3.0 11.0 14.0 3.0 8.0

35.0 1.75 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.27: Sediment transport rates measured at Jedibe 2006-10-18; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.37 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.40 0.352 0.316 0.286 0.0 0.0 0.0 0.0 0.0

6.0 3.42 0.394 0.383 0.337 3.0 4.0 1.0 19.0 0.0

9.0 3.54 0.443 0.435 0.373 1.0 1.0 1.0 14.0 0.0

12.0 3.54 0.414 0.440 0.409 0.0 4.0 9.0 0.0 7.0

15.0 3.54 0.409 0.409 0.388 0.0 7.0 4.0 13.0 6.0

18.0 3.43 0.383 0.419 0.301 0.0 1.0 1.0 4.0 3.0

21.0 3.21 0.270 0.280 0.198 4.0 0.0 0.0 2.0 0.0

24.0 2.35 NaN NaN NaN NaN NaN NaN NaN NaN

25.0 3.34 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.28: Sediment transport rates measured at Mohembo 2006-10-14; Mea-
surement direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.20 NaN NaN NaN NaN NaN NaN NaN NaN

10.0 2.60 0.603 0.578 0.495 15.0 26.0 6.0 70.0 23.0

20.0 2.30 0.676 0.629 0.598 5.0 18.0 26.0 6.0 18.0

30.0 2.32 0.600 0.572 0.427 23.0 30.0 33.0 37.0 90.0

40.0 2.32 0.614 0.505 0.417 29.0 12.0 39.0 68.0 4.0

50.0 1.92 0.696 0.583 0.521 22.0 34.0 86.0 42.0 38.0

60.0 1.80 0.655 0.552 0.510 18.0 22.0 37.0 15.0 4.0

70.0 1.62 0.671 0.593 0.557 72.0 17.0 29.0 26.0 80.0

80.0 1.38 0.697 0.697 0.645 86.0 38.0 26.0 37.0 8.0

90.0 1.45 0.691 0.609 0.578 22.0 32.0 54.0 36.0 0.0

100.0 1.60 0.655 0.609 0.583 8.0 0.0 36.0 50.0 37.0

110.0 2.07 0.515 0.588 0.531 NaN NaN NaN NaN NaN

115.0 1.54 NaN NaN NaN NaN NaN NaN NaN NaN



Table C.29: Sediment transport rates measured at Sepopa 2006-10-15; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 1.10 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 2.60 0.368 0.409 0.352 0.0 4.0 0.0 2.0 2.0

10.0 3.10 0.491 0.476 0.404 7.0 12.0 15.0 8.0 10.0

15.0 3.22 0.563 0.496 0.327 0.0 8.0 9.0 13.0 18.0

20.0 2.82 0.573 0.486 0.394 0.0 16.0 25.0 26.0 7.0

25.0 2.76 0.553 0.496 0.445 17.0 25.0 7.0 9.0 6.0

30.0 3.08 0.363 0.383 0.327 NaN NaN NaN NaN NaN

35.0 1.60 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.30: Sediment transport rates measured at Mohembo 2006-11-15; Mea-
surement direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 0.88 NaN NaN NaN NaN NaN NaN NaN NaN

10.0 2.52 0.671 0.671 0.567 1.0 68.0 52.0 138.0 52.0

20.0 2.31 0.774 0.702 0.645 42.0 164.0 78.0 280.0 4.0

30.0 2.42 0.702 0.645 0.593 110.0 60.0 62.0 56.0 122.0

40.0 2.20 0.722 0.666 0.655 310.0 108.0 62.0 32.0 98.0

50.0 2.02 0.769 0.728 0.650 290.0 150.0 150.0 27.0 110.0

60.0 1.81 0.764 0.676 0.609 8.0 68.0 60.0 130.0 66.0

70.0 1.74 0.686 0.691 0.609 9.0 114.0 142.0 70.0 40.0

80.0 1.72 0.712 0.634 0.588 34.0 38.0 92.0 100.0 18.0

90.0 1.77 0.625 0.625 0.562 41.0 195.0 40.0 32.0 44.0

100.0 1.85 0.660 0.655 0.505 30.0 60.0 170.0 110.0 330.0

110.0 2.27 0.609 0.609 0.552 36.0 76.0 22.0 9.0 14.0

115.0 1.34 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.31: Sediment transport rates measured at Sepopa 2006-11-30; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.54 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 2.55 0.471 0.455 0.379 6.0 2.0 0.0 0.0 2.0

