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Abstract   

The Okavango Delta in Botswana is one of the world’s most fascinating wetland systems. A hydrological model of the Delta is presented, which is based on a finite difference formulation of the relevant flow processes (surface water and groundwater). Spatially distributed input data include rainfall, evapotranspiration and microtopography. The model results are compared to flooding patterns derived from remote sensing. The water budget can be assessed for the whole model area as well as for arbitrary sub-regions down to the scale of the individual model cell. Some scenarios are discussed, where the model may help to analyze long-term impacts of man-made changes in the Delta and its catchment.

Introduction

In northern Botswana, southern Africa, the Okavango River forms a huge wetland system called the Okavango Delta (Figure 1). The waters of the Okavango River originate in the humid tropical highlands of Angola, flow southward into the Kalahari basin, spill into the Okavango Delta and are consumed by eva​potranspiration. A variety of hydrological, geochemical, sedi​mentological and biological processes are shaping the Delta over different spatial and temporal scales (Ellery et al., 1993, Gumbricht et al., 2001, McCarthy and Ellery, 1994, Modisi et al., 2000). The natural system has to satisfy the water demands of various users all over the river basin. Locally, domestic water supply, mining industry and tourism compete with the ecosystem and its spectacular wildlife for the scarce water resource. Interna​tionally, the classic conflict between countries located upstream (Angola, Namibia) and down​stream (Namibia, Botswana) is being observed.


Sound management of the system calls for a tool for a priori anal​ysis of different management options. This was recognized a long time ago and several modelling efforts have been carried out (Dincer 

et al., 1987, Gieske, 1997, SMEC, 1987). However, the previous models were designed as box models and could not reproduce the spa​tially distributed flooding patterns in the Delta. Recent progress in remote sensing technology provides time series of flooding patterns, which can be used to calibrate a spatially
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Figure 1.   The Okavango Delta. Coordinates are UTM Zone 34 S, Cape Datum

distributed hydrological model (McCarthy et al., 2002). To take advantage of these new developments and to generate a more reliable and flexible tool, a spatially distributed hydrological model of the Okavango Delta is being developed together with Botswana’s Department of Water Affairs.

Description of the hydrological model

Modeling Approach

The hydrological model of the Okavango Delta is a finite difference surface and groundwater flow model, based on the groundwater modelling software MODFLOW (McDonald and Harbaugh, 1988). In the Delta, surface and groundwater are in close contact and in continuous exchange. They are therefore represented in the model as two interacting horizontal layers. The lower layer rep​resents the underlying sand aquifer. In this layer, water flows according to Darcy’s law. In the upper layer, which represents the wetland, the model provides two optional flow laws, which can be assigned individually to every cell in the layer: Darcy flow and normal discharge (Darcy-Weisbach equation). The interface between the two horizontal lay​ers is given by the topographic surface. The single most important driving force for the flooding dynamics is the inflow into the Delta at Mohembo (Figure 2), which is modeled as a series of temporally variable recharge cells. Rainfall (recharge) and evapotranspiration are added to or taken from the highest active model cell at each horizontal location.

Equations governing the flow

In the major channels, the water is assumed to flow according to the Darcy-Weisbach equation (1).
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Q is the cell-by-cell flow (m3/s), K is the Strickler coefficient (m1/3/s), h is the hydraulic head (m); bot is the elevation of the channel bottom (m) and 
[image: image3.wmf]y

D

 is the size of the cell perpendicular to the flow direction. This equation can be derived from the more fundamental Navier-Stokes equation under the assumptions of one-dimensional, steady and uniform flow. The geometry of the major channels is explicitly put into the model and is assumed to be stable.

In the underlying sand aquifer and in the swamp, the water is assumed to flow according to the Darcy equation (2).
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In this case, K is the saturated hydraulic conductivity (m/s). This parameter can vary widely and is much greater in the swamp than in the sand aquifer.

Upscaling the topographic variability

The spatial resolution of the hydrological model is much coarser than the typical size of terrain features (channels, islands, floodplains etc.) in the Okavango Delta. The representation of the flow processes on such a coarse grid is only possible, if the local parameters are upscaled to the grid scale to yield effective parameters, taking into account the topographic variability at the sub-grid scale.  The idea
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Figure 2.   Inflow of the Okavango River at Mohembo

of this upscaling procedure is to skip the exact form of the topographic surface and to consider the statistical properties of successively higher order instead. As an “order 0” approach, one could just take the mean value of the topographic variation in every cell and neglect all higher statistical moments. If this approach is used, the parameters don’t change at all and the mathematical description of this system is equivalent to the one for an unconfined, leaky aquifer.

