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EXECUTIVE SUMMARY

Scientists agree that Climate Change will result in more extreme rainfall events (both
droughts and floods) and that for Sub-Saharan Africa, there will most probably be a shift in
the seasons, in general resulting in a shorter wet season in arid areas. Such a change could
have a severe impact on the available resource. Indeed, some recently completed
hydrological studies (Schulze et al., 2005 & 2009) on the impact of Climate Change on water
resources in South Africa, indicated that Climate Change will impact on runoff — albeit in

varying degrees.

The IPCC, and locally the WRC, have expressed the need for scientific research results to be
applied in practical tools that can be utilised by Water Resource Planners in order to facilitate

the incorporation of research findings on Climate Change into the Planning Process.

In South Africa, Water Resource Planning is synonymous with reservoirs as almost all
catchments in the country are controlled, directly or indirectly, by reservoirs. The supply
capability of these reservoirs is mostly assessed by means of yield analysis. In a yield
analysis the volumetric yield of reservoirs is assessed and by making use of stochastically
simulated inflow sequences, which is often associated with a specific risk of failure. These
yield estimates are then compared with water requirements and assurance criteria to

determine the likelihood that users will experience shortages of supply.

The purpose of this assignment was to adapt the existing stochastic yield analysis
methodology, which in essence is based on the characteristics of historical climatic behaviour
in order to account for the possible relative changes in reservoir yield under various Climate
Change outcomes. The new methodology was applied to three South African reservoirs, i.e.
the Berg River Dam, Midmar Dam in the Mgeni River and Grootdraai Dam in the upper Vaal
River in order to test the methodology in climatically diverse areas with expected varying

climate change impacts.

The investigation of published research results on the topic yielded many insights into the
different methods that can be followed in deriving Climatic Change data sets. As such, the
project team also appreciates the fact that the results obtained from different Climate Change
models (GCMs), downscaling models (RCMs) and methods can and do provide different
results when working at a catchment scale. As a result it was found that Present-day time
horizon results (in rainfall and as a result thereof, also in natural runoff) were not in line with

naturalised observed data.



Another obstacle identified in applying GCM-based climate and surface water runoff results
was that the sequences simulated using the various GCMs only spanned 19 hydrological

years — which is considered to be too short to obtain reliable long-term yield results.

Therefore, in order to address these limitations, a simplistic statistically-based data pre-
processing method was developed for generating long, stationary runoff data sets
representative of each climate change scenario, which are also in line with observed runoff
characteristics over the Present-day time-horizon. Although it is acknowledged that the
method is crude and may be substantially refined through further research, it does provide a
reasonable basis for applying available climate change scenario information in traditional
long-term yield analysis methodologies and, as such, the means for identifying possible
generalised future trends in yield characteristics.

Using the latest available set of catchment-based surface water runoff derived from Climate
Change data and the above data pre-processing method, long-term stochastic yield analyses
were performed for each of the selected reservoirs and for five selected GCMs. In all cases,

the present live full supply capacity (FSC) was assumed.

Based on the underlying assumptions regarding the change in runoff characteristics under the

various Climate Change outcomes, the results of the analyses were as expected and can be

summarised as follows:

= The projected impacts of climate change on long-term reservoir yields vary significantly
from certain climatic region to others and also depend largely on the climate model used.

= A total of four GCMs were included for the analysis of Berg River Dam. Results for the
Intermediate Future (2046 to 2065) time-horizon are inconsistent but suggest a significant
possible decrease in yield for the Distant Future (2081 to 2100).

= In the case of Midmar Dam, five GCMs were included in the analysis and results suggest
a significant possible increase in yield for both the Intermediate Future and Distant Future
time-horizons.

= As above, five GCMs were included in the analysis of Grootdraai Dam and results
suggest a significant possible increase in yield for both the Intermediate Future and
Distant Future time-horizons.

Overall, the project resulted in the first substantial step towards the development of a practical
methodology for assessing the potential impacts of climate change on long-term reservoir
yields based on runoff time-series data derived from the downscaled results of General
Circulation Models (GCMs) for various time-horizons.

However, the methods applied are crude and further research in this regard is considered to
be essential. Within this context, the following recommendations are made:



Improved communication channels should be established between water resource
planners and climate change researchers in order to ensure that research outputs are
better aligned with the requirements of water resource planning tools. Of particular
concern is the apparent discrepancy between runoff characteristics derived from
downscaled GCM information for the present-day time-horizon and that of observed
naturalised historical runoffs.

While a statistically-based data pre-processing method was developed for generating
long, stationary runoff data sets from available climate change scenario information for
application in traditional long-term yield analysis methodologies, the validity of the method
remains essentially untested. Other approaches should therefore be actively considered
including the possibility of developing alternative yield analysis methodologies that
accommodate the inherent non-stationarity of a changing climate.

The methodologies developed should be applied in a national study aimed at providing
broad-scale information to the water resources planning community on possible future
climate change impacts. Results can be presented on a quaternary catchment scale and
in the form of colour-coded maps showing indices representing the possible impacts on
reservoir yields for a range of reservoir storage sizes and assurances of supply.
Methodologies developed for assessing climate change impacts on yield should also be
tested and applied in an integrated water resources system context using more
sophisticated yield assessment tools such as the Water Resources Yield Model (WRYM).
Runoff time-series data applied in this project were developed by simulation using the
daily time-step ACRU agro-hydrological model. The possibility should, however, be
investigated of using other hydrological models for this purpose (e.g. the monthly-time
step WRSM2000 rainfall-runoff model) as this may provide opportunities for the improved
alignment of results with other studies, such as those undertaken for planning purposes
by the Department of Water Affairs (DWA).

Climate modelling methodologies are continually improved upon and refined and in order
to enhance the credibility of climate change impact assessment methodologies and
results, assessments should be extended to include results obtained from a larger
number of GCMs, greenhouse gas emission scenarios and alternative downscaling
methods.

For the purpose of simplicity, the modelling undertaken in this research project focused
on the potential impacts of climate change on catchment runoff and ignored other factors

that were considered to be of secondary importance.

These include climate change related changes in natural vegetation, land use, migration
patterns, socio-economic activities, as well as rainfall directly onto and evaporation
directly from the exposed surface area of the reservoir. These aspects could impact on



yield in varying degrees depending on the system in question and requires further
research.

Possibly the most significant challenge regarding climate change impact assessments is
the incorporation of results into the mainstream water resources planning process.
Specifically, research is required for the development of a framework to guide the

practical response to projected climate change impacts, including, for example:

— The need for and timely implementation of additional augmentation in cases where
projections indicate a possible decrease in runoff and reservoir yields.

— The possible deferment of planned augmentation schemes in cases where
projections indicate a possible increase in yield.

— The possible adaptation of flood emergency plans, flood design parameters and
sediment management plans in cases where the frequency and severity of flood flows
are projected to change.

— Managing impacts on water quality resulting from higher air and water temperatures,
sediment loads, etc.

— Assessing the credibility of climate change impact projections and also the associated

risk of their consideration in the implementation of planning decisions.
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1. Introduction

It is predicted that on the African continent, between 75 million and 250 million people will be
exposed to increased water stress as a direct result of Climate Change (CC) by the year 2020
and by 2050 the risk of decreased runoff and consequential drought is likely to increase in
southern Africa (IPCC, 2007). In aligning research focus areas to address this issue, the
WRC has initiated a research portfolio (Green, 2008) on CC and the impacts thereof on water

resources, specifically aimed at

‘...gaining insight into the magnitude of the impacts and the consequential adaptation

needs in the [water] sector.’

Such impacts will be key towards determining the intervention strategies that should be

implemented by Water Resource Managers and Policy Makers.

Within this context, the IPCC, and locally the WRC, have expressed the need for scientific
research results to be put into practical tools that can be utilised by Water Resource Planners
in order to facilitate the incorporation of research findings on Climate Change into the

Planning Process.

In South Africa, Water Resource Planning is synonymous with reservoirs as almost all
catchments in the country are controlled, directly or indirectly, by reservoirs. The supply
capability of these reservoirs is mostly assessed by means of yield analysis. In a vyield
analysis the volumetric yield of reservoirs is assessed and, making use of stochastically
simulated sequences, is often associated with a specific risk of failure (e.g. 50 million m3/a at
a recurrence interval of failure of 1:100 years or at an annual assurance of supply of 99%).
These yield estimates are then compared with water requirements and assurance criteria to

determine the likelihood that users will experience shortages of supply.

The purpose of this study was to adapt the existing stochastic yield analysis methodology,
which in essence is based on the characteristics of historical climatic behaviour, in order to
account for the possible relative changes in reservoir yield under various Climate Change
outcomes. The new methodology was applied to three South African reservoirs, i.e. the Berg
River Dam, Midmar Dam in the Mgeni River and Grootdraai Dam in the upper Vaal River in
order to test the methodology in climatically diverse areas with expected varying climate

change impacts, as well as the process of applying the method.

The investigation of published research results on the topic yielded many insights into the
different methods that can be followed in deriving Climatic Change data sets. As such, the

project team also appreciates the fact that the results obtained from different Climate Change
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models (GCMs), downscaling models (RCMs) and methods can and do provide different
results when working at a catchment scale. As a result it was found that ‘Present’ time horizon
results (in rainfall and as a result thereof, also in natural runoff) were not in line with
naturalised observed data. Another obstacle identified in applying GCM-based climate and
surface water runoff results was that the sequences simulated using the various GCMs only
spanned 19 hydrological years — which is considered to be too short to obtain reliable long-

term yield results.

Therefore, in order to perform long-term yield analyses, the project team developed a
procedure to adjust these sequences to overcome these obstacles. This adaptation was not
originally foreseen as part of the project and the need for such an intervention only became

clear after the hydrological results were made available to the project team.

One of the high-priority Research and Development objectives identified in the WRC
Research Portfolio is the improvement of stakeholder engagement, specifically improving
communication between scientists and end-users (or Water Resource Planners). This project
aimed to be a step in that direction — translating valuable scientific findings into results that

can directly be used in the Integrated Water Resources Planning environment.



2. Background

Climate encompasses the statistics of temperature, humidity, atmospheric pressure, wind,
rainfall, atmospheric particle count and numerous other meteorological elements in a given
region and over long periods of time. CC therefore implies the variation in climate (with

respect to variability and/or average state) over a long time period.

Among scientists there is growing consensus that CC will have a significant impact on our
water resources. Changes in rainfall (such as the increased frequency and severity of
extreme events such as droughts and floods) will impact on runoff or river flow, which in turn
could impact on the reliability of supply from water supply infrastructure. This could have far-
reaching implications for South Africa, an arid country hosting the majority of sub-Saharan

industrial and economic activity, which is heavily dependent on reliable water resources.

The supply capability of a reservoir is dependent on two main factors: the volume and
variability of water that enters the reservoir as runoff from an associated catchment area and
the size or capacity of the reservoir itself and, as a result, the amount of water lost from the
reservoir in the form of evaporation and spillages.. These two aspects, runoff and reservoir
capacity, were therefore the major focus of this study, together with the possible impacts of

CC on runoff and, hence, reservoir yield.

In the following sections a brief overview of the projected state of a number of climatic
variables as well as surface water runoff are discussed. These are the results of a number of

recently (in the last 10 years) completed local and international studies.

2.1 Temperature

Historical temperature records of Southern Africa indicate two clusters of warming. One
cluster is located in the Western Cape and the other cluster of stations is around the midlands
of KwaZulu-Natal, along with a band of stations along the KwaZulu-Natal coast (Warburton
et al., 2005). This finding of Warburton et al. is echoed in an analysis reported on by the IPCC
(2007), who also report increased surface air temperature over South Africa from 1979 to

2004, estimating it to have been between 1°C and 2°C over the 25 year period.

However, future CC scenarios suggest that more severe and more rapid temperature

changes could be expected in future (2070-2100), ranging roughly between increases of

1.5°C and over 3.5°C (Schulze et al., 2005), as shown in Figure 2.1.



Figure 2.1: Increases in Monthly Mean Maximum Temperatures (April and October);
Schulze et al., 2005

In a more recent study (Knoesen et al., 2009) this expected increase in temperature is even
more pronounced, ranging between 1.5°C and 3.5°C by 2046 and as much as 7°C by 2081.

(Figure 2.2)

Increased surface air temperature will impact on reservoir yields both directly (through
increased evaporative losses from exposed water surface areas) and indirectly through,

amongst others, changes in runoff as a result of increased evapotranspiration of catchment



vegetation, decreased soil moisture, increased river or transfer canal losses and associated

changes in global climatic systems.

Figure 2.2: Differences in mean annual temperatures between the intermediate (2046-
2065) and distant (2081-2100) future scenarios from the present, modelled using the
ECHAMS5 GCM; Knoesen et al., 2009




2.2 Evaporation

Potential evaporation (or atmospheric evaporative demand) encompasses evaporation losses
from open water bodies, plant intercepted water and evaporation from the soil surface, as well
as transpiration from plants. Atmospheric evaporative demand is estimated from climatic

variables and is expressed as potential evaporation using a selected reference technique.

Increased air temperature (as discussed above) could result in increased evaporation from
open surface water areas. Indeed, Schulze et al. (2005) indicates that mean annual potential
evaporation is generally expected to increase by roughly 5 to 15%) by the year 2070, as
shown in Figure 2.3. The direct implications of such an increase in evaporation could be

severe for reservoir operators and irrigators.

A more recent study (Knoesen et al., 2009) suggests that this increase in potential
evaporation could in fact be as high as 20% to 25% over most of South Africa by the year

2081, as shown in

Figure 2.4.