10.0 3.06 0.573 0.501 0.378 1.0 24.0 28.0 1.0 10.0

15.0 2.66 0.604 0.527 0.507 8.0 0.0 30.0 8.0 4.0

20.0 3.14 0.589 0.501 0.388 27.0 0.0 2.0 28.0 32.0

25.0 2.75 0.507 0.496 0.435 6.0 7.0 10.0 0.0 25.0

30.0 2.98 0.332 0.316 0.162 10.0 1.0 0.0 0.0 2.0

35.0 1.28 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.32: Sediment transport rates measured at Sepopa 2006-12-22; Measure-
ment direction: right to left; Sampling time: 150 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 2.54 NaN NaN NaN NaN NaN NaN NaN NaN

5.0 2.67 0.517 0.532 0.424 4.0 7.0 20.0 8.0 9.0

10.0 2.75 0.599 0.640 0.537 15.0 3.0 32.0 34.0 28.0

15.0 2.80 0.625 0.656 0.527 20.0 8.0 12.0 18.0 8.0

20.0 2.72 0.651 0.630 0.481 19.0 18.0 5.0 18.0 20.0

25.0 3.00 0.584 0.532 0.435 7.0 2.0 16.0 13.0 28.0

30.0 3.11 0.322 0.368 0.255 0.0 0.0 0.0 6.0 0.0

35.0 1.60 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.33: Sediment transport rates measured at Jedibe 2007-04-19 (handheld);
Measurement direction: left to right; Sampling time: 120 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.41 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.41 0.341 0.408 0.289 29.0 9.0 2.0 8.0 0.0

6.0 3.59 0.623 0.464 0.435 68.0 69.0 64.0 71.0 66.0

9.0 3.80 0.755 0.731 0.709 162.0 100.0 56.0 124.0 104.0

12.0 4.00 0.823 0.808 0.736 148.0 62.0 22.0 84.0 73.0

15.0 3.95 0.796 0.799 0.796 56.0 72.0 29.0 23.0 138.0

18.0 3.88 0.846 0.729 0.776 344.0 44.0 114.0 118.0 184.0

21.0 4.05 0.611 0.766 0.731 78.0 5.0 22.0 16.0 10.0

24.0 4.08 0.400 0.574 0.497 1.0 2.0 0.0 1.0 1.0

26.0 4.08 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.34: Sediment transport rates measured at Mohembo 2007-04-(06-07-08)
(suspended); Measurement direction: right to left; Sampling time: 60 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 5.52 NaN NaN NaN NaN NaN NaN NaN NaN

7.5 5.52 0.561 0.775 0.769 46.0 7.0 11.0 179.0 90.0

15.0 5.65 0.798 0.933 1.049 88.0 176.0 25.0 42.0 804.0

20.0 5.53 1.021 0.907 1.286 250.0 223.0 241.0 115.0 335.0

25.0 5.33 0.768 0.724 1.176 636.0 250.0 275.0 632.0 420.0

30.0 5.00 0.663 0.959 1.151 315.0 90.0 285.0 190.0 420.0

35.0 4.75 0.817 1.266 1.078 34.0 345.0 188.0 360.0 335.0

40.0 4.60 0.505 1.053 1.210 300.0 105.0 205.0 235.0 280.0

45.0 4.84 0.704 1.087 1.189 1230.0 112.0 400.0 215.0 530.0

50.0 4.90 0.697 1.000 1.092 775.0 475.0 540.0 935.0 305.0

55.0 4.85 0.613 0.974 1.226 776.0 160.0 250.0 1312.0 430.0

60.0 4.95 0.695 1.109 1.263 205.0 150.0 130.0 570.0 290.0

65.0 4.58 0.804 1.116 1.094 226.0 485.0 174.0 265.0 168.0

70.0 4.35 0.693 1.014 1.241 420.0 146.0 555.0 166.0 390.0

75.0 4.60 0.849 1.014 1.156 485.0 275.0 85.0 225.0 445.0

80.0 4.40 0.805 1.025 1.153 940.0 592.0 64.0 230.0 126.0

85.0 4.40 0.873 0.944 1.205 160.0 435.0 390.0 82.0 315.0

90.0 4.50 0.747 0.958 1.176 218.0 80.0 55.0 460.0 360.0

95.0 4.62 0.896 1.063 1.167 72.0 495.0 246.0 195.0 275.0

100.0 3.70 0.665 1.025 1.133 62.0 340.0 170.0 54.0 540.0

105.0 4.90 0.938 1.032 1.130 54.0 10.0 42.0 46.0 19.0

110.0 5.35 0.762 0.900 1.122 57.0 301.0 98.0 33.0 141.0

115.0 5.65 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.35: Sediment transport rates measured at Sepopa 2007-04-13 (suspended);
Measurement direction: right to left; Sampling time: 120 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

