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Abstract

This paper presents a method for making predictions of future temporal flooding patterns using models and data available so far for the Okavango Delta. The method allows for incorporation of upstream water abstractions and global climate change. It can thus be used for assessing the effects of such actions or changes on the flooding in the Okavango Delta. It can also be used in the process of designing a network for monitoring vegetation change in the Delta. The method is based on the Monte-Carlo principle, i.e. future conditions are described in probabilistic terms based on large number of simulations that mimic the observed variability. The method uses an annual, lumped regression model of Delta’s flooding and a series of satellite-derived flood images. Preliminary results indicate that the flooding in the Delta is dominated by the long-term natural variation in rainfall, and show that effects of that natural variation by far exceed the effects of reasonably assumed upstream abstractions. Climate change would significantly affect the Delta only at the end of the next century. 

INTRODUCTION

The Okavango Delta is a large wetland situated in northern Botswana that has developed on a near terminal alluvial fan of the Okavango River. The size of the inundated area of the wetland varies considerably, responding to hydrological conditions – mainly discharge of the Okavango River, with local rainfall playing a lesser, although still significant, role. That variation is visible at various time scales – from months to years to decades to centuries.

The strongest variation results from seasonality of rainfall in the catchment of the Okavango River and the consequent seasonal changes in Delta inflow. The Okavango River carries approximately 100 m3∙s–1 during low flow season and up to 1500 m3∙s–1 during peak discharge period (annual mean discharge is 320 m3∙s–1). Inflow is sufficient to sustain approximately 4000–6000 km2 of permanently inundated area during low flow season (January-March), which expands to 9000–12000 km2 with the arrival of the seasonal flood wave (July-September). Flood extent also varies between years responding to interannual differences in rainfall over the Delta and discharge of the Okavango River. For example, in 1999 when Maun rainfall was 392 mm, the annual minimum flood was 3223 km2 and annual maximum flood was 7085 km2. For 2000 when rainfall amounted to 577 mm, the minimum and 

maximum flood values were 5049 and 9118 km2 respectively.

Longer-term variations in inflow to the Delta are also evident (Figure 1). For example the 1970s were characterized by a sequence of years with large floods, whilst the floods during the 1990s were much smaller. The variation in the extent of inundation mentioned above takes place mainly as down-fan extension along major distributary channels, with lateral spreading of lesser importance . 

Another important factor determining the dynamics of flooding that acts in a much longer time frame, is the process of sedimentation. That process, described by McCarthy et al. (1998) is responsible for gradual, lateral shift of flow between the subsystems of the Delta. For example, the records indicate that at the end of 19th century the Thaoge system in the western part of the Delta was the main receptor of the inflowing water. In the 1930s, the eastern systems of Gomoti and Khwai rivers were the most important, while nowadays, the central Boro system is the most active. There are some indications that there is yet another shift taking place – between the Boro and the adjacent Xudum system located to the west (Gumbricht et al., 2003). However, that shift is not strongly pronounced. 

The dynamic nature of the flood distribution and size results in different regions of the Okavango Delta experiencing different temporal patterns of inundation. Inundation is the main determinant of the ecology of the Delta. The three main units or eco-regions of the wetland that can be distinguished in the Delta are: permanent swamp, seasonal floodplains and occasional floodplains. They differ, as indicated by their names, in duration and frequency of inundation, which, in turn, determines vegetation structure and composition. Permanent swamps are dominated by phragmites and papyrus, seasonal floodplains are dominated by sedges and grasses while occasional flooplains are the domain of grasslands with minor shrubs (detailed description of Delta’s ecoregions can be found for example in Smith, 1976 and Ellery and Ellery, 1997). Due to the long term variation in flooding extent, the location and size of these units varies with time. For example, distal parts of the Delta that were fairly regularly flooded in 1970s have been rarely flooded since the mid 1980s. Similarly, the size of the area permanently under water is currently approximately 4000 km2, while in the 1970s, it was approximately 6000 km2. Obviously, vegetation has had to adapt to these changing conditions. However, little is known about the dynamics, especially response time, of vegetation changes caused by changes in flooding patterns, as few studies have addressed this problem. One of them (Ringrose et al., 2003) uses the notion of substitution of space for time, although this technique is probably only applicable to longer-term changes caused by lateral shift in the area of flooding. The effects of shorter fluctuations, such as the differences between the 1970s and 1990s, or interannual variation, still have to be investigated and monitoring of such changes needs to be initiated. 