Figure 2.3: Ratios of future to present mean annual potential evaporation using the
Hargreaves and Samani (1985) equation; Schulze et al., 2005



Figure 2.4. Ratios of intermediate future to present (top) and more distant future to
present (bottom) mean annual reference crop evaporation, derived from evaporation
equations and input from the ECHAMS climate model; Knoesen et al., 2009

It should be noted that the impact of evaporative losses from open water bodies will not be
considered in the analyses for this study, as this is beyond the scope of this research project.
Suffice to say that evaporation from the surface area of reservoirs will need to be incorporated

into the analyses as research into this area moves forward.




2.3 Rainfall

While the temperature signal of CC is clear, the precipitation signal is mostly still dominated
by natural climate variability (Green, 2008). However, changes or trends in total annual
rainfall over Southern Africa have been detected in analyses of historical rainfall records
(IPCC, 2008). These changes range from an increase of up to 20% per decade in the arid

Northern Cape, to a decrease of up to 20% in the Western Cape, as observed for the period

1979-2005 (see Figure 2.6).

In terms of projected CC scenarios, rainfall is expected to follow similar or even more drastic
trends than those observed in historical records. However, there seems to be less agreement

between research results on the expected direction and magnitude of change in rainfall.
231 Mean Rainfall

Schulze et al. (2005), using CSIRO Mk3 OAGCM results as downscaled with the dynamic C-
CAM (Engelbrecht, 2005), indicates that mean annual precipitation (MAP) is expected to
decrease for the period 2070 to 2100 to roughly 90 to 95% of the present MAP, over most of

southern Africa, as shown in Figure 2.5.

Figure 2.5: Ratios of future to present mean annual precipitation derived from C-CAM
RCM scenarios; Schulze et al., 2005

The area in central South Africa, ranging from the North West province to Lesotho and the
central KwaZulu-Natal Province, however, is expected to experience an increase in MAP of
up to 10% for the same time horizon



Figure 2.6: Trend of annual precipitation amounts, 1901-2005 (upper, % per century)
and 1979-2005 (lower, % per decade), as a percentage of the 1961-1990 average, from
GHCN station data. Grey areas have insufficient data to produce reliable trends. (IPCC,
2008)

In a report by Hewitson et al. (2005), a summary is provided of the expected changes in terms

of regional CC of Southern Africa, which includes the following:

e Increased precipitation on the escarpment and eastward, although there is not
agreement between different GCMs in terms of the seasonality.

e Increased intensity of precipitation over the interior regions, with a slight increase in
total annual rainfall.

e Relatively stable or increased precipitation over coastal regions.

9



e Decreased annual precipitation over winter rainfall regions in the Western Cape, with
more winter months indicating drying.

A more recent study (Knoesen et al., 2009) paints a less alarming picture, suggesting that
MAP will mostly increase to up to as much as double the present MAP. It should be noted,
however, that in these projections the Western Cape is still expected to be worse off than the
rest of the country, potentially expecting a reduction of up to 20% of present MAP by the year

2081, as shown in Figure 2.7.

Figure 2.7: Ratios of the intermediate future to present (top) and more distant future to

present (bottom) MAP as projected when using output from the ECHAMS5 climate
model. Knoesen et al., 2009

10



2.3.2 Variability in rainfall

Future year-to-year deviations of annual precipitation from the mean was also analysed in

Schulze et al. (2005), making use of the coefficient of variation or CV. C-CAM simulated
rainfall records predict decreasing variability along the coastal regions, as shown in Figure
2.8. This could well result in less variability in runoff, which in turn could result in higher water

yields (assuming that the total runoff volume remains unchanged).

However, an increase in CV is indicated for most of southern Africa, including the Northern
Cape, Limpopo, Eastern Mpumalanga and KZN. Following a similar argument than the one

above, this could result in lower yields.

Figure 2.8: Ratios of future to present CV of annual precipitation derived from C-CAM
RCM scenarios; Schulze et al., 2005

2.4 Runoff

Runoff, although not a climatic variable in itself, is strongly dependent on the climate. Runoff
(associated with a specific CC scenario) is estimated by making use of a rainfall-runoff (or

hydrological) model.

At present the only regional runoff records for Southern Africa are simulated by the SBEEH
team at UKZN, using the ACRU model. For more detail on the data chain, see section 4. As
was the case with rainfall, results on runoff projections from various studies agree to a lesser

extent than those of temperature.
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2.4.1 Mean runoff

An analysis undertaken by Schulze et al. (2005) indicates that significant changes in mean
annual runoff (MAR) may be expected by the year 2070, as shown in Figure 2.9. In
particular, the results indicate that increased runoff is expected over the eastern regions of
the country, generally increasing to between 125% and 200% of present MAR. This is in line
with the expected increase in precipitation over the escarpment and eastward, as described
by Hewitson et al. (2005).

Figure 2.9: Ratios of future to present MAR; Schulze et al., 2005

Furthermore, Schulze et al. reports that a drastic reduction in future runoff volumes may be
expected over the Western Cape, with future MARs as low as 25% of the present in some
areas. Changes with regard to MAR over other coastal regions are expected to be minimal,
ranging between 75% and 125% of the present.

A more recent study (Knoesen et al., 2009) indicates that, although runoff is expected to
decrease in the Western Cape by the year 2081 to roughly 70% of the present, the rest of
South Africa can expect an increase to more than 130% of the present, with the eastern

regions possibly expecting more than double the present MAR. See Figure 2.10.
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Figure 2.10: Ratios of intermediate future to present (top) and more distant future to
present (bottom) MAR generated with the ACRU model using climate output from the
ECHAMS climate model; Knoesen et al., 2009

These reports of a potential reduction in future water availability in the Western Cape are
echoed in low resolution findings published by the Wit et al., 2006 (Figure 2.12) as well as

the IPCC (2007) — the latter indicating significant reductions in runoff volumes (mostly
between 0% and 20%, but up to as much as 50% in the Western Cape) by the year 2081, as

shown in Figure 2.11. These studies, however, predict less drastic change in the Eastern

Highveld.
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Figure 2.11: Mean change in annual runoff (%)

2.4.2 Variability in runoff

It is generally accepted that rainfall in sub-Saharan Africa will become more variable as result

of CC. This variability in rainfall is expected to translate into an even higher variability in runoff
(De Wit et al, 2006), as shown in Figure 2.12. The ‘amplified’ variability in runoff could be

the most serious consequence of CC, requiring the most urgent attention from both

researchers and decision makers.
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Figure 2.12: (a) Expected change in runoff relative to a 10% reduction in MAP for a
range of current MAP values (b) Expected change in runoff. De Wit et al., 2006

In their analysis of future variability of runoff, Schulze et al. (2005) (Figure 2.13) report an
expected change in CV to between 75% and 1.25% of the present CV for the Western Cape.
This change is small compared to the expected change in mean annual runoff (0.25-0.75% of
present MAR). Increased variability (up to four times the present CV of runoff) is expected in
the Northern Cape.
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Figure 2.13: Ratios of future to present inter-annual CV of stream-flow; Schulze et al.,
2005

From the discussion above it follows that change in climate may impact — in varying degrees
— on the surface water runoff in South Africa. This should be taken into account by Water
Resource Planners in their assessment of resource infrastructure capability, as the

assumptions made in earlier analyses of yield characteristics may not be valid in future.
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3. Methodology

The aim of this study is do develop and test a methodology that allows for the incorporation of
scientific research results on Climate Change into the Water Resource Planning context. This
movement from scientific knowledge to practical implementation is crucial in the quest to
prepare for and manage the impacts that CC could have on our water resources and, in
particular, the long-term yield of reservoirs. Although the direct application of this process will
be in the water resources field, the impacts on society, economics, health and the
environment are immeasurable. In fact, the ability to quantify the possible impacts of CC on
available water resources could provide the first step towards quantifying and managing the

far-reaching consequences of CC on other sectors of society.

3.1 Introduction

As the typical statistical characteristics (location, magnitude and variability) of runoff changes,

it can have a significant impact on the yield of reservoirs.

To elaborate on this point we will assume a dam of fixed size with a particular historical
natural inflow. The inflow is represented by a monthly time series (of N years), from which the
total annual inflow can be calculated for each of the N years. These N values can be
described statistically by the mean and the CV. Also, assuming a specific CC scenario, a new
inflow sequence of N' years can be simulated. As for the original time series, the mean and

CV can again be calculated.

Now, for the first example we shall assume the total annual runoff (or mean) of the CC
scenario time series to be higher than the historical mean, but the variability to be unchanged.
This will result in higher water yields from the reservoir, as the total amount of inflow into the

dam increases, but the variability remains unchanged.

If however, the mean of the CC scenario time series is assumed to be the same as that of the
historical sequence, but the variability is higher than that of the historical sequence, the yield

of the reservoir will decrease.

In Section 2.4 above, reference is made to the Schulze et al. report which indicated an
expected decrease in MAR, but at the same time, also a decrease in CV for the Western
Cape.

For the Eastern Highveld, increased MARs are expected, but changes in CV vary across the

area. The important question that therefore arises is: How will these changes in runoff
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characteristics impact on the yield characteristics of reservoirs? To answer this question in
terms of yield and associated risk of failure, long-term stochastic yield analyses need to be
performed.

3.2 Stochastic Yield Analysis

3.2.1 Stochastic generator

In order to determine the yield characteristics of a reservoir, stochastic yield analyses need to
be performed on the specific inflow sequence, assessing the yield of the reservoir (in million
m3/a) at different assurances of supply (or conversely, at different risks of failure to supply).
The South African Department of Water Affairs (DWA) have for a long time managed many
national reservoir networks based on stochastic yield analyses. These analyses generally
describe the volumetric yield of a particular reservoir (in million m%a) at an associated risk of
non-supply. Using this methodology, different yields, associated with different risks, can be

determined for a particular reservoir.

This method was developed in the 1980s as part of the Vaal River System Analysis (VRSA)
study undertaken for the, then, Department of Water Affairs and Forestry, and has
subsequently been published (Basson et al., 1994). As a detailed explanation of the
stochastic yield analysis process is given in the reference, only a brief description of the
process is provided here, assuming that only a single inflow sequence is input for the
analysis.

A particular naturalised (historical) inflow sequence is input into the stochastic generator. Two

very important assumptions are made with regard to this inflow sequence.

1. The sequence is stationary (i.e. statistical characteristics such as mean, variance,
autocorrelation, etc. are all constant over time).

2. The period covered by the sequence is long enough to accurately reflect the
statistical characteristics of the inflow (especially regarding prolonged drought

periods).

The inflow sequence is characterised using a number of statistical parameters. A number of
(e.g. 500) statistically similar sequences of prescribed length (say 100 years) are then
simulated, using a random number generator and then literally ‘back tracking’ through all the
statistical parameters determined at the start of the analysis. This ‘back tracking’ process also

includes the dis-aggregation of annual total flows into monthly volumes.
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The result is 500 synthetically generated monthly inflow sequences, having statistical

characteristics that are similar to that of the original historical inflow sequence.

3.2.2 Yield analysis

Each of the 500 synthetically simulated sequences, the generation of which is described
above, is then analysed individually as inflow into a reservoir of particular size. Assuming a
fixed abstraction or target draft from the reservoir and a starting storage of the reservoir itself,
(monthly) time-step modelling is then undertaken to determine how often the target draft
cannot be supplied from the reservoir. This time step analysis is repeated 500 times, each

time assuming a different, but statistically similar, inflow sequence.

Now, repeating the process described above for a range of target drafts, the risks of failure to
supply, as associated with various target drafts, from a particularly sized reservoir can be

determined based on the number of sequences that result in supply failures. So, for example,

the result may be as indicated in Table 3-1 below:

Table 3-1: Yield characteristics: Blyderivierpoort Dam (FSC = 56.05Mm?; Analysis done
in 2006)

Risk of failure: 1:10 1:20 1:50 1:100 1:200

Yield (Mm3/a): 157.3 157.0 150.0 146.5 143.5

This procedure (i.e. the Stochastic generator and Yield analysis described above) has been

used widely in detailed water resource studies in South Africa over the last few decades.

3.2.3 Adaptation proposed for this study

The procedure described above is based on a specific reservoir, i.e. of a specific size or live
full supply capacity (FSC). However, this study proposes an additional step to the procedure
described above, the incorporation of differing possible reservoir sizes. Although similar
analyses have been undertaken in the past as part of the validation of the stochastically
simulated sequences, the process was done in the reverse order, i.e. fixing the yield and then

determining the required reservoir size.

The idea here is therefore to fix different reservoir sizes and to determine the vyields
associated with different risks of failure for each of the reservoir sizes. In this way a more
generic result can be obtained, allowing water resource planners to extrapolate results for a

specific reservoir to reservoirs of differing sizes in areas with similar runoff characteristics and
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topography. Furthermore, it will also indicate what the impact of raising the specific existing
dam wall would be on yield.

The results of the above analysis are presented in the form of graphs that show the
relationship between live reservoir storage and gross yield (i.e. not accounting for the impact
of evaporation losses from the exposed surface area of the reservoir in question) for a
particular catchment and at varying assurances of supply. These graphs are generally

referred to as storage-draft-frequency (SDF) curves or yield-capacity-relationship curves.

3.3 Limitations of the methodology

As already highlighted, the results of a yield analysis undertaken for any reservoir are largely
reliant on the accuracy of the associated hydrological data set, in particular modelled inflows
from the reservoir’'s catchment area. In turn, the characteristics of the modelled runoff data for
particular climate change scenario are very much reliant on the outcome of the particular CC
model and downscaling method used. It therefore follows that any inaccuracies or problems
that may be present in the CC modelling or downscaling processes would follow the

information chain and ultimately impact on the reliability of the yield results obtained.