-1.0 4.26 NaN NaN NaN NaN NaN NaN NaN NaN

0.0 4.78 0.494 0.738 0.507 6.0 63.0 58.0 1.0 224.0

5.0 4.43 0.586 0.749 0.762 27.0 78.0 94.0 144.0 82.0

10.0 4.08 0.735 0.873 0.864 160.0 170.0 305.0 255.0 110.0

15.0 4.08 0.824 0.832 0.895 94.0 355.0 44.0 120.0 43.0

20.0 4.40 0.792 0.791 0.827 36.0 82.0 120.0 91.0 82.0

25.0 4.58 0.582 0.650 0.700 7.0 57.0 102.0 100.0 47.0

30.0 4.58 0.453 0.536 0.447 16.0 16.0 8.0 5.0 20.0

35.0 3.32 NaN NaN NaN NaN NaN NaN NaN NaN
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Table C.36: Sediment transport rates measured at Jedibe 2007-04-21 (suspended);
Measurement direction: left to right; Sampling time: 120 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 3.25 NaN NaN NaN NaN NaN NaN NaN NaN

3.0 3.25 0.392 0.265 0.302 3.0 2.0 1.0 2.0 10.0

6.0 3.49 0.558 0.629 0.522 57.0 20.0 45.0 4.0 2.0

9.0 3.70 0.636 0.700 0.714 305.0 92.0 155.0 180.0 85.0

12.0 3.91 0.796 0.775 0.724 350.0 160.0 202.0 62.0 63.0

15.0 4.12 0.810 0.852 0.779 340.0 138.0 126.0 37.0 23.0

18.0 4.18 0.850 0.778 0.785 16.0 61.0 21.0 105.0 57.0

21.0 3.98 0.780 0.801 0.710 135.0 37.0 96.0 27.0 152.0

24.0 4.04 0.472 0.536 0.475 2.0 0.5 1.0 0.5 0.5

26.0 4.04 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.37: Sediment transport rates measured at Mohembo 2007-04-10 (sus-
pended); Measurement direction: right to left; Sampling time: 60 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

0.0 5.08 NaN NaN NaN NaN NaN NaN NaN NaN

15.0 5.08 0.990 1.143 1.035 275.0 156.0 208.0 200.0 132.0

25.0 5.45 1.153 1.334 1.283 206.0 208.0 212.0 250.0 156.0

35.0 5.13 1.015 1.210 1.351 305.0 108.0 325.0 805.0 182.0

45.0 4.41 1.207 1.256 1.395 309.0 220.0 57.0 380.0 475.0

55.0 4.57 0.992 1.118 1.274 140.0 130.0 740.0 355.0 106.0

65.0 4.32 0.861 1.160 1.311 178.0 89.0 270.0 390.0 118.0

75.0 4.26 1.031 1.312 1.283 148.0 930.0 100.0 138.0 62.0

85.0 4.38 0.964 1.060 1.101 220.0 420.0 142.0 340.0 590.0

95.0 4.40 1.131 1.097 1.153 230.0 65.0 245.0 405.0 120.0

105.0 4.72 0.901 1.176 1.181 13.0 52.0 64.0 25.0 140.0

115.0 4.72 NaN NaN NaN NaN NaN NaN NaN NaN

Table C.38: Sediment transport rates measured at Sepopa 2007-04-14 (handheld);
Measurement direction: right to left; Sampling time: 120 s.

Dist Depth V20 V50 V80 S1 S2 S3 S4 S5

-1.0 4.26 NaN NaN NaN NaN NaN NaN NaN NaN

0.0 4.70 0.471 0.401 0.341 40.0 0.0 13.0 4.0 2.0

5.0 4.38 1.074 0.770 0.717 180.0 98.0 66.0 170.0 134.0

10.0 3.95 0.793 0.843 0.811 258.0 122.0 252.0 350.0 232.0

15.0 4.00 0.794 0.855 1.094 55.0 330.0 330.0 242.0 320.0

20.0 4.30 0.744 0.823 0.743 305.0 355.0 220.0 370.0 185.0

25.0 4.35 0.672 0.888 0.805 285.0 182.0 148.0 582.0 690.0

30.0 4.60 0.849 0.780 0.714 36.0 20.0 60.0 15.0 50.0

35.0 3.32 NaN NaN NaN NaN NaN NaN NaN NaN



Appendix D

Grain Size Data

The following data are results from 39 grain size analyses of sediment sam-
ples taken during bedload transport monitoring. For every sample, the data
consist of two lines. The first line containing:

• The name of the station

• The date when the sample was taken with two digits for respectively
day, month, and year.