In this paper we present a method for making predictions of future temporal flooding patterns using models and historic data available for the Okavango Delta. The method allows for incorporation of upstream water abstractions and global climate change. It can thus be used for assessing the effects of anthropogenic interference or natural change on the flooding in the Okavango Delta. The method could also be used in the process of designing a network for monitoring vegetation change in the Okavango. It should be stressed, however, that due to the fact that work presented here is at the early stage, the purpose of this paper is to present the method only.  Some results of the method are provided here for illustration only. 

GENERAL DESCRIPTION OF A METHOD FOR DETERMINING FUTURE PATTERNS IN FLOODING FREQUENCY

There are two tools currently available that allow modelling of flood size and distribution in the Okavango Delta: a regression model of maximum annual flood (Gumbricht et al., 2003) and a time series of flood maps derived from satellite data (J. McCarthy, 2002). The regression model relates hydrological inputs, i.e. local rainfall and inflow from the Okavango River to the annual maximum size of the flooded area. Flood distribution maps show that over the last 15 years spatial distribution of the flood varied relatively little between years – i.e. floods of similar size occurring in various years looked remarkably similar. This information can be used to translate the model-derived maximum size of the flooded area into a map of that flood. 

Using these two tools it is possible to determine the future temporal flooding pattern in any part of the Okavango Delta, provided predictions of model inputs, i.e. local rainfall and flow in Okavango river are made. The model provides information on maximum annual flood size only, and the duration of flooding cannot be accounted for. The temporal flooding pattern is thus described in terms of flooding frequency, i.e. the number of years in a longer time period during which given area is inundated, and disregards duration of that inundation. 

To predict future rainfall and flow in the Okavango, we assumed that statistical description of variation in the future time series of rainfall and inflow will be the same as it was in the past. We treated each series as being composed of high frequency random noise superimposed on low frequency deterministic trends. By generating a large number of realisations of future time series of rainfall and inflow and using them in the regression model we obtained a large number of possible (in probabilistic terms) future series of maximum flooded area. For each of such series we then determined flood sizes that would occur with given frequencies. Working with all the realisations we were able to determine probability density functions describing given association of flood size and flooding frequency, or in other words determine how likely it is that a flood of given size would occur with given frequency. Finally, we transferred the frequency probability information to maps. 

The following steps are involved in the procedure: 

1) Generate realisations of future rainfall and Okavango River discharge. Future change such as upstream water abstractions or climate change are implemented at this stage by imposing them as deterministic factors.

2) Translate each realisation of rainfall and inflow into a time series of flood size using the regression model.

3) Obtain the probability of given flooding frequency being associated with given flood size.

4) Translate flooding frequency probabilities into flooding frequency probability maps. 

THE SIMULATED FUTURE CONDITIONS

Currently the Okavango River flows with its natural, unaltered regime, without any significant anthropogenic interference. The first simulation scenario assumes that such a regime will continue in the future. 

Developments in the region are likely to occur, which will result in abstraction of water from the river and thus altering its flow regime. At the time of writing no water abstraction scheme is scheduled to be implemented. However, there is a proposal to abstract approximately 100 MCM/year at Rundu (WTC, 1997).   Such abstraction was thus analysed as the second simulation scenario.

Another factor that may have an immediate effect on the hydrological inputs to the Okavango Delta is climate change resulting from the influence of global warming.  Models exist that simulate future climatic conditions (rainfall and temperature) accounting for global warming and an attempt is made here to include results of one of them – Hadley Centre’s HadCM3 (www.met-office.gov.uk/research/hadleycentre/models/HadCM3.html). 