A further challenge presented by this extended information chain is that a vast array of GCMs,
RCMs, other downscaling methods and hydrological models are available, which gives rise to
a very high number of combinations required to cover all possible outcomes. This, in turn,
results in the need to analyse a very high number of alternative inflow sequences, each of
which would require a separate stochastic yield analysis. This poses a challenge with regard

to the sheer volume of data processing required.

As explained in Section 3.2.1 above, there are 2 basic assumptions regarding the reservoir
inflow sequence on which the yield analyses are based. The first is stationarity and the
second is a long (typically more than 50 years) record period. However, the methodology
currently employed in a typical CC analyses does not allow for the models to produce
stationary time-series of climatic variables, since the very purpose of the CC analyses is to
model the climatic changes caused by changes in, say, atmospheric CO, concentrations.
Furthermore, the time-series simulated by these CC models are generally 30 years in length,
at most.

Although the limited record period may then be considered to be stationary (simply by virtue
of its short record length), this poses a new challenge for the yield analysis process as the
short record does not provide adequate information on the inherent temporal variability of flow

and the length of severe periods of below average flow that determine reservoir yield.
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It is therefore of critical importance that improved communication channels between water
resource planners and CC researchers need to be established in order to ensure that
research outputs are aligned with the requirements of water resource planning tools to ensure
that the scientific findings can be incorporated into the planning process and implemented in

practice.

Finally, although evaporation and rainfall are two key climatic variables that will be impacted
upon as a result of CC, the impact of these two variables with regard to net evaporation from
the open water surface of the reservoir is not accounted for in the present methodology. The
impact of CC on evaporation and rainfall is, however, incorporated in the hydrological rainfall-
runoff model and, therefore, the resulting impact of CC on modelled catchment runoff — the

main driver of reservoir yield.
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4. Data pre-processing

4.1 Background

Climate change scenarios are simulated making use of General Circulation Models or GCMs,
assuming a particular future greenhouse gasses emission scenario or ‘story line’. A number of
CC story lines exist, four of which have been defined by the Intergovernmental Panel on
Climate Change (IPCC) in their Special Report on Emissions Scenarios (2000) (or SRES), a
summary of which is shown below. It is important to note that, for the purpose of this study,
scenario “A2” was assumed in all analyses. Scenario A2 is essentially based on the
assumption that CO,-emissions continue relatively unabated into the next century and is

considered by many CC experts to represent the most likely future situation.

The output from the GCMs is at a large geographical scale and in order to obtain
corresponding results that are representative of specific areas (i.e. at a smaller scale), the
GCM results can either be passed through a Regional Circulation Model (or RCM e.g. C-

CAM) or be empirically downscaled using statistical methods.
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Table 4-1: SRES (IPCC, 2000)

Economic emphasis ———

A1 storyline A2 storyline

World: market-oriented World: differentiated
Economy: fastest per capita growth | Economy: regionally oriented;
Population: 2050 peak, then decline | lowest per capita growth

Governance: strong regional Population: continuously increasing
interactions; income convergence Governance: self-reliance with

Technology: three scenario groups: | preservation of local identities
* A1FL: fossil intensive Technoloagy: slowest and most
« A1T: non-fossil energy sources fragmented development

~ | *A1B: balanced across all sources

2

&

& | B1 storyline B2 storyline

=

E World: convergent World: local solutions

S | Economy: service and information Economy: intermediate growth

@ | based:; lower growth than A1 Population: continuously increasing
Population: same as A1 at lower rate than A2
Governance: global solutions to Governance: local and regional
economic, social and environmental | solutions to environmental
sustainability protection and social equity
Technology: clean and resource- Technology: more rapid than AZ2;
efficient less rapid, more diverse than A1/B1

~-4—— [Environmental emphasis

Two of the main (down scaled) results of the GCMs are time-series of the temperature and
rainfall associated with three distinct time-horizons, each 20 years in length, namely, present
climate (from 1971 to 1990), intermediate future climate (from 2046 to 2065), and distant
future climate (from 2081 to 2100). This information can then be input into a hydrological
rainfall/runoff model in order to simulate time-series of surface water runoff that can be

associated with the CC scenario and time-horizon in question.

This information chain is simplified in a diagrammatic representation provided in Figure 4.1.
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Figure 4.1: Ratios of future to present inter-annual CV of stream-flow; Schulze et al.,

2005

4.2 Focus areas

In Section 2, reference was made to two regions within southern Africa that consistently

show the most extreme change for climatic and hydrological variables, for a range of CC

scenarios. These are the Western Cape and the Eastern Highveld, with the Western Cape

probably being the region that could expect the most severe decrease in water resource

availability. Conversely, the Eastern Region of South Africa could possibly experience an

increase in water resource availability.

Indeed, Schulze et al. (2005) emphasize this vulnerability of the Western Cape, referring to

the region as a “hotspot” of hydrological change that is a cause for major concern. They go

on to say that this hydrological change is:

‘...critical to the management of local to regional water resources, and these “hotspots”

may require acting upon sooner rather than later by decision makers.’

De Wit (2006) also stresses the vulnerability of this region saying that:

‘Areas near Cape Town will likely suffer most, losing more than half their perennial supply.

This means there will be no relief for this drought-stricken region.’
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Within this context, it was decided at a reference group meeting held in September 2009 that
three reservoir sites should be analysed in order to apply and test the suggested methodology
as part of the current study. These are shown below and include existing reservoirs in the
Western Cape, the Eastern Region, as well as on the Highveld where no extreme changes in

future rainfall or runoff are expected due to CC.

1. Berg River Dam (Western Cape)
2. Midmar Dam (KwaZulu-Natal Midlands)
3. Grootdraai Dam (Eastern Highveld)

4.3 Data used in this study

As a point of departure, long-term sequences of naturalised historical inflows were obtained
for each of the three selected reservoirs from earlier detailed hydrological studies. These are
summarised below and, since the studies were based on naturalised historically observed
hydro-meteorological data, were considered to be stationary and representative of the present

climatic situation (i.e. prior to any significant climate change impacts).

1. Berg River Dam (DWAF, 2008) for the period. 1928-2004 (hydrological years)
2. Midmar Dam (DWAF, 1997) for the period 1925-1995 (hydrological years
3. Grootdraai Dam (DWAF, 1999) for the period 1920-2004 (hydrological years).

The CC runoff information used in this study, provided by the University of KwaZulu-Natal
(UKZN), emanated from scenarios developed by the Climate Systems Analysis Group
(CSAG) at the University of Cape Town (UCT). The results were derived from global

scenarios produced by five GCMs (Lumsden et al., 2009), as summarised below:

1. CGCM3.1 (Canadian Center for Climate Modelling and Analysis),

2. CNRM-CM3 (Meteo-France / Centre National de Recherches Meteorologiques,
France),

3. ECHAMS5/MPI-OM (Max Plank Institute for Meteorology, Germany),
GISS-ER (NASA / Goddard Institute for Space Studies, USA) and the
IPSL-CM4 (Institut Pierre Simon LaPlace, France).

It is important to note that there are other GCMs also currently being run by the CSAG, but

that associated runoff data are not yet available.

The GCM results were statistically downscaled by CSAG to more than 2 500 rainfall stations

and 400 temperature stations in southern Africa (Lumsden et al., 2009).
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Hydrological modelling, using the GCM-simulated climatic data, was undertaken by Schulze
et al., first in 2005 using dynamically downscaled GCM results and again in 2009, using
empirically downscaled GCM results. Hydrological modelling was undertaken using the
physically based, daily time-step ACRU model. In both studies, Schulze et al. incorporated
daily temperature and rainfall data related to specific CC scenarios. These data, together with
baseline land cover information as delineated by Acocks (1988), were used to simulate daily
time-series results of hydrological variables, including surface water runoff. Flow sequences
spanning a period of 19 hydrological years were simulated and the latest set of hydrological
data, for which modelling was undertaken at a quinary (sub-quaternary) catchment scale, was

made available to the study team.
Three time-horizon runs were undertaken for each GCM, as summarised below:

1) a present-day run, representing historical rainfall and Acocks land cover for the time
period 1971-1989, hydrological years (i.e. October to September)

2) a CC scenario run, representing ‘intermediate future’ climate, for the time period
2046-2064, hydrological years.

3) a CC scenario run, representing ‘distant future’ climate (for the time period 2081 to

2099, hydrological years)

A comparison of the downscaled present-day runoff characteristics obtained from the five
selected GCMs is provided in Table 4-2, together with the characteristics of the naturalised
historical inflow sequences obtained from the earlier detailed hydrological studies. This
comparison clearly highlights a cause for concern regarding the GCM-based time-series,
since their present-day MAR estimates differ significantly from one another, as well as from
that of the naturalised historical inflow sequences (which, as explained earlier, is considered

to be stationary and representative of the present climatic situation).

Table 4-2: Present time horizon MAR (Mm?®/a) of GCM-based short-term sequences and
observation-based long term sequences

GCM
Reservoir site | ECHAM5 GISS-ER IPSL-CM4 CGCM3.1 CNRM-CM3 | Detailed study
Berg River Dam 32.43 16.6 24.38 25.78 23.68 142.0
Midmar Dam 119.43 362.74 199.56 131.38 226.88 201.0
Grootdraai Dam 325.28 1075.83 628.83 316.8 682.27 457.68

The implication of this difference in present time horizon results is that the starting point of the
GCM results differs from the actual reality, so it is not possible to get a fair indication of the
planning horizons that should be assumed in terms of the interpretation of yield estimates

based on projected future climate.
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Although many researchers prefer to report the projected change in climate or runoff-related
statistics in terms of relative proportions, this still does not account for the fact that the models
do not always start off with consistent estimates of climate (or runoff) for the present time
horizon. As the projected change in statistics on climatic (or runoff) variables is not linear, one
cannot assume the relative change in modelled climate (or runoff) to be applicable to actual
observed climate (or runoff). Thus, in order to bring yield analysis results for the various time
horizons into line with measurement-based results, a methodology for the adjustment of CC
time series had to be developed. This limitation was, however, accepted for the purposes of

the present study but further research in this regard is required.

4.4 Time series adjustment

In Section 3.2 the need for long-term inflow sequences (typically 50 years or more) was
highlighted — the reasoning being that in order to obtain reliable yield estimates, one should
get a fair indication of the length of the most severe period of below average flow ( or “critical
period”) of the catchment in question. Having too short an inflow sequence could result in
under-estimation of the critical period and therefore over-estimation of the reservoir yield.
Therefore, a methodology was required in order to obtain inflow sequences that reflect future
flow regimes for specific CC scenarios, but with longer record periods and stationary data.

Another limitation in the GCM-based runoff sequences is the fact that, as shown in Section
4.3, the characteristics of the present time-horizon results differs significantly from one GCM
to another, as well as from that of the historical sequence. This difference is both with regard

to the MAR and the seasonality or monthly distribution pattern.

In view of the above limitations, a methodology was developed as part of this project to adjust

the GCM-based short-term time-series in order to account for these discrepancies.

The method requires four time-series data sets as input, i.e. the three 19-year GCM-based
runoff sequences obtained from the SBEEH, as well as the as well as naturalised historical
inflow sequences obtained from the earlier detailed hydrological studies (typically with record

periods of more than 50 years).

A brief outline of the methodology is provided below, with a detailed discussion in APPENDIX
A.
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The annual totals are calculated for each of the three 19-year GCM-based runoff
sequences as well as the long-term historical inflow sequence. This results in four annual

inflow sequences.

The following percentiles are calculated for each of the annual inflow sequences: 0, 25,
50, 75 and 100.

For each of the two future time-horizon 19-year GCM-based runoff sequences, the
percentiles are expressed as sets of factors, representing the ratio of future vs. present
(e.g. IntFut%50 / Present%50, for the 50 percentiles of the intermediate future and

present sequences).

The percentiles calculated earlier for the long-term historical inflow sequences are then
multiplied, first, with the set of factors for the intermediate future and then, with the set of
factors for the distant future. The result is three sets of percentiles for the long-term
sequence, i.e. the Original, Original*IntFut and Original*DistFut. The last two sets
represent the percentiles of the two future time-horizon GCM-based runoff sequences,

but over a long period.

Linear interpolation is applied to determine factors that are required to adjust total annual
flow values in the original long-term historical inflow sequence that do not correspond with
one of the five mentioned earlier. The result is two new long-term annual inflow
sequences that capture some of the changes in the characteristics of the two future time-
horizon GCM-based runoff sequences relative to that of the present day GCM-based

sequence.

Finally, to disaggregate the annual totals into monthly values, the mean monthly
distribution of the two future time-horizon GCM-based runoff sequences is calculated, per

quatrtile.

The above monthly distributions are then used to disaggregate the total annual flow

volumes in the new long-term sequence, for each particular quartile

(Steps 8 and 9 to follow).

The above procedure achieves two main objectives:

Obtaining long-term, stationary runoff sequences representing the intermediate future and
distant future situations.
Bringing the changes represented by GCM future time-horizon results in line with actual

present naturalised flow conditions.

Upon further investigation, the research team found that in some instances the seasonality

(i.e. the monthly distribution of annual total flows) of the 19-year GCM-based present time-

horizon sequence differed significantly from that of the long-term historical sequence. In order
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to facilitate the comparison of yield results between the different time-horizon results of the
GCM-based runoff sequences, the long-term historical sequence was adjusted to reflect a
seasonal distribution similar to that of the 19-year GCM-based present time-horizon

sequence. Thus, the methodology was adapted to also include the following steps:

8. Calculate the mean monthly distribution (per quartile — as for the future time-horizons in

step 6 above) of the 19-year GCM-based present time-horizon sequence.