• The position on the cross section which is coded starting with an
“m” for “Meter” or an “mst” for “Messstelle” followed by a number
indicating respectively the distance in metres from the river bank or
the respective measuring point. The second information contained in
the code starts with an “S” followed by a number indicating at which
position in downstream direction from the cross section the sample was
taken. 1 is on the rope, 2 is two metres downstream, 3 four metres
downstream, etc. The last information which comes after the “ml” is
the volume of loosely settled wet sand collected at that point during
bedload transport monitoring. Note that not necessarily all of the
collected volume was kept.

• The weight of dry sand introduced in the sieve column.

• The computed D50 diameter of the sample

The samples were dry-sieved through a sieve column with mesh openings
in µm of:

1000 800 630 500 400 315 250 200 160 125 100 80, and a retention box

for all of which the differences in weight before sieving and with retained
grains are given in grammes in the second line.
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Boro, 010805, m2S3ml27, 45.74 [g], D50: 172.9 [µm]
-0.01 0.05 0 -0.02 0.04 0.17 0.99 8.25 19.87 13.11 2.39 0.75 0.25

Boro, 010805, m5S3ml19, 31.36 [g], D50: 197.3 [µm]
0.01 0.03 -0.02 0.14 0.59 1.36 2.83 9.86 13.15 3.09 0.24 0.07 0.04

Boro, 010805, m10S2ml140, 247.69 [g], D50: 363.9 [µm]
2.54 3.29 8.99 27.55 52.31 68.62 53.54 25.5 4.68 0.5 0.09 0.03 0.06

Boro, 010805, m15S5ml148, 147.55 [g], D50: 340 [µm]
0.64 0.79 2.31 9.51 28.47 45.32 37.63 18.1 3.99 0.6 0.04 0.03 0

Boro, 010805, m20S5ml45, 81.58 [g], D50: 285.8 [µm]
1.05 0.37 0.81 2.94 9.3 17.23 20.18 14.6 9.27 4.69 0.8 0.2 0.06

Boro, 010805, m20S5ml58, 100.77 [g], D50: 300.8 [µm]
1.42 0.87 1.8 5.64 14.25 21.33 22.83 19.63 9.86 2.58 0.29 0.02 0.04

Maunachira, 130805, m3S5ml67, 114.01 [g], D50: 241.6 [µm]
0.08 0 0.05 0.13 1.89 13.4 34.78 39.67 18.75 4.43 0.58 0.11 0.12

Maunachira, 130805, m9S3ml108, 184.66 [g], D50: 262.3 [µm]
0 0.01 0.12 0.82 4.96 27.78 72.25 61.77 14.07 2.18 0.37 0.15 0.07

Maunachira, 130805, m15S3ml182, 208.08 [g], D50: 395 [µm]
5.5 4.35 8.25 26.77 55.28 65.44 33.41 6.79 1.41 0.57 0.15 0.07 0.05

Maunachira, 130805, m20S3ml122, 229.39 [g], D50: 390.5 [µm]
35.1 1.36 2.44 13.17 54.01 75.59 26.67 10.81 6.93 2.48 0.37 0.09 0.08

Mohembo, 160705, mst 4 112 ml, 202.5 [g], D50: 253.7 [µm]
0.1 0.1 0.38 2.9 13.54 34.63 52.01 60.55 29.27 6.65 0.85 0.28 0.17

Mohembo, 160705, mst4ml96, 163.19 [g], D50: 243.2 [µm]
0.06 0.03 0.25 1.76 8.06 23.58 40.36 53.18 28.08 6.32 0.66 0.25 0.16

Mohembo, 160705, mst5ml475, 287.24 [g], D50: 309.2 [µm]
0.83 1.17 4.08 17.18 42.81 71.47 68.77 56.7 20.86 3.01 0.3 0.07 0.07

Mohembo, 160705, mst8ml315, 174.1 [g], D50: 290.6 [µm]
0.23 0.22 0.84 5.11 20.09 41.39 50.85 40 12.73 2.11 0.23 0.06 0.04

Mohembo, 160705, mst15ml106, 187.51 [g], D50: 395.6 [µm]
3.61 2.26 5.68 24.49 54.56 62.94 26.86 6.08 0.81 0.25 0.12 0.06 0.05

Mohembo, 160705, mst16ml142, 250.46 [g], D50: 429.4 [µm]
7.7 4.91 12.25 41.63 83.47 72.17 22.87 4.73 0.66 0.23 0.11 0.05 0.11