The “order 1” approach is to not only consider the mean value of the topographic variation in each cell, but also its variance. For the mathematical treatment, some statistical model of the terrain has to be postulated. In the following sections, the effective parameters for the order 1 approach are presented, given the terrain is uncorrelated and normally distributed. Topographic transects measured in the field (Figure 3) suggest that the correlation length of the terrain is about 300-500 m, i.e. the grid spacing of 2 km is about 5 times the cor​relation length. The assumption of uncorrelated terrain elevation is therefore certainly critical, but is useful as a first order approach. 
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Figure 3.  Variograms of the topographic surface at different locations in the Delta.
Effective kf for swamp cells

If the terrain is uncorrelated (i.e. if the cell size is large compared to the intrinsic correlation length of the topographic surface), a combination of percolation theory and homogenisation theory can be applied. Homogenisation theory gives the effective parame​ter as the problem approaches the limiting case of an unconfined aquifer with a rough bottom, where the size of the roughness elements is small compared to the overall thickness of the aquifer. Percolation theory describes the effective parameter as the thickness of the water layer tends to zero and the connectivity of the flooded areas within one model cell becomes impor​tant (Stauffer and Aharony, 1994):
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where K is the hydraulic conductivity, b is the topographic elevation, pc is the percolation threshold and h is the water table elevation. The characteristics of the terrain are now summa​rized in the probability density function p(b).

Water level dependent specific yield

Consider a two-layered aquifer system with an undulating interface between the two layers. The specific yield of the two layers – the amount of water released from storage per unit water level change – has to be corrected for the portion of the aquifer area which is actually flooded at a certain water level. In the first layer, flooding starts with some isolated ponds and since the flooded area is so small, even a small quantity of water can significantly increase the water level. Once the entire cell is flooded, much more water is needed per unit water level increase. This effect is mathematically expressed in the two equations for the specific yields in layer 1 and 2:
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Effective Evapotranspiration

The local evapotranspiration is parameterized as follows: It takes its maximum value, once the spot is flooded and decreases exponentially, if the water table falls below the topographic surface (8).
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However, due to topographic variability, one model cell will contain a mixture of different depths to the water level. The effective evapotranspiration from both layers is then calculated as
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Spatially distributed input parameters: Rain and Evapotranspiration

The exchange of water between land and atmosphere, i.e. the balance of rain and evapotranspi​ration is parameterized as a function of the depth to the water table only. This concept is cov​ered in more detail in Bauer et al., 2002. The net exchange of water (rain-ET) can be quantified for the wetland situation (depth to water table equal zero), using remote sensing techniques. For the deep groundwater situation, the chloride method can be used to derive an estimate for the net exchange. In between these two points, the net exchange is assumed to decrease exponentially with a given ET-extinction-depth.

Modelling results and implications for sustainable management

Calibration strategy: comparison with satellite-derived flooding patterns

McCarthy and Gumbricht (2002) have derived a time series of the flooded area of the Okavango Delta starting as early as 1973. The flooding patterns are used to calibrate the hydrological model. Of all the pixels, which are potentially subject to flooding, 70-80% are correctly predicted over the calibration period of 15 years (1985-2000). The global statistics of the flooded area (average extent and standard deviation in time) are quite accurately reproduced. Calibration will eventually be carried out systematically in a Bayesian framework; the probability of correctly predicting a pixel’s flooding status will be used to update initial probability density functions for the parameters, which are based on informed guesses. However, due to the high amount of computer time needed for an individual model run (ca 24 h for 30 years on a modern PC), no systematic calibration has been finalized yet.

Apart from the flooding patterns, the model outputs consist of water levels for all the model cells as well as flux and budget terms, also on the level of the individual cell (Figure 5, Figure 6). These outputs can be retrieved for every time step of the simulation. 
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Figure 4.  Global statistics of observed (remote sensing) and modeled flooding patterns

Figure 5

: Model Results for one time step (I)
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Figure 6.   Model Results for one time step (II)

The hydraulic head shows the regional gradient in layer 1 and the groundwater mound below the Delta in layer 2. Cell-by-cell flow is high in layer 1 within the channel cells; in layer 2 it is concentrated along the swamp’s fringe. Evapotranspiration is high on the flooded surfaces, vertical exchange is again concentrated along the fringes. Storage is plotted in absolute values. It can be seen that the panhandle, during this particular time step is storing big quantities of water, whereas the peripheral parts are destoring.