9. Having characterised both the long-term historical and 19-year GCM-based present time-
horizon sequences, disaggregate the total annual flow volumes of the long-term historical
sequence using the mean monthly distribution of the 19-year GCM-based sequence for

each particular quartile.

The two additional steps (i.e. 8 and 9 above) resulted in a new long-term historical sequence
that has the same MAR as the original historical sequence, but with a seasonal distribution

similar to that of the 19-year GCM-based present time-horizon sequence.

The resulting three stationary long-term flow sequences (for each of the five GCMs) represent
the cumulative inflow into a reservoir under three different time horizons, i.e. present,
intermediate future and distant future as described in Section 3.2, and were subsequently

used to perform the yield analyses.

Finally, in the light of the discussion above, the information flow chain shown earlier in

Figure 4.1 can now be expanded upon in order to incorporate the methodology described

above. This ‘updated’ information flow chain is summarised in Figure 4.2.
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Figure 4.2: Climate change information chain for this study

In this study, different CC time horizons and different GCMs will be represented by the results

obtained from the various adjusted naturalised inflow sequences, as described above.
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5. Analysis software

The project team initiated the development of a Stochastic and Yield-Capacity (or Storage-
Draft-Frequency) curve pre-processor (or SDFPrep.exe) to facilitate analyses performed for

this and similar studies.

The purpose of the SDFPrep.exe is two-fold. Firstly, it serves as an interface that allows
access to stochastic generators, also performing standard validation and verification tests on
the various stochastically simulated monthly sequences. At present SDFPrep incorporates the
existing Stochastic Model of South Africa (STOMSA) software for stochastic streamflow
generation, but the development team is in the process of investigating the possibility of
adding alternative stochastic generators. The incorporation of other stochastic models
(especially the Variable Length Bootstrapping method) is expected to enhance the stochastic
analyses associated with CC modelling — particularly if methodologies are developed at a
later stage that would enable the performing of yield analyses on non-stationary time-series.
The software does however currently allow for the importation of sequences simulated

externally to the system, to perform verification, validation and yield-capacity curve derivation.

The secondary purpose of the software is to automate the previously manual process of
generating yield-capacity curves (storage-draft-frequency curves) to assess reservoir yield
characteristics. This process determines a median storage, and proceeds to calculate the
yields (at different assurances) of reservoirs of varying sizes for each runoff sequence that
has associated stochastically generated sequences. The analyses can be undertaken based

on either the incremental or cumulative catchment upstream of the dam in question.

In order to achieve the above results, various analyses are performed by the software and

these are briefly discussed in the following sections.

5.1 Stochastic analysis

The stochastic functionality incorporates the stochastic analyses, simulation and graphical
tests provided by the STOMSA software. In order to perform the yield-capacity analysis, the
current version of Sdfprep.exe requires that 500 sequences are generated, each 100 years in

length.

A detailed description of STOMSA is provided in the STOMSA User Guide (Van Rooyen &
McKenzie, 2004).
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5.2 Yield-capacity analysis

This functionality allows for the derivation of the yield-capacity curve and mimics the
G6b_sdfmedian.exe software, developed in 2003 specifically for the purpose of deriving the

yield-capacity curve as reflected in the Water Situation Assessment Model (WSAM).
The main steps of the yield-capacity analysis are as follows:

1. Median starting storages are determined for a range of reservoir sizes (see DWAF
report no. 14/12/4/2)

2. Yields are determined for the various reservoir sizes by means of detailed long-term
stochastic yield analyses (see DWAF report no. 14/12/4/2)

3. Finally, results of the yield analysis are represented on a graph indicating Yield vs.

Storage Capacity.

Yields are determined at recurrence intervals of failure of 1:10, 1:20, 1:50, 1:100 and 1:200
years and for dams of sizes of 10%, 20%, 30%, 50%, 75%, 100%, 125%, 150%, 200%,
300%, 500% and 1 000% of MAR.

These yields then represent points on a yield-capacity curve, an example of which is shown

below in Figure 5.1.

Catchimert Yield in % of MAR

B Calculsted Yield for 1:50
— Fitted Yield for 1:50

Reservoit size in propartion of MAR

Figure 5.1: Example of a Yield-Capacity Curve
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6. Discussion of results

6.1 Data pre-processing

In section 4 of this report a detailed discussion on the data pre-processing procedure was
provided. This procedure involves the adjustment of the future time-horizon of the GCM-
based runoff sequences (spanning 19 hydrological years and reflecting various CC scenarios)

in order to achieve the following two main objectives:

1. To ensure that the changes represented by the GCM-based sequences relative to
GCM-based sequences for the present time-horizon are brought in line with
naturalised historical inflow sequences obtained from earlier detailed hydrological
studies.

2. To create a long, stationary runoff sequences representative of a particular CC

scenario and time-horizon, in order to achieve more reliable yield results.

Making use of the time-series adjustment methodology, three long-term runoff sequences
(representing the present, intermediate future and distant future time-horizons) were derived
for each of the three selected reservoirs and for each of the five GCMs (with the exception of
CGCM3.1, for which only present and intermediate future time-horizon sequences were

available).

This time-series adjustment methodology, although quite crude, still relies on relatively similar
frequency distributions of the detailed study-based long-term sequence and the short-term
GCM-based sequences. For example, if the detailed study-based sequence exhibits a
relatively high frequency of low-flow occurrences, the GCM-based sequence should also
reflect a similar distribution. If this is not the case it could, for example, result in a situation
where the median flow of the adapted sequence is lower than the 25" percentile flow of the
same sequence. Clearly this situation would be incorrect, but some minor modifications to the
adjustment methodology could remedy this problem. In the case of the Berg River Dam, some

of the GCM-based sequences exhibited such inconsistent underlying statistical distributions.

A total of 14 long-term sequences were therefore derived for each reservoir which served as

basis for the stochastic and subsequent yield analysis.

The MAR and CV estimates based on the 19-year GCM-based runoff sequences are

summarised in Table 6-1a and b. Similar results for the corresponding long-term runoff
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sequences derived using the time-series adjustment methodology are shown in Table 6-3a
and b.

The MAR and CV estimates based on the 19-year GCM-based runoff sequences are
summarised in Table 6-1la and b Similar results for the corresponding long-term runoff
sequences derived using the time-series adjustment methodology (as described earlier) are

shown in Table 6-3a and b.

Table 6-1a: MAR estimates (Mm®a) of 19-year GCM-based runoff sequences (for the
present, intermediate future and distant future time-horizons)

Berg River Dam Midmar Dam Grootdraai Dam
Present | Int. Fut | Dist. Fut | Present | Int. Fut | Dist. Fut | Present | Int. Fut | Dist. Fut
ECHAMS 32.43 37.06 30.20 119.43 238.55 300.38 325.28 459.12 722.42
GISS-ER 16.60 18.09 15.37 362.74 360.67 373.10 | 1075.83 | 1151.99 | 1099.83
IPSL-CM4 24.38 17.02 18.22 199.56 308.47 340.62 628.83 811.58 731.40
CGCM3.1 25.78 26.03 - 131.38 231.94 - 316.80 539.91 -
CNRM-CM3 23.68 22.39 17.44 226.88 253.11 299.09 682.27 874.58 | 1002.43

Observation-based

long-term sequence 142.07 - - 201.71 - - 457.68 -




Table 6-2b: CV estimates of 19-year GCM-based runoff sequences (for the present,
intermediate future and distant future time-horizons)

Berg River Dam Midmar Dam Grootdraai Dam

Present Int. Fut Dist. Fut | Present Int. Fut Dist. Fut | Present Int. Fut Dist. Fut
ECHAMS 0.438 0.211 0.252 0.475 0.444 0.449 0.305 0.372 0.391
GISS-ER 0.312 0.383 0.364 0.303 0.344 0.367 0.312 0.330 0.391
IPSL-CM4 0.284 0.318 0.379 0.572 0.514 0.361 0.657 0.612 0.465
CGCM3.1 0.265 0.248 - 0.537 0.408 - 0.429 0.560 -
CNRM-CM3 0.329 0.373 0.375 0.421 0.466 0.538 0.367 0.389 0.535
Observation-
based long-term 0.324 - - 0.495 - - 0.782 - -
sequence

Table 6-3a: MAR estimates (Mm3/a) of long-term sequences (for the present,
intermediate future and distant future time-horizons)

Berg River Dam Midmar Dam Grootdraai Dam
Present | Int. Fut | Dist. Fut | Present | Int. Fut | Dist. Fut | Present | Int. Fut | Dist. Fut
ECHAMS 142.07" | 175.46" | 144.68" | 201.71 414.73 556.51 457.68 723.58 | 1218.44
GISS-ER 142.07 167.28 139.67 201.71 221.70 222.19 457.68 568.88 543.73
IPSL-CM4 142.07 104.09 112.63 201.71 334.58 356.26 457.68 655.24 547.80
CGCM3.1 142.07* | 155.85° - 201.71 359.62 - 457.68 883.31 -
CNRM-CM3 142.07 139.00 109.22 201.71 231.34 297.70 457.68 654.52 858.46

Table 6-4b: CV estimates of long-term sequences (for the present, intermediate future
and distant future time-horizons)

Berg River Dam Midmar Dam Grootdraai Dam
Present Int. Fut | Dist. Fut | Present Int. Fut | Dist. Fut | Present Int. Fut | Dist. Fut
ECHAMS 0.324* 0.203 0.191* 0.495 0.525 0.590 0.782 0.849 0.912
GISS-ER 0.324 0.515 0.471 0.495 0.650 0.628 0.782 0.790 0.907
IPSL-CM4 0.324 0.424 0.471 0.495 0.564 0.410 0.782 0.763 0.631
CGCM3.1 0.324? 0.395° - 0.495 0.483 - 0.782 0.879 -
CNRM-CM3 0.324 0.480 0.456 0.495 0.628 0.846 0.782 0.842 1.071

! Time-series adjustment was done using manual estimates of minima conversion factors. This was
required due to gross differences in statistical distribution of the GCM-based time-series and the long-
term sequence obtained from the detailed study.

2 Time-series adjustment was done using the 55™ percentile as opposed to the 50" percentile. This
minor alteration was required as there were inconsistencies in statistical distribution of the GCM-based
time-series and the long-term sequence obtained form the detailed study.
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6.2 Stochastic analysis

Having derived the long-term, stationary runoff sequences for each reservoir for the five
GCMs (i.e. 42 sequences in total), each sequence was assessed individually to establish the
statistical properties thereof. This statistical characterisation was used to derive 500
statistically similar runoff sequences, each spanning 100 years, for every long-term sequence.
Having simulated the additional sequences, it was possible to perform risk-based yield

analyses.

Basic tests were undertaken to ensure that the generated sequences were realistic and
plausible. This involves comparing the characteristics of the source data with those of the
generated sequences and the results are shown in APPENDIX B. These include box-and-
whisker plots of the monthly and annual means and standard deviations, as well as the yield-
capacity validation curves. Based on these tests, the generated stochastic sequences were

concluded to be acceptable.

6.3 Yield-capacity analysis

The stochastically generated sequences allowed for risk-based yield analyses (i.e. expressing

reservoir yield in terms of risk of failure or assurance of supply) to be performed.

As a final step in the analysis procedure, each of the 500 simulated sequences was assumed
to represent individual inflow sequences into a reservoir. The assessment of reservoir yield as
associated with each individual inflow sequence was undertaken by defining a fixed demand
(or target draft) on the reservoir for the period covered by the sequence, and then repeating
the process for a range of demands. Not only were the inflows into the reservoir and demand
on the reservoir varied for the individual assessments, but also the reservoir sizes. The latter
variation allowed for the assessment of yield capability of reservoirs of differing capacities,

assuming the same set of 500 inflow sequences. (See section 3.2 for a detailed discussion.)

The yield-capacity analysis therefore allowed for the assessment of the yield characteristics of
a reservoir at a specific location, for a range of capacities and at varying levels of assurance.

The results of these runs were expressed as points on the yield-capacity curve, characterising

the reservoir yield. These are discussed below for the various time-horizons analysed.
Although the results presented in this section only reflect yield results for the 1:50-year

recurrence interval of failure, results for 1:10, 1:20, 1:100 and 1:200 are provided in
APPENDIX C.
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6.3.1 Berg River Dam

Berg River Dam, situated in the upper reaches of the Berg River catchment (quaternary
catchment G10A), has a gross full supply capacity (FSC) of 130.01 Mm? and a present time-
horizon naturalised MAR of an estimated 142.07 Mm®/a. Therefore the capacity of Berg River

Dam translates to roughly 92% of MAR.

6.3.1.1 Presenttime horizon
Analysis of present time horizon yield characteristics were based on the GCM-based long-

term present time horizon sequence with seasonality-adaptation as discussed in Section 6.1.
The original observation-based sequence was included as a sixth sequence in this analysis.
This procedure was followed in order to serve as a control to ensure that the present time
horizon yield-characteristics of the five GCM-based sequences are in line with the actual

present time horizon yield-characteristics. From the results it is clear that the GCM-based

yield characteristics were very close to that of the actual present yield (Figure 6.1).