Mohembo, 160705, mst16ml172, 305.31 [g], D50: 438.3 [µm]
13.09 8.81 20 51.47 96.13 82.29 26.37 5.96 0.77 0.25 0.1 0.07 0.11

Mohembo, 160705, mst18ml254, 448.1 [g], D50: 481.9 [µm]
33.62 24.97 48.46 91.59 139.18 85.88 19.36 3.48 0.68 0.24 0.12 0.12 0.08

Mohembo, 160705, mst18ml49, 85.97 [g], D50: 658.1 [µm]
22.19 9.91 13.05 15.56 14.68 7.63 1.96 0.6 0.16 0.13 0.05 0.01 0.05

Mohembo, 160705, mst19ml45, 92.16 [g], D50: 555.7 [µm]
11.51 7.15 12.81 25.62 24.61 8.35 1.26 0.34 0.19 0.19 0.07 0.06 0.05

Mohembo, 160705, mst19ml45s2, 78.41 [g], D50: 559.6 [µm]
13.97 6.49 9.61 16.87 18.96 9.21 1.94 0.58 0.26 0.25 0.12 0.06 0.09

Mohembo, 160705, mst21ml31, 54 [g], D50: 729.4 [µm]
17.74 6.02 7.65 11.25 8.24 2.1 0.34 0.08 0.09 0.1 0.11 0.07 0.08

Sepopa, 190705, mst1S2ml13, 18.9 [g], D50: 141.8 [µm]
0.02 0.04 0.05 0.06 0.07 0.06 0.05 0.59 4.37 7.98 3.45 1.58 0.62

Sepopa, 190705, mst2S1ml12, 17.55 [g], D50: 151.4 [µm]
0 0.02 0.04 0 -0.01 -0.01 0.07 0.94 5.82 7.78 2.13 0.65 0.12
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Sepopa, 190705, mst3S1ml11, 17.09 [g], D50: 211 [µm]
0.01 0.02 -0.01 0.01 0.17 0.62 2.24 7.04 5.45 1.31 0.16 0.04 0.05

Sepopa, 190705, mst4S1ml32, 54.51 [g], D50: 239.8 [µm]
0.05 0.05 0.05 0.33 1.42 5.34 15.65 21.73 8.76 1.1 0.1 0.02 0.02

Sepopa, 190705, mst4S2ml26, 43.56 [g], D50: 231.1 [µm]
0 0 0.03 0.11 0.55 2.61 11.16 19.28 8.62 1.08 0.09 0.01 -0.01

Sepopa, 190705, mst4S3ml40, 65.39 [g], D50: 236.1 [µm]
0.02 0.03 0.06 0.3 1.55 5.5 17.47 27.92 11.18 1.21 0.09 0.02 0.02

Sepopa, 190705, mst5S1ml24, 39.89 [g], D50: 316.6 [µm]
0.17 0.16 0.39 1.85 5.77 11.74 11.87 6.11 1.45 0.22 0.01 0.01 -0.02

Sepopa, 190705, mst5S2ml56, 94.01 [g], D50: 299.6 [µm]
0.49 0.36 0.96 3.74 11.46 23.05 29.13 19.61 4.56 0.52 0.04 -0.01 0.02

Sepopa, 190705, mst5S3ml104, 184.87 [g], D50: 269.1 [µm]
0.51 0.13 0.53 2.44 11.51 34.94 59.98 57.02 15.74 1.83 0.12 0.03 0.03

Sepopa, 190705, mst6S1ml118, 209.93 [g], D50: 307.9 [µm]
0.29 0.2 0.86 5.65 27.11 63.22 68.22 37.17 6.15 0.66 0.07 0.01 0.01

Sepopa, 190705, mst6S2ml27, 44.94 [g], D50: 391.2 [µm]
2.79 1.26 2.07 5.08 10.02 12.27 7.53 3 0.74 0.16 0.04 0.02 0

Sepopa, 190705, mst7S2ml22, 37.53 [g], D50: 396.2 [µm]
0.24 0.24 1.02 4.99 11.81 11.99 5.34 1.51 0.34 0.08 0.05 0.04 0.01

Xakue, 040805, m11S2ml36, 63.13 [g], D50: 216.1 [µm]
0.01 0 -0.01 0.12 0.34 3.07 13.12 22.04 17.3 5.61 0.98 0.41 0.17

Xakue, 040805, m11S5ml134, 233.63 [g], D50: 222 [µm]
0.04 0.02 0.04 0.18 1.62 13.26 50.68 91.16 58 16.11 1.84 0.57 0.21