The implementation of the results of climate change models in the analysis creates some difficulties. The output of the global change model is expressed as reduction in rainfall in relation to present (1960-1998) conditions. The procedure presented here needs rainfall but also discharge in the Okavango river. Thus, there is a need to determine how the discharge in the Okavango will be affected by the simulated reduction in rainfall in the Okavango River catchment.  A rainfall-runoff model for the catchment is currently being developed (see www.okavangochallenge.com), but not yet fully operational. One of the major difficulties in the development of such a model is the lack of rainfall data from Angola.  Here, a simpler solution was applied, namely, reduction in flow calculated by relating Okavango River discharge to rainfall from Mwinilunga in Zambia – a station that has a sufficiently long rainfall record (80 years) and is located in the same climatic zone as the Okavango catchment  (long term average rainfall is 1390 mm/a). The correlation between the annual series was not impressive (r = 0.17). However, when series of 5-year moving averages was used , the correlation coefficient increased to 0.63.  From the resulting regression equation it was determined that reduction in rainfall by 100 mm would result in reduction in annual flow by 1100 MCM.

HadCM3 model simulates reduction in annual rainfall over the Delta to be 60 mm in 2100, compared to contemporary conditions. For the catchment, the HadCM3 model predicts a reduction of 130 mm. The latter translates to reduction in flow of 1430 MCM. In order to incorporate these values into the procedure presented here it was assumed that the reduction will increase gradually (linearly) from 0 in 2002 to the values mentioned above in 2100. 

Summarizing, the following scenarios have been simulated:

1) natural flow regime (hereafter called “natural flow”)

2) abstraction of 100 MCM at Rundu (hereafter called “abstraction”)

3) global climate change – progressive reduction in Delta rainfall up to a maximum of 60 mm/year in 2100 and progressive reduction in the Okavango flow up to a maximum of 1430 MCM/year in 2100 (hereafter called “climate change”)

DETAILED DESCRIPTION OF STEPS IN THE METHOD

Step 1 - Generate realisations of future rainfall and Okavango River discharge

The time series of the Okavango River discharge at Mohembo and rainfall over the Delta, which was taken as an average of the Maun and Shakawe records, were subject to Fourier analysis in order to detect cyclicity. Essentially, two longer term cycles were found in both: a ca. 18 year cycle, and a cycle of length exceeding 60 years. The length of the latter could not precisely be determined from the data, as the cycle length was longer than the available time series.  Similar results were obtained by McCarthy et al. (2000) with both Fourier and autocorrelation analysis.   McCarthy et al. (2000) also investigated time series of the Zambezi flow, which is longer than that of the Okavango, and found that it displays similar cyclicity and that the length of the long-term cycle is approximately 80 years.  The length of the long term cycle observed in records of the Okavango flow was thus taken as 80 years. Proxy data indicate that the 80 year cycle has been present over southern Africa for at least 3000 years and the 18 year cycle for at least 600 years (Tyson et al., 2002). 

For the purposes of this analysis it was assumed that the 18 and 80 years cycles are deterministic components in the total variation in flow and that they will continue in the future. The cyclicity was thus subtracted from the data and the resulting values were normalised by subtracting their mean and checked for normality of distribution with Wilk-Shapiro test. Parameters of the normal distribution describing the data were then determined. Subtraction of cyclicity removed the autocorrelation in the data. 

The sequences were generated using the random number generator of Excel software. The simulations covered the period between 2003 and 2100. 1000 realisations were generated for each of the considered scenarios. The probability density function of the rainfall and inflow series was based on de-trended and normalised data, and thus each of the generated series was scaled back to the original values and the trend (cyclicity) was added. The effects of abstractions and global climate change were imposed on the generated rainfall and inflow by subtracting the anticipated reductions from the generated rainfall and inflow respectively.

The simulated inflows are illustrated in Figure 1, which also shows the historic data and the 18 and 80 year cycles. 
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Figure 1. Sequence of observed and simulated (10 simulations) annual inflow into the Okavango, with the long term oscillation superimposed

Obviously, the Delta rainfall and inflow co-vary. The correlation coefficient between them is, however, relatively small: r = 0.34. The future sequences of rainfall and inflow were simulated as random independent variables, i.e. not correlated.  In spite of this, the correlation coefficient between the simulated rainfall and inflow was similar to that in the original data.  This effect can be attributed to the fact that majority of the correlation in the original data resulted from the presence of similar patterns in low frequency component (long-term trend or cyclicity), and these are preserved in the deterministic component of the simulated sequences.