Note: The yield (Y-axis) on this graph is expressed as % MAR. For the present time horizon
all analysed sequences indicate the same MAR of 142.07 Mm®/a, so that the absolute yield
values (and not just the yield expressed as % MAR) are near-equal for reservoirs of size 1
MAR and bigger. For smaller reservoirs, the original detailed study-based sequence provided
more conservative yield estimates. This is due to differences in seasonality between the
detailed study-based sequence and the GCM-based sequences. The GCM-based sequences
indicate a slightly less peaked and longer wet season than the detailed study-based
sequence does, so that the revised seasonality exhibits slightly less intra-annual variation and
thus results in higher yield-estimates. For reservoirs bigger than 1 MAR, this difference in

seasonality does not impact on yield.
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6.3.1.2 Intermediate future time horizon

Yield-capacity analyses for the intermediate future time horizon were based on the adjusted
long-term time-series as derived from the short-term GCM-based sequences. A total of four

GCMs were included in analyses for the intermediate future time horizon. The MAR estimates

associated with each of the adapted five long-term sequences are shown earlier in Table

6-3. Yield-capacity curves are provided in Figure 6.2.

Figure 6.2 suggests that there is a degree of difference in reservoir yield characteristics
between the GCMs considered for the in the intermediate future time horizon (that is, when
yield is expressed as % MAR, the yield characteristics at the specific dam site, as based on
the various GCMs, do not all correspond). With the exception of CNRM-CM3 and IPSL-CM4
that indicates correspondence, there is a broad variation width for a reservoir of size 1 MAR,
varying from a yield of 66.81% of MAR (associated with GISS-ER) to 80.10% of MAR
(associated with CGCM3.1). ECHAMS5 indicates a yield of 93.60% of MAR for a 1 MAR

reservoir.

In Figure 6.3 the intermediate future reservoir yield is expressed relative to the present
time-horizon yield. Most notably, this graph indicates that the expected intermediate future
yield associated with reservoirs smaller than 1 MAR is less than the yield associated with the
present time-horizon. This result agrees with local and international literature cited in section
2 of this report. For two of the GCMs (CNRM-CM3 and IPSL-CM4) yield is estimated to be
below present yield, irrespective of reservoir size, while two other GCMs (GISS-ER and

CGCM3.1) suggest increased reservoir yield for dams larger than 2 MAR.

This disagreement in yield results is as a result of disagreement in GCM-based runoff

estimates and needs to be investigated further.
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6.3.1.3 Distant future time horizon

Yield-capacity analyses for the distant future time horizon were based on the adjusted long-
term time series as derived from the short-term GCM-based sequences. A total of four GCMs
were included in analyses. The MAR estimates associated with each of the four long-term

sequences are shown earlier in Table 6-3. Yield-capacity curves are provided in Figure

6.4.

Figure 6.4 suggests that there a higher degree of agreement in reservoir yield
characteristics between GCMs in the distant future than in the intermediate. The yield-
estimates associated with a 1 MAR dam vary from 73.22% of MAR (associated with IPSL-
CM4) to 78.40% of MAR (associated with CNRM-CM3). ECHAMS indicates a yield of
95.280% of MAR for a 1 MAR reservoir.

In Figure 6.5 the distant future reservoir yield is expressed relative to the present time-
horizon yield. As was the case for intermediate future time-horizon results, reservoir is
expected to decrease. This result holds for estimates based on all three sets of GCM results
considered, irrespective of reservoir size. Of the three GCMs considered for the distant future
analysis, GISS-ER provides the most optimistic results — projecting near-present time horizon

yields for reservoirs exceeding 4 MAR in capacity.
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6.3.2 Midmar Dam

Midmar Dam, situated in the Mgeni River catchment (quaternary catchment U20C), has a
Gross FSC of 235.42 Mm® and a present time-horizon MAR of around 201.71 Mm*/a.
Therefore the capacity of Midmar Dam translates to roughly 117% of MAR.

6.3.2.1 Present time horizon
Analysis of present time horizon yield characteristics were based on the observation-based

long-term present time horizon sequence with seasonality-adaptation as discussed above
(section 4.4). . The original observation-based sequence was included as a sixth sequence in
this analysis. This procedure was followed in order to serve as a control to ensure that the
present time horizon yield-characteristics of the five GCM-adapted sequences are in line with

the actual present time horizon yield-characteristics. From the results it is clear that the GCM-

based yield characteristics were very close to that of the actual present yield (Figure 6.11).

Note: The yield (Y-axis) on this graph is expressed as % MAR. For the present time horizon
all analysed sequences indicate the same MAR of 201.71 Mm®/a, so that the absolute yield

values (and not just the yield expressed as % MAR) are near-equal.
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6.3.2.2 Intermediate future time horizon

Yield-capacity analyses for the intermediate future time horizon were based on the adjusted
long-term time series as derived from the short-term GCM-based sequences. A total of five

GCMs were included in analyses for the intermediate future time horizon. The MAR estimates

associated with each of the adapted five long-term sequences are indicated in Table 6-3.

Yield-capacity curves are provided in Figure 6.12.

Figure 6.12 suggests that there are no major differences in reservoir yield characteristics
between GCMs in the intermediate future (that is, when yield is expressed as % MAR, the
yield characteristics at the specific dam site, as based on the various GCMs, corresponds).
The small variation in yield estimates associated with a reservoir of size 1.25 MAR ranges
from a yield of 67.51% of MAR (associated with GISS-ER) to 74.21% of MAR (associated
with CGCM3.1). For smaller reservoirs (FSC < 1.25 MAR) there is even less variation in

intermediate time horizon yield-estimates.

However, when taking into account the fact that the MAR associated with the GCM-based
results vary between 221.70 Mm%a and 414.73 Mm®/a, the actual expected yield for the

intermediate future provides a different perspective on the results.

In Figure 6.13 the intermediate future reservoir yield is expressed relative to the present
time-horizon yield. Most notably, this graph indicates that GISS-ER and CNRM-CM3-based
yield estimates for reservoirs with FSC less than 1 MAR are less than the present yield, while
the remaining three GCMs indicate an expected increase in intermediate future yield. In fact,
based on the results of the three latter GCMs for a reservoir of size 1.25 MAR, the

intermediate future yield is expected to exceed 1.5 times the present yield.

This disagreement in yield results is as a result of disagreement in GCM-based runoff

estimates and needs to be investigated further.

For reservoirs bigger than 2 MAR, all five GCMs indicated the expected yield to be more than

present yield.
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6.3.2.3 Distant future time horizon

Yield-capacity analyses for the distant future time horizon were based on the adjusted long-
term time series as derived from the short-term GCM-based sequences. A total of four GCMs

were included in analyses. The MAR estimates associated with each of the four long-term

sequences are indicated in Table 6-3. Yield-capacity curves are provided in Figure 6.14.

Figure 6.14 suggests that there are more notable differences in reservoir yield

characteristics between GCMs in the distant future than in the intermediate future especially

for reservoirs smaller than 4 MAR.

For reservoirs smaller than 4 MAR, IPSL-CM4 indicates a higher yield as proportion of MAR
than the other GCMs, with an estimated yield of 81.44% of MAR associated with a 1.25 MAR
size reservoir. The minimum yield-estimate relative to MAR for this size of reservoir is 62.42%
of MAR (associated with CNRM-CM3 results).

However, when taking into account the fact that the MAR associated with the various GCMs
vary between 221.19 Mm®*a (GISS-ER) and 556.51 Mm®a (ECHAMS), the actual expected

yield for the distant future provides a different perspective on the results.

In Figure 6.15 the distant future reservoir yield is expressed relative to the present time-
horizon yield. Most notably, this graph indicates that with the exception of GCM (GISS-ER),
all GCMs considered in this study suggest expected distant future yield that exceeds present
yield, irrespective of reservoir size. The actual relative difference in expected yield for a 1.25

MAR size reservoir ranges between 1 and 2.5 — indicating a wide range in GCM-results.

For reservoirs smaller than 1 MAR, GISS-ER-based yield estimates and expected decrease
in the distant future.

This disagreement in yield results is as a result of disagreement in GCM-based runoff

estimates and needs to be investigated further.

50



TS

weq JewpI :uoziioy awil ainin4 juelsiq ayl 10} saAind (0G:T) Aloedeo-pIaiA :6°9 ainbi4

(e/e WIN LZ°L6C = HYIN) Wiy — (e/,WN 92°9G€ = HVW) sdi—
(e/e WIN 6T'T2Z = YYIN) SSB— (e/S,WIN TG'9GG = HYIN) Yoa—
(¥VIN 10 10108)) 8ZIS JI0AISDY
8 L 9 G y € ¢ T 0
| | | | | | | | OOO UG
D
0002 o
.
- 0007 =
=<
0009 @
S — 0008
\ | -
—_— 00 oamvm
00°0¢T
weq JewpiN -4VIN% Se P[aIA JI0AIaSaY ainin4 Juelsig 05:T




s

(weq@ rewpi) (0S:T) PIBIA 1USS3Id :PIBIA 3Nnind juelsiq :0T'9 2.nBi-

W= mg_l ssh— yoo—

(MWIN JO 10198)) BZIS J10AJ9SY

6 8 L 9 G _\ £ Z I 0
| | | | | | | | , 0 ||A
G0 =
I\\ w
GT M
67 m
e =

JU9S3Id:JURISIq
Weq Jewpi :Si019e4 PIBIA JIOAISY 0S:T




6.3.3 Grootdraai Dam

Grootdraai Dam, situated in the upper reaches of the Vaal River catchment (quaternary
catchment C11L), has a Gross FSC of 350.33 Mm?® and a present time-horizon MAR of
around 457.68Mm°*/a. Therefore the capacity of Grootdraai Dam translates to roughly 76% of
MAR.

6.3.3.1 Present time horizon

Analysis of present time horizon yield characteristics were based on the observation-based
long-term present time horizon sequence with seasonality-adaptation as discussed above.
The original observation-based sequence was included as a sixth sequence in this analysis.
This procedure was followed in order to serve as a control to ensure that the present time
horizon yield-characteristics of the five GCM-adapted sequences are in line with the actual

present time horizon yield-characteristics. From the results it is clear that the GCM-based

yield characteristics were very close to that of the actual present yield (Figure 6.11).

Note: The yield (Y-axis) on this graph is expressed as % MAR. For the present time horizon
all analysed sequences indicate the same MAR of 457.31 Mm®/a, so that the absolute yield

values (and not just the yield expressed as % MAR) are near-equal.
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6.3.3.2 Intermediate future time horizon

Yield-capacity analyses for the intermediate future time horizon were based on the adjusted
long-term time series as derived from the short-term GCM-based sequences. A total of five

GCMs were included in analyses for the intermediate future time horizon. The MAR estimates

associated with each of the adapted five long-term sequences are indicated in Table 6-3.

Yield-capacity curves are provided in Figure 6.12.
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Figure 6.12 suggests that there are no major differences in reservoir yield characteristics

between GCMs in the intermediate future (that is, when vyield is expressed as % MAR, the

yield characteristics at the specific dam site, as based on the various GCMs, corresponds).

For smaller reservoirs (FSC < 1.5 MAR) IPSL-CM4 indicates a slightly higher yield as
proportion of MAR than the other GCMs. However, when taking into account the fact that the
MAR associated with the IPSL-CM4-result is 655.235 Mm®/a, which is considerably less than
that of the CGCM3.1-result (883.315 Mm?®/a) and ECHAM5-result (723.58 Mm®/a), the actual

expected yield for the intermediate future provides a different perspective on the results.

In Figure 6.13 the intermediate future reservoir yield is expressed relative to the present
time-horizon yield. Most notably, this graph indicates that the expected intermediate future
yield exceeds present yield, irrespective of reservoir size or GCM. Therefore, based on
climate projections for the intermediate future for all the GCMs evaluated for Grootdraai Dam

it indicates a increase in reservoir yield.
Furthermore, the graph indicates that it is in fact CGCM3.1 that suggests the most drastic
increase in yield with a factor of around 1.7 for a reservoir of 0.76 MAR. The minimum

increase based on GISS-ER-results reflects a yield increase-factor of roughly 1.14.

The maximum vyield ratios for the various GCMs range between 1.298 and 1.948 and are

expected for reservoirs from size 3 MAR to about 6 MAR.
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6.3.3.3 Distant future time horizon

Yield-capacity analyses for the distant future time horizon were based on the adjusted long-
term time series as derived from the short-term GCM-based sequences. A total of four GCMs

were included in analyses. The MAR estimates associated with each of the four long-term

sequences are indicated in Table 6-3. Yield-capacity curves are provided in Figure 6.14.

Figure 6.14 suggests that there are more notable differences in reservoir yield

characteristics between GCMs in the distant future than in the intermediate future especially

for reservoirs smaller than 4 MAR

For reservoirs smaller than 4 MAR, IPSL-CM4 indicates a higher yield as proportion of MAR
than the other GCMs. However, when taking into account the fact that the MAR associated
with IPSL-CM4 is 547.799 Mm®/a, which is considerably less than that of the ECHAM5-result
(1 218.44 Mm®/a) and CNRM-CM3-result (858.459 Mm®/a), the actual expected yield for the

distant future provides a different perspective on the results.

In Figure 6.15 the distant future reservoir yield is expressed relative to the present time-
horizon yield. Most notably, this graph indicates that the expected distant future yield exceeds
present yield, irrespective of reservoir size or GCM. Therefore, based on climate projections
for the distant future for all the GCMs evaluated for Grootdraai Dam it indicates a increase in

reservoir yield

Furthermore, the graph indicates that it is in fact ECHAMS that suggests the most drastic
increase in yield with a factor of around the 2.3 mark for a reservoir of 0.76 MAR. The
minimum increase is based on GISS-ER-results and reflects a yield increase-factor of roughly
1.13.

The maximum vyield ratios for the various GCMs range between 1.216 and 2.727 and are

observed for reservoirs of various sizes, depending on the GCM under consideration.
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7. Conclusion

(a) General

This research project resulted in the first substantial step towards the development of a
practical methodology for assessing the potential impacts of climate change on long-term
reservoir yields based on runoff time-series data derived from the downscaled results of

General Circulation Models (GCMs) for various time-horizons.