Xakue, 040805, m13S4ml72, 122.58 [g], D50: 277.8 [µm]
0.11 -0.02 0.12 1.64 10.69 28.56 35.43 28.3 13.17 3.51 0.7 0.35 0.17

Xakue, 040805, m15S5ml61, 107.6 [g], D50: 318.3 [µm]
0.01 0.09 0.67 4.62 18.33 31.24 27.72 15.74 6.52 1.85 0.4 0.2 0.12

Xakue, 040805, m17S5ml61, 105.99 [g], D50: 373.1 [µm]
0.66 0.86 2.83 11.11 27.38 32.22 19.62 8.32 2.18 0.51 0.17 0.1 0.08



Appendix E

Water Sample Data

In the following tables data from water analyses are listed. Table E.1 lists all
samples including coordinates and date when the sample was taken. Table
E.2 lists the measured concentrations of dissolved ions. Besides the ones
presented in the table, the concentrations of phosphate, ammonium, nitrate,
and lithium were measured but found to be almost zero. For every ion (with
the exception of silicate) two measurements have been conducted for every
sample and are listed in the table.
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Table E.1: Locations and sampling dates of all water samples.

Sample Location designation Date X (UTM) Y (UTM)

1 Mohembo 18.07.2005 587911 7976644
2 Smith blockage, 50% depth 29.07.2005 697737 7890493
3 Xakue 04.08.2005 710326 7842316
4 Crescent Island 24.07.2005 646543 7911995
5 Weboro blockage 01.08.2005 646241 7891488
6 Sepopa 19.07.2005 626658 7927009
7 Maunachira 14.08.2005 722923 7883957
8 Mohembo 18.07.2005 587911 7976644
9 End of Khiandiandahvu 13.08.2005 710641 7893916
10 Downstream of Smith blockage 12.08.2005 701029 7891239
11 Jao at inflow to Boro 01.08.2005 *
12 Entrance Smith system 28.07.2005 665915 7899681
13 Smith blockage, top 29.07.2005 697737 7890493
14 End of Crescent Island channel 31.07.2005 647211 7894186
15 End of Smith 13.08.2005 710982 7893584
16 Beginning of Boro 01.08.2005 664123 7891433
17 Upstream Xakanaxa Lediba 10.08.2005 750277 7883211
18 Boro, 1h upstream buffalo fence 06.08.2005 735320 7815588
19 Maunachira, upstream Xobega 15.08.2005 732875 7878798
20 Khwai, upstream of KB1-KB2 16.08.2005 755148 7877573
21 Khwai Bridge 16.08.2005 789342 7877880
22 Boro junction 07.08.2005 763250 7795797
23 Upstream Mosupatsela 02.08.2005 668929 7884351
24 half way to Smith channel 30.07.2005 671085 7889031
25 Mohembo 17.10.2005 587911 7976644
26 Mohembo 15.01.2006 587911 7976644
27 Mohembo 12.02.2006 587911 7976644
28 Mohembo 27.08.2006 587911 7976644
29 Mohembo 17.09.2006 587911 7976644
30 Mohembo 14.10.2006 587911 7976644
31 Mohembo 15.11.2006 587911 7976644
32 Mohembo 20.12.2006 587911 7976644
33 Mohembo 05.05.2008 587911 7976644

* close to sample 16, upstream of the junction in the Jao branch
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Table E.2: Ion concentrations measured in the water samples.