Step 2 - Translate each realisation of rainfall and inflow into a time series of flood size using the regression model

The regression model has been described in detail elsewhere (Gumbricht et al., 2003) and thus only general information is provided here.  The model operates on an annual basis.  The maximum annual flood size is the dependent variable, while total annual discharge of the Okavango at Mohembo, total annual rainfall over the Delta and the previous year’s maximum flood size are the explanatory variables.  The model has been calibrated on the flood size data from 1984–2000, which comprised floods as big as 12,000 km2 and as low as 4500 km2. The calibration process comprised adjustment of regression coefficients for each explanatory variable using the minimum square method. The correlation coefficient between the observed and the simulated floods was 0.95, with a flood size estimation error of 600 km2. The incorporation of potential evaporation as a variable in the model did not improve model results. The model was used by Gumbricht et al. (2003) to estimate flood magnitudes back to 1934, a period for which rainfall and inflow records are available.

As applied in the procedure presented here, the model used the internally generated flood size for the “previous year flood” variable, i.e. model calculated flood size was used for calculating flood size in a subsequent year. 

The series of model-calculated flood size for 10 different realizations of inflow and rainfall for each of the scenarios are presented in Figure 2. The figure also shows the flood size since 1934, reconstructed using the model.

Step 3 - Obtain the probability of given flooding frequency being associated with given flood size

There are several factors that influence the way in which the flooding frequencies are calculated.  First, it is the long term variation observed in the generated flood sizes; second, the nature of flood maps on which the procedure is based and finally the continuous nature of the generated flood size.  Their implications are discussed below.

Long term effects observed in the generated sequences

As can be seen from Figure 2, the time series of generated flood sizes is very strongly influenced by the 80 year cyclicity. The years 2003-2100 repeat the pattern observed in the years 1930-2000, i.e. a period of gradually rising floods (2005-2030 analogous to 1930-1955) followed by a period of high floods (2030-2055 analogous to 1955-1980) and then by a period of gradual reduction in flood size (2055-2080 analogous to 1980-2005).  One can determine flooding frequencies using the entire simulated period: 2003-2100.  However, that would contain three relatively long periods of different, but relatively uniform flooding conditions.  It is likely that ecological change will occur in response to that long term variation.  As a result, average flooding frequencies obtained for the entire period would not be representative of the real conditions.  It was thus decided to divide the period of calculations into three parts, roughly corresponding to the three periods of different flooding conditions (2002-2031, 2032-2061, 2062-2091) and to determine flooding frequencies for each of them separately. 
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Figure 2.   Model reconstructed flood size for 1934-2001 (thin black line) and model calculated flood size for 10 realizations of rainfall and inflow under:  a) natural flow scenario;  b) abstraction scenario; and  c) climate change scenario with average of all simulations (deterministic component) superimposed in bold
Nature of flood maps on which the procedure is based

The aim of the entire procedure described in this paper is to determine flooding frequency or rather probability of flooding with a given frequency for each point in the Delta.  Information about floods is, however, obtained from a model based on the data as a whole.  To represent the spatial distribution of the floods obtained from the model, maps of the spatial distribution of floods of various sizes were used.  The maps were obtained by classification of NOAA AVHRR images and their derivation presented by J.McCarthy (2002). The area prone to flooding covers approximately 12,500 km2.  Since the flood maps were generated on a 1 km by 1 km pixel basis, we have 12,500 “units” or points we can work with.  Theoretically it is possible to determine for each of those points the minimum value of flood size for which this point is inundated.  We could thus obtain flooding frequency for that point by determining for how many years in an analysed period the maximum annual flood size was larger than that flood.  However, working with all the 12,500 points is not feasible.  Additionally, there is an uncertainty associated with the classification of a single pixel into flooded or not flooded status, resulting primarily from the large pixel size. Thus, it is computationally convenient and more expedient to work with zones that represent areas characterised by a similar flooding pattern rather than with single pixels.  In view of relative regularity of flooding (floods of similar size occurring in various years look remarkably similar) such zones can be defined by a range of flood size.  In the work presented here it was accepted that the zones cover 500 km2 each and represent areas progressively flooded with increase in flood size. The zones are named after the lower boundary of the size of flood. For example, zone 4500 is the area between the coverage of 4500 km2 and 5000 km2 of flooding.   A map of the zones is presented in Figure 3.