(b) Methodology
Long-term yield analyses require that hydro-meteorological input data adhere to a number of

pre-requisites, which include the following:

= Long records, typically 50 years or more in length, in order to ensure that at least one
severe drought period is included and that all cyclic movements in the data can be
accurately identified.

= Stationary records, i.e. the data should, except for the expected seasonality or other

cyclic movement, not exhibit any long-term movement or change in variability.

However, runoff time-series data derived from downscaled GCM results generally cover short
period lengths (such as 20 years) and, since they are based on varying greenhouse gas
concentrations, are inherently non-stationary over the long-term. Furthermore, a comparison
of GCM-based runoff characteristics for the Present-day time-horizon (1971 to 1990)
highlighted another cause for concern since the various GCMs were found to differ
significantly from one another, as well as from that of the observed naturalised historical

runoffs for a particular catchment.

Therefore, in order to address these limitations, a simplistic statistically-based data pre-
processing method was developed for generating long, stationary runoff data sets
representative of each climate change scenario, which are also in line with observed runoff
characteristics over the Present-day time-horizon. Although it is acknowledged that the
method is crude and may be substantially refined through further research, it does provide a
reasonable basis for applying available climate change scenario information in traditional
long-term yield analysis methodologies and, as such, the means for identifying possible

generalised future trends in yield characteristics.

(c) Analysis software
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To facilitate the process of assessing the potential impacts of climate change on reservoir
yields, a software utility was developed which automates the process of undertaking long-
term yield analyses based on (1) alternative runoff data time-series, including both historical-
and climate change scenario-based data sets and (2) a range of possible reservoir storage
volumes. The utility, referred to as SDFPrep, incorporates the existing Stochastic Model of
South Africa (STOMSA) software for stochastic streamflow analysis and generation, although
the possibility of including alternative stochastic generators may be investigated in future.
Results are presented graphically in the form of so-called storage-draft-frequency (SDF)
curves, providing a useful interpretation tool for comparing projected and present-day yield

characteristics, as well as results from various climate models.

(d) Analysis results

In order to test the above data-processing method and analysis software they were applied in
the long-term yield analysis of three existing major dams in South Africa, i.e. the Berg River
Dam in the Western Cape, Midmar Dam in the KwaZulu-Natal Midlands and Grootdraai Dam
on the Eastern Highveld.

The dams in question were selected at a Reference Group meeting based on the fact that the

dams are located in climatically diverse areas with varying expected climate change impacts.

Results from the analyses can be summarised as follows:

= The projected impacts of climate change on long-term reservoir yields vary significantly
from certain climatic region to others and also depend largely on the climate model used.

= A total of four GCMs were included for the analysis of Berg River Dam. Results for the
Intermediate Future (2046 to 2065) time-horizon are inconsistent but suggest a significant
possible decrease in yield for the Distant Future (2081 to 2100).

»= In the case of Midmar Dam, five GCMs were included in the analysis and results suggest
a significant possible increase in yield for both the Intermediate Future and Distant Future
time-horizons.

= As above, five GCMs were included in the analysis of Grootdraai Dam and results
suggest a significant possible increase in yield for both the Intermediate Future and

Distant Future time-horizons.
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8. Recommendations

While the research project resulted in a practical methodology for assessing the potential
impacts of climate change on reservoir yields based on existing climate change scenario
information, the methods applied are crude and further research in this regard is considered

to be essential. Within this context, the following specific recommendations are made:

= Improved communication channels should be established between water resource
planners and climate change researchers in order to ensure that research outputs are
better aligned with the requirements of water resource planning tools. Of particular
concern is the apparent discrepancy between runoff characteristics derived from
downscaled GCM information for the Present-day time-horizon and that of observed
naturalised historical runoffs.

= While a statistically-based data pre-processing method was developed for generating
long, stationary runoff data sets from available climate change scenario information for
application in traditional long-term yield analysis methodologies, the validity of the method
remains essentially untested. Other approaches should therefore be actively considered
including the possibility of developing alternative yield analysis methodologies that
accommodate the inherent non-stationarity of a changing climate.

= The SDFPrep software utility should be applied in a national study aimed at providing
broad-scale information to the water resources planning community on possible future
climate change impacts. Results can be presented on a quaternary catchment scale and
in the form of colour-coded maps showing indices representing the possible impacts on
reservoir yields for a range of reservoir storage sizes and assurances of supply.

= Methodologies developed for assessing climate change impacts on yield should also be
tested and applied in an integrated water resources system context using more
sophisticated yield assessment tools such as the Water Resources Yield Model (WRYM).

= Runoff time-series data applied in this project were developed by simulation using the

daily time-step ACRU agro-hydrological model.
The possibility should, however, be investigated of using other hydrological models for
this purpose (e.g. the monthly-time step WRSM2000 rainfall-runoff model) as this may
provide opportunities for the improved alignment of results with other studies, such as
those undertaken for planning purposes by the Department of Water Affairs (DWA).

» Climate modelling methodologies are continually improved upon and refined and in order
to enhance the credibility of climate change impact assessment methodologies and
results, assessments should be extended to include results obtained from a larger
number of GCMs, greenhouse gas emission scenarios and alternative downscaling
methods.



For the purpose of simplicity, the modelling undertaken in this research project focused
on the potential impacts of climate change on catchment runoff and ignored other factors
that were considered to be of secondary importance. These include climate
change-related changes in natural vegetation, land use, migration patterns, socio-
economic activities, as well as rainfall directly onto and evaporation directly from the
exposed surface area of the reservoir. These aspects could impact on yield in varying
degrees depending on the system in question and requires further research.

Possibly the most significant challenge regarding climate change impact assessments is

the incorporation of results into the mainstream water resources planning process.

Specifically, research is required for the development of a framework to guide the

practical response to projected climate change impacts, including, for example:

— The need for and timely implementation of additional augmentation in cases where
projections indicate a possible decrease in runoff and reservoir yields.

— The possible deferment of planned augmentation schemes in cases where
projections indicate a possible increase in yield.

— The possible adaptation of flood emergency plans, flood design parameters and
sediment management plans in cases where the frequency and severity of flood flows
are projected to change.

— Managing impacts on water quality resulting from higher air and water temperatures,
sediment loads, etc.

— Assessing the credibility of climate change impact projections and also the associated

risk of their consideration in the implementation of planning decisions.
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APPENDIX A: Detailed discussion on time series
adjustment methodology
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Yield analysis requires the runoff data (or naturalised inflow time series) to adhere to a number of

pre-requisites. These include

1. Long-term records (typically 50 hydrological years or more) to ensure that the record
period includes at least one severe drought and to ensure that all cyclic movements in
the data can be identified as such.

2. Stationary records (i.e. the data should, except for the expected seasonality or other

cyclic movement, not exhibit any long-term movement or change in variability)

The time series provided fail in both of these assumptions. Indeed, the time series obtained from
the GCMs and thus also from the Hydrological model, only spans 19 hydrological years.
Secondly, since a key input to the GCMs are the changes in atmospheric aerosol and
greenhouse gas concentrations, the resulting climatic output is defined to be non-stationary over
the long-term. The downscaling method and hydrological model that follows only carries forward

the non-stationary nature of the data, so that the resulting runoff data is also non-stationary.

After discussions with climate experts, it was agreed that the relatively short 19 year intervals of
climatic data can be assumed to be stationary (purely on the basis that it covers a short time
period). However, the problem of inadequate record length still remained.

The study team developed a methodology whereby long-term time series, representative of future
time horizon runoff, are derived. Additional to the generation of longer time series, the method

also artificially imposes stationarity on the dataset.

Figure Al below provides a diagrammatic representation of the methodology developed, with
discussions following the individual items on the diagram in alphabetical order. Items A to D as
well as item J deals with the GCM-simulated short-term time series, whilst items E- G deal with a
long-term present time horizon runoff time series (1947-2008) simulated separately from the

climate change simulations, using a calibration-type hydrological rainfall-runoff model.
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Figure Al: Diagram of methodology of creating long-term stationary CC scenario time series
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A: This is representative of the three short-term surface water runoff time series data simulated
by a GCM and downscaled. The 3 time series represent the cumulative natural runoff that
enters a reservoir, for each the 3 time horizons as modelled by the specific GCM. These are
the present state (referred to as ‘PC’ in the diagram), the intermediate future scenario
(referred to as ‘IFC’ in the diagram) and the distant future scenario (referred to as ‘DFC’ in the
diagram). The 2 latter time series (i.e. IFC and DFC) represent the projected future runoff at
different time intervals, assuming a specific scenario (A2 in this case), whilst the PC time
series represents runoff as modelled for current conditions. The time series provide monthly
total surface water runoff volumes for consecutive hydrological years. In particular, the time
intervals represented by the three time horizons are:

e present climate (PC): 1971-1989,
¢ intermediate future climate (IFC): 2046-2064,
e (distant future climate (DFC): 2081-2099

The monthly total runoff volumes in a hydrological year are added, to produce total annual
runoff volumes for the above-mentioned time horizons; that is, 19 consecutive values for each

of the three time horizons. This is what is represented by item B in Figure Al.

B: This is representative of three short-term surface water runoff time series data, given in
annual total flow volumes. As described above, each of the three time series consist of 19
values. These values are ranked in ascending order and five percentile values are
determined for each time series. These are:

e 0" percentile (or minimum)

25" percentile (or 1% quartile)

e 50" percentile (or median or 2" quartile)
o« 75" percentile (or 3" quartile)
e 100" percentile (or maximum or 4™ quartile)
This results in five statistical descriptive values for each of the three short-term annual time

series and leads to item C in Figure Al.

C: This is representative of the five percentiles, describing the bounds of the quatrtile intervals,
for each of the three short-term annual runoff time series. There are four such intervals, viz.
[0"-25"), [25"-50"), [50"-75) and [75"™-100"].

In order to compute the two sets of quartile-adjustment factors in item D, let's say that the five
percentiles for time interval PC are giVen by {pov pc, P25, pcy Pso, pcy P75, pcy Pioo, pc}.

Furthermore, assuming that the corresponding percentiles for the two future time intervals are

71



given by {po, irc, P2s, iIrc ---} and {Po. orc, P2s, brc ---}, compute the future percentiles relative to
the present, i.e.

fi, iIrc = Pi,irc / Pi, pc

and

fi, brc = Pi, orc / Pi, pc

fori

e {0, 25, 50, 75, 100}

The result is two sets of factors, one representative of the conversion of present time (PC)
interval percentiles to intermediate future (IFC) percentiles and the other representative of the
conversion of present time (pr3) interval percentiles to distant future (DFC) percentiles, as

represented by item D in Figure Al.

This is representative of two sets of conversion factors that are applied to the percentile
values derived from the long-term present time horizon runoff time series (see items E and
F). These factors, once applied to the percentiles of the long-term record, gives the o™ 25"
50", 75" and 100" percentiles of the new long-term runoff time series that will represent the
two future time horizon runoff time series (item H in Figure Al).

This is representative of a long-term monthly runoff record that represents the natural runoff
that enters a specific reservoir, based on present climatic conditions. This long-term time
series is calibrated against an observed runoff time series, taking into account various land
use and human development aspects and rainfall is derived from long-term observed records,
and is statistically stationary. This stationarity is preserved throughout the procedures that

follow.

The monthly total runoff volumes in a hydrological year are added, to produce total annual
runoff volumes for the above-mentioned present condition time horizon. This is what is

represented by item F in Figure Al.

F: This is representative of the long-term present condition surface water runoff time series
data, given in annual total flow volumes. As described above, the time series consists of 62
values. These values are ranked in ascending order and 5 percentile values are determined
for each time series. These are:

e 0O" percentile (or minimum)

o 25" percentile (or 1% quartile)

e 50" percentile (or median or 2" quartile)

o« 75" percentile (or 3" percentile)

e 100" percentile (or maximum or 4" quartile)
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This results in five statistical descriptive values that represent the long-term annual time

series and leads to item G in Figure Al.

G: This is representative of the five percentiles, describing the bounds of the quartile intervals,
for each of the long-term annual runoff time series. There are four such intervals, viz.
[0"-25"), [25"-50"), [50"-75) and [75™-100"].

These percentiles are adjusted using the two sets of adjustment factors described for item C
above, representing the intermediate future (IFC) and distant future (DFC) time horizons,

respectively.

The adjustment is done by multiplying each of the long-term percentiles with the
corresponding adjustment factor. This gives rise to two new sets of percentiles that represent
the long-term intermediate and long-term distant future time horizons, respectively (item H in
Figure Al).

The adjustment procedure is presented as a diagram in Figure A2. Corresponding items in

Figure Al are indicated in [square brackets].

As can be seen from the Figure A2, the five percentiles for the two new long time series have
now been computed. These will serve as ‘benchmarks’ in the computation of the remaining
annual total values (i.e. the values that lie ‘in-between’ the percentile benchmarks) and are

represented by item H in Figure Al.

H: This is representative of the five benchmark percentiles of the intermediate and distant future
long-term annual total runoff time series, calculated as described in the above description.
The remaining total annual flow volumes in the long-term present conditions time series are
converted to the future time horizon by means of linear interpolation between the five

percentile benchmarks, as indicated in Figure A2. This gives rise to item | in Figure Al.

I This is representative of the two long-term future time horizon-based annual runoff volume
time series. As described above, these time series are derived by first adjusting the five
percentile values and secondly, by linear interpolation of annual totals that are situated in-
between these percentile benchmarks.