HF Cl Br SO4 Na K Ca Mg H4SiO4

1 0.034 0.785 0.155 0.266 1.498 1.283 2.883 0.617 21.5
1 0.033 0.809 0.157 0.283 1.557 1.272 2.993 0.643
2 0.030 0.110 0.157 0.047 1.919 1.237 3.716 0.968 12.8
2 0.034 0.109 0.156 0.048 1.962 1.251 3.874 0.927
3 0.064 0.175 0.214 0.000 3.531 1.365 5.390 1.282 23.3
3 0.057 0.159 0.191 0.068 3.421 1.405 5.366 1.297
4 0.031 0.073 0.179 0.073 1.906 1.169 3.620 0.894 12.2
4 0.030 0.065 0.161 0.074 1.852 1.225 3.618 0.930
5 0.034 0.501 0.147 0.185 2.460 1.271 4.128 1.188 7.1
5 0.035 0.497 0.154 0.181 2.482 1.266 4.211 1.231
6 0.028 0.120 0.184 0.115 1.787 3.038 3.553 0.779 15.7
6 0.031 0.118 0.168 0.114 1.809 3.032 3.548 0.767
7 0.048 0.165 0.199 0.032 2.842 1.790 4.289 1.152 15.2
7 0.047 0.147 0.164 0.078 2.872 1.684 4.365 1.214
8 0.015 0.319 0.178 0.179 1.472 1.273 3.033 0.665 21.0
8 0.015 0.312 0.159 0.178 1.468 1.386 3.030 0.651
9 0.042 0.148 0.193 0.056 2.853 1.695 4.799 1.148 14.8
9 0.047 0.131 0.172 0.093 2.869 1.708 4.632 1.099
10 0.035 0.048 0.176 0.000 1.905 1.302 3.587 0.943 12.5
10 0.031 0.034 0.153 0.065 1.808 1.345 3.554 0.940
11 0.036 0.062 0.165 0.000 2.127 1.262 3.876 0.914 7.7
11 0.034 0.045 0.148 0.056 2.147 1.168 3.861 0.969
12 0.034 0.076 0.176 0.000 1.719 1.167 3.439 0.924 11.8
12 0.032 0.070 0.145 0.053 1.538 1.181 3.292 0.863
13 0.031 0.084 0.162 0.039 1.836 1.399 3.616 0.856 12.4
13 0.029 0.074 0.158 0.073 1.777 1.465 3.636 0.791
14 0.036 0.049 0.162 0.042 2.014 1.037 3.711 1.213 7.2
14 0.036 0.035 0.151 0.070 2.007 1.062 3.787 1.280
15 0.039 0.098 0.163 0.008 1.909 1.287 3.123 0.737 11.9
15 0.042 0.084 0.131 0.052 2.133 1.274 3.162 0.761
16 0.033 0.063 0.169 0.006 1.816 1.011 3.099 0.952 9.9
16 0.035 0.049 0.157 0.060 1.871 1.062 3.312 0.952
17 0.051 0.197 0.216 0.011 2.673 1.656 4.180 1.163 19.8
17 0.049 0.185 0.175 0.069 2.669 1.624 4.201 1.140
18 0.071 0.163 0.264 0.165 3.931 2.704 7.130 2.003 29.7
18 0.074 0.153 0.228 0.168 4.061 2.741 7.531 2.091
19 0.048 0.150 0.204 0.028 2.873 1.948 4.564 1.413 18.3
19 0.053 0.195 0.182 0.068 2.878 1.906 4.422 1.345
20 0.051 0.295 0.206 0.042 3.319 2.066 5.153 1.212 20.8
20 0.058 0.228 0.181 0.087 3.328 2.038 4.987 1.258
21 0.083 1.590 0.326 0.082 7.102 6.349 9.259 2.731 52.3
21 0.085 1.580 0.276 0.082 7.306 6.449 9.247 2.806
22 0.080 0.296 0.308 0.183 5.733 5.324 9.959 2.884 47.4
22 0.079 0.298 0.304 0.187 5.808 5.388 10.470 3.036
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23 0.037 0.079 0.162 0.030 2.089 1.031 3.535 1.069 13.4
23 0.032 0.067 0.138 0.074 1.950 1.058 3.588 1.085
24 0.032 0.077 0.143 0.009 1.813 1.290 3.516 0.972 12.5
24 0.036 0.056 0.142 0.057 1.848 1.207 3.512 0.916
25 0.022 0.895 0.144 0.000 1.648 2.247 3.034 0.722 20.1
25 0.025 0.844 0.150 0.067 1.705 2.286 3.090 0.700
26 0.026 0.883 0.153 0.167 1.987 2.980 3.240 1.156 24.0
26 0.032 0.876 0.148 0.204 2.016 2.940 3.339 1.161
27 0.027 0.732 0.244 0.202 2.461 1.967 4.881 1.125 26.8
27 0.031 0.712 0.203 0.204 2.588 1.987 4.682 1.191
28 0.020 2.249 0.246 0.062 2.154 1.687 3.109 0.734 21.3
28 0.024 2.257 0.202 0.072 2.111 1.701 3.299 0.720
29 0.025 0.650 0.173 0.114 1.344 1.513 2.816 0.645 20.9
29 0.024 0.602 0.160 0.114 1.344 1.531 2.842 0.678
30 0.026 0.755 0.257 0.241 1.568 1.767 3.142 0.814 21.4
30 0.024 0.637 0.221 0.241 1.532 1.881 3.200 0.777
31 0.022 1.463 0.179 0.233 1.673 2.746 3.478 1.033 21.6
31 0.026 1.545 0.156 0.229 1.717 2.720 3.450 0.974
32 0.028 1.113 0.194 0.217 2.541 2.968 4.588 1.004 25.4
32 0.034 1.118 0.161 0.262 2.626 3.005 4.723 1.065
33 0.026 0.241 0.192 0.222 1.991 1.601 3.953 1.193 25.4
33 0.025 0.243 0.188 0.224 1.910 1.519 3.898 1.172