Continuous nature of the generated flood size

For each of the realizations, the association of flood size and flooding frequency can be determined in a straightforward manner. Simply put, the flooding frequency can be considered numerically equivalent to the probability of exceeding a given flood size, as derived from the data for a given period.  For example, flood size corresponding to frequency 0.9 is one for which there were 27 larger floods in the 30 year period (for 27/30 = 0.9). One can also reverse that relationship and obtain flooding frequency for any given flood size. However, when it comes to the derivation of probabilities of occurrence, i.e. to comparison of all the realisations, continuity makes the calculations mathematically complex, as one has to deal with continuous probability density functions.  It is thus much easier and straightforward to calculate flooding frequency probabilities assuming discrete distribution of both flood size and flooding frequencies. We therefore considered only the occurrence of the following flooding frequencies: 0.03, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 0.97 in discrete spatial zones – the same as mentioned in the previous paragraph.  The flooding frequency probability is thus expressed by the following formula:
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where: pf/A is probability that frequency f occurs within zone A, nf/A is the number of cases when flood of size falling into zone A occurred with frequency f, N is the number of cases in the sample – in our case 1000.
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Figure 3.  Map of flood zones used in the procedure. Superimposed is an outline of the area susceptible to flooding.
The procedure for calculating flooding frequencies was thus as follows:

1) For each of the realisations, flood size associated with each of the considered flooding frequencies, was calculated. This was done by considering flooding frequency to be numerically equivalent to probability of exceeding a given flood size, as calculated from the 30 years of data.

2) For each of the flooding frequencies f and for each of the flood size ranges A, the number of combinations of that frequency and flood size falling into that range was calculated. 

3) Equation 1 was used to obtain the probability of a given flooding frequency occurring within a given range.

Step 4 - Translate flooding frequency probabilities into flooding frequency probability maps

The probability of occurrence of all flooding frequencies was calculated for each of the flood size ranges. As the ranges have a specified representation in space, the probability of occurrence of given flooding frequency was directly transferred to the spatial zones that represent the appropriate ranges.  In this way, maps representing probability of occurrence of a given frequency were obtained.  Such maps had to be prepared for each of the frequencies considered.  Selected maps are presented in Figure 4.
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Figure 4.  Probability of flooding with frequency 0.5, “natural flow”. a) period of 2002-2031, b) 2032-2061, c) 2062-2091. Areas covered by floods smaller than 4000 km2 are blanked out.

PRODUCTS OF THE METHOD

The maps representing the probability of occurrence of a given frequency can be further processed, dependent on the application.  Examples of products and their interpretation are presented below:

The most probable flooding frequency maps

A map visualizing the most probable flooding frequency can be obtained by comparing maps of probability of occurrence of each of the considered frequencies, and selecting, for each of the map elements (pixels) that frequency that had the highest probability of occurrence. As an example of such a product, the most probable flooding frequencies for the period of 2002-2031 for various scenarios are presented in Figure 5. From those maps it can be concluded that the flooding pattern in the 2002-2031 period is expected to be similar under each of the scenarios, with a slight decrease in flooding frequency in the climate change scenario.
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Figure 5.  The most probable flooding frequency for 2002-2031, a) natural flow, b) abstraction, c) climate   change. Areas covered by floods smaller than 4000 km2 are blanked out.