Figure A2: Adjustment of long-term present percentilesto reflect long-term futuretime horizon
percentiles
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Long term present Conversion factors to adjust Long term future annual Linear interpolation
annual runoff time present runoff percentiles to runoff time series in-between
series percentiles [G] IFC and DFC percentiles [D] percentiles [H] percentile bench-
marks (4 intervals) [1]
IFC DFC

M Po, intermediate future
f
\O,dﬂ:’ Po, distant future

f25, ifc P25, intermediate future
f25' dfc p25, distant future

fs0, ifc P50, intermediate future
50, afc Pso, distant future

M p75, intermediate future
f
75, dfc P75, distant future

flOO, ife p100, intermediate future
f
100, dfc p100, distant future

Po, present

Pas, present

p50, present

p75, present

p100, present

In order to perform yield analyses on these time series, the annual totals need to be
disaggregated into monthly values, allowing for the seasonality (wet and dry seasons) to be

characterised in the time series. This is represented by item K in Figure Al.

This is done by making use of the seasonal distributions derived from the two short-term
future time horizon monthly time series in item A. The four quartile-intervals described under
item C, are viewed as four groups of data-sets, each having a set of flow values for months 1

to 12. The average value for each month in each of the four data-sets is computed and
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expressed as a proportion of the average total annual flow for that data-set. Thus resulting in
four sets of monthly distribution patterns for each of the two future time horizon time series.

This is represented by item J in Figure Al.

J: This is representative of the monthly distribution patterns of annual flows, as per short-term
time series. The distribution pattern changes as the total annual flow volume changes by
associating a specific distribution pattern with each of the four percentile-intervals (i.e.
[0™-25"), [25™-50™), [50™-75™) and [75"-100]). Therefore there are four distribution patterns

associated with each of the two future time horizon time series.

These distribution patterns are applied to the long-term total annual flow volume time series
represented by item | in order to produce the long-term monthly flow volume time series

represented by item K in Figure Al.

K: This is representative of three long-term monthly runoff time series, representing the present,
intermediate future and distant future time horizons respectively. These time series are

stationary and can be used in reservoir yield analyses.

Upon investigation, the research team found that the seasonality (i.e. the monthly distribution of
annual total flows) in the GCM-based time series differed significantly from that of the long-term
present time horison sequence. In order to facilitate the comparison of yield results between the
different time horison results of the GCM-based simulated sequences, the long-term present
runoff sequence was adjusted to reflect a seasonal distribution similar to that of the short-term
GCM-based present time horizon sequence. This was done in a similar fashion as the monthly
breakdown performed for the future time horizon sequences. In particular, the long-term total
annual flow volumes were computed and this annual sequence was characterised in terms of the
o™, 25" 50", 75" and 100" percentiles. The mean monthly distribution (per quartile — as for the
future time horizons) of the short-term present time horizon sequence was also determined.
Having characterised both the long- and the short-term sequences, the short-term-based monthly
distributions were then used to disaggregate the total annual flow volumes in the long-term

sequence, using mean monthly distributions pertaining to each particular quatrtile.
This resulted in a new long-term present time horizon sequence that has the same MAR as the

original long-term sequence, but with a seasonal distribution similar to that of the GCM-based

short-term present time horizon sequence.

75



9.

S
9ouanbas 211SeY201S JO uonepIfeA pue uoneslLaA g XIaNIddV



Ll

ANVA Y3AIY 9439 T'g Xipuaddy



8.

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

]
mmmmmmaaa

et
o o m
e

— -
o —
(W L)) Ano WeaIgs Agjuo

T
(]
(]

LA [2RUUY e ALuopy

aouanbas jouns wisl-buol Apms pajre1sd (NvVA YIAIY 9439



6.

T
]
=

(A L)1) AnO eSS Loy

aouanbas jjouns wual-buo| Apnis pajielad :ANVA Y3IAIY 9439



08

005 o2k 098 Obr O
Il Il

[ ]

| pauoEn —

uepeap —

US| — pajEnwS

B 028 032 0
1 Il

¥E OZE 002 082 09

[l 9] Apaeces

Z OvZ 022 002 02k 091 OF
L L

0zl ool 08 0z
Il L

codoooficoobooalh

S5t
- 05

55

w360 iR,

- 09

- 59

- 0L
..... 5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

aouanbas jjouns wual-buo| Apnis pajielad :ANVA Y3IAIY 9439



18

|Enug dag

bobdoodoks

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

Jussald G INVHOT ‘INVd d3AId ©4d3d



8

=y dag By e unp Ae Ay =T o2 uer fat=Tg| 0N 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

Jussald G INVHOT ‘INVd d3AId ©4d3d



€8

005 o2k 09¢ Ok 02k 00
Il Il

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
B 028 092 0Obe 022 00E 022 092 Ok OZC 002 02
1 Il Il 1 Il L L

09l oOf

0zl ool 08
Il L Il

||||||||| doooodibooodoooodoccodonoodoooo

|||||||||||||| doocoodloooo
| 1

L L

1 1

' '

' '

L L

' 1 1 ' 1 ] ]
' ' '
' '

+ +

' '

' '

' '

L....Luunu
1 |
1 1 1

' '
B R T
' '

w360 iR,

- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

Jussald G INVHOT ‘INVd d3AId ©4d3d



8

ey

L
—
[
—
il

(A L)1) AnO eSS Loy

mmmmmmmaa

LA [2RUUY e ALuopy

a1ning ajelpawialiu] 1§ NVHOT [INVA d3AIH ©4d39



a8

Ry dag Ay e unp Aepy iy e a4 uep aaq] AR 120

=
o

b
=+
2]

Lo
]

[dn)
o

(A L)1) AnO eSS Loy

fun)
o

[us]
(]

[}
=+

28]

L

)

=t
1

SUDNEIAS PUEPUELS [2RUUY e Aoy

a1ning ajelpawialiu] 1§ NVHOT [INVA d3AIH ©4d39



98

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Ok OZF OOk 022 092 OF: OCE 008 082 092 Ok 022 002 ORL 09k Okl OZF 00l 08 09 oOF 02 0
Il Il 1 Il Il 1 Il 1 L L L L Il L Il

; i i 0

w360 iR,

123 Ayoeden R,

91nnd sjelpauwualu] :g N\VHO3 [INVA d3AAIHd ©4d3d



/8

ey

[

=+

=
!

(A L)1) AnO eSS Loy

T
=
o]

T T T
= 7
[ |

LA [2RUUY e ALuopy

a21nind juelsiq g N\VHOH [INVA d3AId ©4d39



88

Ry dag Ay e unp Aepy iy e a4 uep aaq] AR 120

L

=t

(|
I

(A L)1) AnO eSS Loy

|||||||||1||||||||_.|||m

SUDNEIAS PUEPUELS [2RUUY e Aoy

a21nind juelsiq g N\VHOH [INVA d3AId ©4d39



68

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Ok OZF OOk 022 092 OF: OCE 008 082 092 Ok 022 002 ORL 09k Okl OZF 00l 08 09 oOF 02 0
Il Il 1 Il Il 1 Il 1 L L L L Il L Il

: o g g S T T e e T a

w360 iR,

123 Ayoeden R,

a21nind juelsiq g N\VHOH [INVA d3AId ©4d39



06

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

LA [2RUUY e ALuopy

Jussald ‘43-SSI9 [INVA d3AIH ©d39d



16

[eruUy das B Ine unp A ety = 24 uer 220 Ao =g

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

Jussald ‘43-SSI9 [INVA d3AIH ©d39d



43)

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Ok OZF OOk 022 092 OF: OCE 008 082 092 Ok 022 002 ORL 09k Okl OZF 00l 08 09 oOF 02 0
Il Il 1 Il Il 1 Il 1 L L L L L Il L Il

i ; ]

w360 iR,

Foog

pooco

“g-e-

-0
123 Ayoeden R,

Jussald ‘43-SSI9 [INVA d3AIH ©d39d



€6

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

[iu]

o

—
1

(A L)1) AnO eSS Loy

o

-

—
1

LA [2RUUY e ALuopy

91nn4 slelpawlalu] :43-SSI9 ‘NVA d3AId D439



6

|enuug
L

T
mmmmmmaa mmmmmmayg

(A L)1) AnO eSS Loy

T
o
=

mammsmms

SUDNEIAS PUEPUELS [2RUUY e Aoy

21ning arelpawlsiul :43-SSI9 [INVA d3AId 9439



G6

oos o2k 09F Ok OZF 00k 022 092 OF: OCE 008 082 092 OkC 022 002 021
Il 1 Il Il 1 Il L L L

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
09l oOf

0zl ool 08
L L Il L Il

YRR

Loocoo

coooboooo
T

S5t
- 05

55

w360 iR,

- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

91nn4 slelpawlalu] :43-SSI9 ‘NVA d3AId D439



96

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

a1nind juelsiq :¥3-SSIO [AVA d3AId ©Od3d



L6

[Ny dag Ay Ine urr A ey L= EH| uer 23] AR L2}

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

a1nind juelsiq :¥3-SSIO [AVA d3AId ©Od3d



86

005 o2k 09F Okk OZF O0OF 022 098 OFE OZE 002 O
Il Il 1 Il Il 1 Il

| pauon — uepeaw —

US| — pajEnwS

[l 9] Apaeces
2z 092 OF

C 0ZZ 0
L

0z 081 09 0OF

0g

=
[}

ozl ool
Il L

coood

|
'
'
'

"

coood

codoooficoobooalh

S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

a21ning juelsiq ‘¥3-SSIO [AVA d3AId ©Od3d



66

Uy

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

jussald ‘FINO-T1SdI -INVA d3AIE 9439



00T

e, dac By e urp L= ahy ey =E| uep 330 40N PO

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

jussald ‘FINO-T1SdI -INVA d3AIE 9439



107

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Ok OZF OOk 022 092 OF: OCE 008 082 092 Ok 022 002 ORL 09k Okl OZF 00l 08 09 oOF 02 0
Il Il 1 Il Il 1 Il 1 L L L L L Il L Il

S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

jussald ‘FINO-T1SdI -INVA d3AIE 9439



c0T

(Uop
Jenuuy

coofloooo

- ——

' ] —_— ] '
EEEEEEEEEEESSEESEEpEESEESSENEEESEESSSASAESEESSpESEEEEESmEEEEEEEEEmEEEEEEEE
' ' '

' '
' ' '
) e e P S

fun) [
o o

o
o
PRI EFETE SN AP FETEEN AT R

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

91nnd sjelpawlalu] :yINO-1SdIl -NVA d3AId ©O439



€0T

EYILoK
Ry dag Ay e unp Aepy iy e a4 uep aaq] AR 120

mssssmssdesssssssssannnannnhannnnnnsn
' '

(A L)1) AnO eSS Loy

[in]
=+

LN

w

=+
1

D e
i

-
=+

SUDNEIAS PUEPUELS [2RUUY e Aoy

a1ning areipawsiu] (yINO-1Sdl -INVA d3AIH 9439



v0T

005 o2k 098 Obr O
Il

[ ]

[ povosy — vepeaw —  ueaw — paprws .

¥ 028 092 0ObE OZ2 002 OB2 092 Ok 0OZ2 OOZ 03k 091 OFl OZ)
1 Il Il 1 Il L L L L Il

[l 9] Apaeces
ool 08 0
L

coocoloooodoocooboooo
T

_
,
-

w360 iR,

odpooopood

-0
123 Ayoeden R,

91nnd sjelpawlalu] :yINO-1SdIl -NVA d3AId ©O439



S0T

Uy

'
'

msssmssssmEsssmnnn
'

T
'
'
[
v
'
'

]
mEEsmEsssEEsEEEEan
'
'
msssmssssEssssmnnn
'

EEmssaman

'
'

mssssmsssmEsssaman
'

T

LA [2RUUY e ALuopy

a1nind uelsiq ‘:yINO-11Sdl -IANVA d39AId ©Od39

(A L)1) AnO eSS Loy



90T

Ry dag By e unp Ay Ay pL=TH uen ="y AN 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

a1nind uelsiq ‘:yINO-11Sdl -IANVA d39AId ©Od39



L0T

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces

005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08
Il Il 1 Il Il 1 Il Il L L L L Il L

123 Ayoeden R,

a1nind uelsiq ‘:yINO-11Sdl -IANVA d39AId ©Od39

- 0ol

w360 iR,



80T

Uy

F k=

(W L)) Ano WeaIgs Agjuo

LA [2RUUY e ALuopy

IN3IS3dd -T'ENDDD ‘INVA d3IAIH ©d3d



60T

=y dag By e unp Ae Ay =T o2 uer fat=Tg| 0N 120

(A L)1) AnO eSS Loy

LT L ) mmmemmmbhssmammma
h h

SUDNEIAS PUEPUELS [2RUUY e Aoy

IN3IS3dd -T'ENDDD ‘INVA d3IAIH ©d3d



07T

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08 0
Il 1 Il Il 1 Il L L Il L

1 L L L
' [ [ '
' ' ' '
' ' ' '
||||| boood a a 1
] ] ] 1
' ' ' '
' ' '
1 + +
' ' '
' ' '

- 0e

o
¥y}
w360 iR,

- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

IN3IS3dd -T'ENDDD ‘INVA d3IAIH ©d3d



Iy

Uy

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

JdN1Nd FLVIAIWHTLNI -T'EWDDD [INVA d3AIH ©d39



AN

=]

15
5]
£5
5]
55
95
25
85
55
09
19
29
£9
#9]
59
93]
£9
29
B9
02
(7
[
£47
i
52
94
L2
84

LI LID]|I L) A LIRS Aoy

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd FLVIAIWHTLNI -T'EWDDD [INVA d3AIH ©d39



€TT

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08 oz o0
Il Il 1 Il Il 1 Il L L L L Il L

L
' 1 '
' ' '
' ' '
||||| coood L boood
' ]