If the net exchange of water with the atmosphere and the topography are assumed to be known, the model output is most sensitive to the follow​ing parameters:

• 
Hydraulic conductivities of channels and swamp in the wetland layer. Together with the kf value of the swamp, the Strickler coefficient of the channels (kst) determines the tem​poral response of the Delta. If the conductivities are either too big or too small, the annual fluctuation in the flooded area is completely suppressed, or the amplitude of that fluctuation is too small. In addition to the overall effect of the conductivity, the ratio between the channel and the swamp conductivity determines the shape of the Delta. In the case of high channel conductivity but relatively low swamp conductivity, flooding keeps to the riv​ers and does not invade big areas next to the channels. In the opposite case, more uniform flooding over the whole area results.

• 
Hydraulic conductivity of the subsurface. This property depends on two model parameters. The vertical leakance, which expresses the vertical hydraulic coupling between the two layers and the transmissivity of the second layer which controls the lateral spreading of the groundwater mound, which is formed below the Delta. The hydraulic conductivity of the subsurface is the key factor determining the size of the Delta. With highly conductive subsurface, more water is infiltrating into the sand aquifer and less water is available for overland flooding.

In the following sections, some present and future management problems in the Delta are briefly summarized and it is shown, how the hydrological model may help decision makers to find optimal solutions.

Water abstractions

Water abstractions from the inflow have been projected and partly, the infrastructure has been put in place (Sepopa, Rundu etc.). However, due to the low population density in the catchment, abstraction for domestic use will most probably not be a major problem in the near future. Nevertheless, impacts of planned abstractions can be assessed using the hydrological model. For scenario calculations, the inflow at Mohembo can be reduced by the abstracted amount. Of particular interest may be a comparison between the impacts of abstractions from the inflow and abstractions from shallow wellfields located at the periphery of the Delta.
River engineering in the catchment

River engineering projects upstream of the Delta, most notably dam building, have the potential of radically changing the Delta’s hydrological regime. Three issues are important in that respect:

· Flood modulation by reservoirs. The seasonality of the inflow may be drastically changed, particularly the amplitude of the annual variation and the timing of the flood wave with respect to the rainfall maximum.

· Evaporative losses from big reservoirs may decrease the overall amount of flow passing Mohembo.

· Sediment transport will be inhibited with unforeseeable consequences for erosion/deposition. Particularly the work carried out by McCarthy and coworkers (e.g. McCarthy et al., 1986) has shown, how important sediment transport is for the rejuvenation of the Delta.

Flood modulation and evaporative losses can be conveniently studied in scenario runs using the hydrological model. Sediment transport is so far not included, but a sedimentation package may be added, which uses the outputs of the hydrological model (flow velocities) to calculate erosion and deposition. This combined tool could potentially be used to study the inherent dynamics of channel shifts and aggradation in the Delta.

Morphological changes in the Delta

Management measures, which have been discussed controversially in Botswana over the last decades, are channel dredging and clearing of channels blocked by aquatic vegetation. The effects of dredging can be studied with the model by lowering the bottom of the respective channel reaches. It has already become clear, that the topographic elevation is the key factor for water distribution in the Delta. Therefore we consider dredging to be a high impact measure. Changing the hydraulic conductivities of the affected channel reaches can represent channel blockages. The modeling results so far indicate that clearing of blockages probably has less serious consequences than dredging.

Climate Change

The Kalahari region has always been a region of high climatic variability (e.g. McCarthy et al., 2000). For the near future, additional and much faster changes are to be expected from anthropogenic climate change. On the one hand, these changes may have impacts on the catchment and the flow at Mohembo; on the other hand, there may be changes of the spatially distributed parameters rain and evapotranspiration. All these changes can be conveniently incorporated into scenario runs.

Water Quality Issues

Although water quality and contamination is presently not an issue in the Okavango catchment, this point should be kept in mind because the system is extremely vulnerable with respect to contamination. Possible sources of contamination include domestic sewage, wastewaters from mines as well as industrial operations. The hydrological model comes with a contaminant transport package and is therefore well suited to study possible impacts of contamination. This transport package may also be of interest for the assessment of the system’s regional salt and nutrient balance.