Maps of change in the most probable flooding frequency

The differences between scenarios are not easy to notice from maps such as those shown in Figure 5.  To visualize them better, a map of differences in the most probable frequency can be prepared.  Such a map can be obtained by simply subtracting the values of frequencies in one of the maps from those in the second map.  Positive values on the resulting map indicate decrease in frequency, while negative values show increase in frequency. Examples of difference maps are presented in Figure 6.  They show differences in flooding frequency between various scenarios for 2062-2091.
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Figure 6.  Maps of change in flood frequency between “natural flow” scenario and a) “abstraction” and b) “climate change” scenario for the period 2062-2091. Tones lighter than background indicate decrease in frequency, while darker than background indicate increase in frequency. The map is meaningless for areas covered by floods smaller than 4000 km2.

Similarly, the differences between various periods can be visualized.  Maps depicting change in flood frequency between various periods under the “natural flow” scenario are presented in Figure 7a and 7b. The frequency difference maps can also be calculated in relation to the observed (i.e., past) frequencies. Figure 7c depicts the difference between most probable frequency in 2032-2061 and the flooding frequency observed in 1984–2001. 

Maps of probability of change in flooding frequency from f1 to f2 

Such maps could pertain to change between various periods or scenarios. They are obtained by multiplying the probabilities of occurrence of frequency f1 in one of the periods (scenarios) by the probability of occurrence of frequency f2 in the second period (scenario) of interest. Frequencies f1 and f2 do not have to be different – if they are the same, one obtains a map of probability with no change in flooding frequency. 

Suppose, that one is interested in change in frequency from 0.5 to 0.4, and from 0.5 to 0.3 that would occur as a result of abstraction (i.e. change from 0.5 in “natural flow” scenario to 0.4 or 0.3 in “abstraction” scenario).  Maps of the probability of occurrence of such changes are presented in Figure 8a and 8b.  These can be compared to the map depicting the probability of no change – Figure 8c.  In the presented example, such a comparison reveals that no change in flooding is more likely to occur than any of the considered changes. 
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Figure 7.  Maps of change in flood frequency between 1984-2001 and  a) 2002-2031, b)2032-2061, c) 2062-2091 under “natural flow” scenario. Tones lighter than background indicate decrease in frequency, while darker than background indicate increase in frequency. The map is meaningless forareas covered by floods smaller than 4000 km2.
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Figure 8 Map of probability of change in frequency from 0.5 to a) 0.4 b) 0.3 as a result of abstraction (i.e. change from f = 0.5 in “natural flow” scenario to f = 0.4 and 0.3 respectively  in “abstraction” scenario). Figure c) presents probability of no change in frequency for the period 2002-2031. Areas covered by floods smaller than 4000 km2 are blanked out.

SUMMARY AND CONCLUSIONS

As presented in the introduction, the main purpose of this paper is to present the method for obtaining maps depicting future flooding frequency. By necessity, preparation of input data and some results are presented as well. 

At this stage of research only very general statements can be made regarding the future change in the Okavango Delta flooding pattern under various natural and development scenarios, namely:

· Long term oscillations in rainfall/flood extent dominate the variation in hydrological variables influencing the Delta.

· Effects of the simulated abstractions (100 MCM/a) on flooding regime are minute and will mainly occur in the central and distal Delta.

· The effects of global climate change may be significant.  However, they will not be visible before the end of this century. 

To determine possible ecological effects of the anticipated hydrological change it is necessary to establish meaningfulness of various flooding frequencies, or in other words, the effects of change in these frequencies on ecology in general and on vegetation communities in particular.  For example, change in frequency from 0.9 to 0.8 might affect vegetation communities strongly, or might not affect them at all.  Moreover, limited decrease in flooding frequency might have positive ecological impact: there are some indications (Bonyongo, pers.comm) that – particularly in the seasonal floodplains zone – reduction in flooding frequency might cause an increase in plant primary productivity in abundance of grass species that are valuable fodder sources. 

Also, establishing meaningful lengths of “time windows” for which the frequencies are calculated is necessary. Here, the window of 30 years was used, based on similarity of flooding pattern. Will the ecological effects of change in flooding frequency be visible in such time?  Will vegetation adjust itself fully to the new conditions, or will it still be in a transitional phase?

Since the work presented here is at its early stage, the assumptions regarding the two above mentioned issues are tentative, and thus final assessment of effects of various future scenarios cannot be made. It is expected, however, that such an assessment will be done in the near future. 
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