Appendix F

Curriculum Vitae

199



CHRISTIAN MILZOW

Bergacker 56, 8046 Zurich, Switzerland
Tel. +41 (0)44 633 31 71
milzow@ifu.baug.ethz.ch

Date of Birth: 28.12.1980
Nationality: German

Languages: German, French, English

Academic Education

2005-2008 Ph.D. student at the Institute of Environmental Engineering
(IfU), ETH Zurich “Hydrological and sedimentological modelling of the Oka-
vango Delta Wetlands, Botswana” Supervisor: Prof. Dr. W. Kinzelbach

April - May 2005 Course on dynamic remote sensing and atmospheric
corrections, International Institute for Geo-Information Science and Earth
Information (ITC), Enschede, The Netherlands

1999-2004 Bachelor and master in earth sciences at ETH Zurich (major
in hydrology; minors in climatology, geophysics and engineering geology).
One semester of study abroad at the University of Natural Resources and
Applied Life Sciences (BOKU), Vienna, Austria

Work Experience

October - November 2004 Institute of geophysics, ETH Zurich: Pro-
gramming of user interfaces on Matlab for geophysical data analysis pro-
grams

April - July 2004 Institute for Atmospheric and Climate Science (IAC),
ETH Zurich: Data analysis in relation with the “European dry summer
2003”

February - April 2003 Internship at Colenco Power Engineering AG
(Baden, Switzerland), department of groundwater protection and waste dis-
posal: Contribution to the development of a numerical borehole simulator,
Processing of hydrogeological tests

2001 - 2003 (during studies) Institute for Atmospheric and Climate
Science (IAC), ETH Zurich: Development of student exercise programs to
visualize numerical solutions and their errors (e.g. heat transfer)



Publications

C Milzow, V Burg, W Kinzelbach (2008) Simulating climate change
and water abstraction impacts on the hydrology and ecology of the Okavango
Delta. Proceedings of the Second IASTED Africa Conference on Water
Resource Management, September 2008, Gaborone, Botswana

C Milzow, L Kgotlhang, V Burg, W Kinzelbach (2008) Set-up and
calibration of a distributed hydrological model of the Okavango Delta using
remote sensing data. Calibration and Reliability in Groundwater Modelling:
Credibility of Modelling (Proceedings of ModelCARE 2007 conference, held
in Denmark, September 2007). IAHS Publ. 320

Milzow C, Kgotlhang L, Kinzelbach W, Meier P, Bauer-Gottwein
P (2008) The Role of remote sensing in hydrological modelling of the Oka-
vango Delta, Botswana, Journal of Environmental Management, in press

Milzow C, Kgotlhang L, Bauer-Gottwein P, Meier P, Kinzelbach
W (2008) The hydrology of the Okavango Delta: Processes, data and mod-
elling. Hydrogeology Journal, accepted for publication

Milzow C, Molnar P, McArdell BW, Burlando P (2006) Spatial
organization in the step-pool structure of a steep mountain stream (Vogel-
bach, Switzerland) , Water Resources Research 42 (4): Art. No. W04418
APR 25 2006

Conference and Workshop Attendances

Sep 2008 Second IASTED Africa Conference on Water Resource Manage-
ment, Gaborone, Botswana (Oral Presentation)

Aug 2008 ESA Earth Observation Summer School on Earth System Moni-
toring and Modelling (Poster, ranked 3rd out of 74)

Sep 2007 ModelCare: Model calibration and reliability, Copenhagen, Den-
mark (Oral Presentation)

Jun 2007 Sino-Swiss Workshop, ETH Zurich, Switzerland (Oral Presenta-
tion)

Mar 2007 IARU Young Scholars Workshop: Sustainable Water Management
at the Local, Regional and Global Scales, Canberra, Australia

Dec 2006 Fall meeting of the American Geophysical Union, San Francisco,
USA (Poster)

Oct 2006 GlobWetland Symposium, European Space Agency, Frascati, Italy
(Oral Presentation)

Apr 2006 General assembly of the European Geosciences Union, Vienna,
Austria (Poster)

Aug 2004 Annual meeting of the British Geomorphological Research Group,
Glasgow, UK (Poster)

Other Activities

1996-2006 Boy scout leader within the scout troop of Nyon, Switzerland