Conclusions

It has been shown that the flooding dynamics of the Okavango Delta can in principle be under​stood and modeled in the framework of a two layer finite difference flow model. The model is calibrated with spatially distributed information on flooding derived from remote sensing data. Once calibrated and extensively validated, it can be used to assess the impacts of different management scenarios on the hydrological system. It is particularly useful to study long-term changes that result from different development scenarios. Decision-makers in Botswana and in the whole river basin are facing intricate water distribution problems in which the model may help to approach optimal solutions.

ACKNOWLEDGEMENTS

We would like to express our deep gatitude to the Department of Water Affairs. Without dedicated support from the Headquarters in Gaborone as well as from the Maun staff, this study would have been impossible.

References

Bauer, P., Brunner, P. and Kinzelbach W. (2002): Quantifying the net exchange of water between land and atmosphere in the Okavango Delta, Botswana, Proceedings of MODEL​CARE 2002, Prague

Dincer, T., Child, S., Khupe, B.B.J. (1987): A simple mathematical model of a complex hydro​logical system, Okavango Swamp, Botswana, Journal of Hydrology, 93:41-65

Ellery, W.N., Ellery, K., Rogers, K.H., McCarthy, T.S., Walker, B.H. (1993): Vegetation, hydrology and sedimentation processes as determinants of channel form and dynamics in northeastern Okavango Delta, Botswana, African Journal of Ecology, 31:10-25

Gieske, A. (1997): Modelling outflow from the Jao/Boro River system in the Okavango Delta, Botswana, Journal of Hydrology 193:214-239

Gumbricht, T., McCarthy, T.S., Merry, C.L. (2001): The topography of the Okavango Delta, Botswana, and its tectonic and sedimentological implications, South African Journal of Geol​ogy, 104:243-264

McCarthy, J.M., Gumbricht, T.R., McCarthy, T.S., Frost, P.E., Wessels, K. Seidel, F. (2002): Flooding Patterns of the Okavango Wetland in Botswana between 1972 and 2000. Submitted to Ambio.

McCarthy, J.M. and Gumbricht, T. (2002): Multisource rule-based contextual classification of ecoregions of the Okavango Delta, Botswana, Submitted to Remote Sensing Review

McCarthy, T.S., Ellery, W. N., Rogers, K.H., Cairncross, B., Ellery, K. (1986): The roles of sedimentation and plant growth in changing flow patterns in the Okavango Delta, South African Journal of Science, 82:579-584

McCarthy, T.S. and Ellery, W. N. (1994): The effect of vegetation on soil and ground water chem​istry and hydrology of islands in the seasonal swamps of the Okavango fan, Botswana, Journal of Hydrology, 154:169-193

McCarthy, T. S., Cooper, G. R. J., Tyson, P. D., Ellery, W. N. (2000): Seasonal Flooding in the Okavango Delta, Botswana - Recent History and Future Prospects, South African Journal of Science, 96:25-33

McDonald, M.G., and Harbaugh, A.W., 1988, A modular three-dimensional finite-difference ground-water flow model: U.S. Geological Survey Techniques of Water-Resources Investiga​tions, book 6, chap. A1, 586 p. 

Modisi, M.P., Atekwana, E.A., Kampunzu, A.B., Ngwisanyi, T.H. (2000): Rift kinematics dur​ing the incipient stages of continental extension: Evidence from the nascent Okavango rift basin, northwest Botswana, Geology, 28(10):939-942

Snowy Mountain Engineering Corporation, SMEC (1987):Southern Okavango Integrated Water Development Phase 1. Final Report Technical Study

Stauffer, D. and Aharony, A. (1994): Introduction to Percolation Theory. London:  Taylor and Francis.







� Institute of Hydromechanics and Water Resources Management, ETH Hoenggerberg CH-8093 Zürich.


  Corresponding author:  � HYPERLINK "mailto:bauer@ihw.baug.ethz.ch" ��bauer@ihw.baug.ethz.ch� 


�Department of Water Affairs, Gaborone, Botswana





PAGE  
95

[image: image16.png]Evapotranspiration (m®/s)

.05
50 0.04
100 {8 100 003
180 150 002
200 200 001
250 2 o 250
50 100 150 200 250 50 100 150 200 250
Storage Layer 1 (abs. value) (m’/s) Storage Layer 2 (abs. value) (m’/s)
.05 002
oot 0.015
0.03
0.0t
002
o1 0.005

50100 150 200 250 50100 150 200 250




_1105860646.unknown

_1105862867.unknown

_1105863426.unknown

_1105863751.unknown

_1105862988.unknown

_1105860762.unknown

_1093332329.unknown

_1105860315.unknown

_1093332330.unknown

_1093332328.unknown