'

'

+

'

'

'

L

h '
' '

' '

0 1

] 1

' ' '

codoooficoobooalh

=
05
.......... | 55

w360 iR,

- 09
..... - 59
- 0L
5L
- 02
- 52

“.-l.-w.-.l.._r:--u.----u.l- - L 5

- 56

- 0ol

123 Ayoeden R,

JdN1Nd FLVIAIWHTLNI -T'EWDDD [INVA d3AIH ©d39



v11

|Enug dag By e unp

T T
oo™

Iy
L= R

T T
L=

T T
o m
=

W

(W L)) Ano WeaIgs Agjuo

LA [2RUUY e ALuopy

INIS3FHd -ENWD-ININD [IAVA d3AId ©OH39



1

=y dag By e unp Ae Ay =T o2 uer fat=Tg| 0N 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

INIS3FHd -ENWD-ININD [IAVA d3AId ©OH39



911

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Ok OZF OOk 022 092 OF: OCE 008 082 092 Ok 022 002 ORL 09k Okl OZF 00l 08 09 oOF 02 0
Il Il 1 Il Il 1 Il 1 L L L L Il L Il

; i _ 0

w360 iR,

mon - - - - - -

-0
123 Ayoeden R,

INIS3FHd -ENWD-ININD [IAVA d3AId ©OH39



INTERMEDIATE FUTURE

CNRM-CM3:

BERG RIVER DAM

farthly and Annusl Means

____1_________
'
'

%

] e S |

R e e B

1
e e T T T TP

I
B
0
|

L L T T

[

Focsocooogsa

b m e 4

-

'
'

Mar

14 4.

s

I I

%)d bogosasascagmasassasamsassacsaga cons

May Jun Jul Aug Sep Annual

Apr

Moy Dec Jan Feh

Ot

Morths

117



8TT

=]

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

J4N1Nd FLVIAIWHTLNI -:END-ININD ‘ANVA d3AId ©Od39



61T

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
oos o2k 09¢ Ok OZF 00k 022 092 OFE OCE 008 082 092 Ok 022 002 O8L 09k Okl OZF 001 08 09 OF
Il Il Il Il 1 Il Il 1 Il L L Il L

=
[}
=

1

' ' ' ' ' ' I ' I
' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' '
booodbooo doooodloooodoooadoooad cooo
. _ . _ _ .
.
.
.
.
.

codoooficoobooalh

=
05
..... | 55

w360 iR,

..... 09
..... 59
N
&=
- 08

' '
I |
B R
' '
'
'

S e R T L co

_
A
.
:
'
.
, :
Ty Oy oy
' h h ’ h ;
i

R R Ak

- 05
- 56

' ' \
T Sy SR SRR SR SR Sysvar tosso [ L o0

123 Ayoeden R,

J4N1Nd FLVIAIWHTLNI -:END-ININD ‘ANVA d3AId ©Od39



0¢tT

Uy

o0l
101
c0l]
01
01
501
01
L£01]
201
G0
0kl
[39%
k]
Eh1]
]
Skl
k1]
L1
21
Gl

0z 1]

[ W LI A LIRS, ALUD

SUEA [ShULy pUE ALpdopy

JdN1Nd LNV1SId

END-WHND INVA d3AIH ©d39



1ct

Ry dag By e unp Ay Ay pL=TH o2 uen ="y AN 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd LNV1SIA :END-WHND [INVA d3AIH ©d39



¢cl

[Eouoiey — uepeay —  ueaw — pagnus -

[ 35) Apoeles
005 08¢ 09k Ok OZF O0F 0OBE 098 OFE 028 008 082 052 Oke 022 002 08
L L

R
'

----45

(i b 90 pilais,

el Audeder piaiy

JdN1Nd LNV1SIA :END-WHND [INVA d3AIH ©d39



ecl

ANVA YVINAIN 2 g Xipuaddy



144"

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

aouanbas youna wual-buo| Apms pajielaq (ANVA SvINAIN



Gct

Uy

T
[l
oA

T
=+
sk

T
W
=

T
o
=

T
=
]

T
Ing]
]

(A L)1) AnO eSS Loy

=

| CE

[ FE

SUDNEIAS PUEPUELS [2RUUY e Aoy

aouanbas youna wual-buo| Apms pajielaq (ANVA SvINAIN



9¢tT

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08 0
Il Il 1 Il Il 1 Il Il 1 Il L Il L

'
'
'
coood

................................ =
- 0E
=
- OF
S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L
- 02

S T DN S N N T = il -

__
A
T e [ 05

- 56

- 0ol

123 Ayoeden R,

aouanbas youna wual-buo| Apms pajielaq (ANVA SvINAIN



LcT

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

=+
[}
(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

1IN3IS3dd S WVYHO3 [IANVA aVINAIIN



8¢

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

1IN3IS3dd S WVYHO3 [IANVA aVINAIIN



6¢T

005 o2k 09¢ Ok OZF OOk 022 092 OFE OCE 008 082 092 0OkC 022 O
Il Il 1 Il Il 1 Il L L

| pauon — uepeaw —

US| — pajEnwS

[l 9] Apaeces

0zl ool 08
Il L

' ' ' ' '
' ' ' ' '
' ' ' ' '
coood

—

A el L
1 | I 1

L
1
'
'
L
]
'
'
+
'
'

= --°q~--1---T---r---

:
:
t

[To]

fix]

S5t

- 05

55

w360 iR,

- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

1IN3IS3dd S WVYHO3 [IANVA aVINAIIN



0€T

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

T
=
55]

T
L
o

['e)
)
=+
L
T
)
=+

T
L
=+

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

JdN1Nd FLVIAINAGTLINI -G NVHOT ‘NWVvd dVINAIN



T€T

Uy

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd F1VIAIWEHTLNI S WVYHO3 [INVA dVINAIIN



44}

oos ogk 0
Il

9 Ort 0ZF 00

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces

¥ 028 082 0OvE OZ2 002 OB2 092 Ok 022 002 03k 091 OF
1 Il Il 1 Il L L

0zl ool 08
Il L

L

[

'

'

a

] ' ] ] ' ] '
'

'

+ B L T S S
'

'

: =

YRR

- 05

....... : | 55

w360 iR,

- 09
- 59
- 0L
5L
- 02
............ - 52

mooobaoodbaocabooas
I v I

- 05

- 56

T
1
'
cobooo
]
'

- 0ol

123 Ayoeden R,

JdN1Nd FLVIAINAGTLINI -G NVHOT ‘NWVvd dVINAIN



€eT

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

ddN1Nd LNV1SId :S WVYHO3 [IANvVA aVINAIIN



vET

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

[
=+
LI LID]|I L) A LIRS Aoy

-
(

u
[du]
=+

T T
[ v u}
ur =

SUDNEIAS PUEPUELS [2RUUY e Aoy

ddN1Nd LNV1SId :S WVYHO3 [IANvVA aVINAIIN



GET

005 o2k 09¢ Ok 02k 00
Il 1

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
¥ 028 092 0Ove OZ2 002 OB2 092 Ok 022 OOZ 03k 091 ORl o021 00k 08
1 Il Il Il L Il L

'
'
'
'
i+
1
'
'
'

'
'
'
'

T
|
'
'

L
[
'
'
a
]
'
'
+
'
'

'
'
'
'
coq=oo
1
'
'

= --°q~--1---T---r---

- 0e

S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L
- 02
.............. - 52
- 05
- 56

-0
123 Ayoeden R,

ddN1Nd LNV1SId :S WVYHO3 [IANvVA aVINAIIN



9T

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

'
mssssmsasdasssannn

LA [2RUUY e ALuopy

IN3IS3dd -d3-SSIO ‘NWVvd dVINAIN



LET

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

IN3IS3dd -d3-SSIO ‘NWVvd dVINAIN



8€T

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08
Il 1 Il Il 1 Il L L L Il L

w360 iR,

-

S

- 0ol

123 Ayoeden R,

IN3IS3dd -d3-SSIO ‘NWVvd dVINAIN



6€T

Uy

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

JdN1Nd FLVIAIWHTLNI -d3-SSI9 [INVA dVINAIN



ovT

|Enug dag e unp Aepy iy pL=TH qaq uer fat="g| AN 120

T
=+
sk

T
o
=

T
-
=

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd FLVIAIWHTLNI -d3-SSI9 [INVA dVINAIN



1l

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08 oz o0
Il Il Il Il 1 Il Il 1 Il L L Il L Il

1 L
' ' 1
' ' '
' ' '
' coood L
] ' ]
' ' '
' '
1 +
' '
' '

S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

JdN1Nd FLVIAIWHTLNI -d3-SSI9 [INVA dVINAIN



DISTANT FUTURE

GISS-ER:

MIDMAR DAM

farthly and Annusl Means

180

My Dec Jan Feh ar Apr May Jun Jul Aug Sep Annual

Ot

Morths

142



vl

Uy das Breg W unp Jepy 0ag e fal="g| A0 biala)

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd LNV1SIA -d3-SSIO ‘NVvd dVINAIN



144"

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
oos o2k 09¢ Ok OZF 00k 022 092 OF: OCE 008 082 092 Okbc 022 002 ORL 09. Okl OZF 00l 08 04 0
Il Il 1 Il Il 1 Il L L L Il L Il

1 L
' 1
' '
' '
boood L
] ]
' '
' '
1 +
' '
' '
'

coodbooacbooadbooad
v

w360 iR,

- 0ol

123 Ayoeden R,

FdN1Nd LNV1SIA -d3-SSIO ‘NVd dVINAIN



14

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

IN3IS3IHd -YINO-1Sdl -NVA dVINAIN



T

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

6

00l

['e)
=
—
L
T
"
n
"
[

T
o
=

T
=
]

T
Ing]
]

(A L)1) AnO eSS Loy

u
=+
[}

T
o
(2]

SUDNEIAS PUEPUELS [2RUUY e Aoy

IN3IS3IHd -YINO-1Sdl -NVA dVINAIN



A4

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08 0
Il Il Il Il 1 Il Il L L L L Il L

ot
..... 05
...... =

w360 iR,

..... - 09
..... - 59
- 0L
5L
- 02
R RELS g PP W -ov e sl | 22
- 05

boodlooo

- 56

..... -0
123 Ayoeden R,

IN3IS3IHd -YINO-1Sdl -NVA dVINAIN



8v1

Uy

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

JdN1Nd FLVIAIWHTLNI -vINO-1Sdl -INWVA SVINAIN



6v1

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd FLVIAIWHTLNI -vINO-1Sdl -INWVA SVINAIN



0597

005 o2k 09¢ Ok 02k 00
Il

[ pouosy — uepeaw —  uea — papnus

[l 9] Apaeces

¥ 028 092 0Ove OZ2 002 OB2 092 Ok 022 OOZ 03k 091 ORl o021 00k 08
1 Il Il 1 Il L L L L Il L Il

L
[
'
'
a
]
'
'
+
'
'

codooogooopoools
codooogooopoools

S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

JdN1Nd FLVIAIWHTLNI

YIND-T1Sdl -INVA dVINAIIN



19T

|Enug dag By

T
o
o

(A L)1) AnO eSS Loy

T T T
= N O
=+ =+ =+

T T
0w
=+ =

T T
[ B )
ur

T
=
ua

T T T
[ )
wou W

LA [2RUUY e ALuopy

JdN1Nd INV1SIA -:yINO-1Sdl -NVA dVINAIN



41}

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

W

(W L)) Ano WeaIgs Agjuo

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd INV1SIA -:yINO-1Sdl -NVA dVINAIN



€aT

005 o2k 09¢ Ok 02k 00
Il

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
B 028 092 0Obe 022 00E 022 092 Ok OZC 002 02
1 Il Il 1 Il

09l oOf

0zl
Il

ool 08
L

L
[
'
'
a
] '
'
'
+
'
'

R |

o= wloe - - -

B

i

S5t
- 05
55
- 09
- 59
- 0L
5L
- 02
- 52
- 05
- 56

- 0ol

123 Ayoeden R,

JdN1Nd INV1SIA -:yINO-1Sdl -NVA dVINAIN

w360 iR,



141

Uy das By I unr Ay iy PL-TH] gad uer aJag] AR 190

Ing]
]

=+
(w2}
(s W L) AROY LIES 1S ALy

T
o
(2]

oo
(]

T
=
55]

T
)
o

SUEAM [SNULY LR Ao

IN3IS3IHd -T'ENDDD -INVA dVINAIN



qqT

]

-z
..... ¥
3

..... | 2

- 0l
T
L

.............................................................. | a1

...... = =L
................................................................. ==f== - 07

........ | 7z
- vZ

=
............. oz
s e
............. | 7o D

............. =

LW LI W) Asp WeaUlS Aluo )y

&3
............. =3

............. | 0F

e L ot
- tF
il
il

SU0NEIAS] PUEPUES [2RUUG U Aupuopy

IN3IS3IHd -T'ENDDD -INVA dVINAIN



99T

005 08k 09F OFk
Il 1

|

— umpeapy — ueap — papEnus e

0ZF O0F 082 098 OFE
Il 1 1 1

(el 9] Apdedes
OZE 002 032 092 OFC 02 002 02

09k or

ozl oal
L Il

cooodbooodoooodoo

T
'
'
'
codooodlocofooaboacbood

L
[
'
'
a
]
'
'
+
'
'

R e T =
R e T =

cooobooooboooobooooboood

(v I 260 piEL,

- s mEm—— - - - cq

—

=] Ayoedern pEi,

IN3IS3IHd -T'ENDDD -INVA dVINAIN



LST

]

unp Aep iy =10 o2 uer fal=Tg| AP 120

0EE

SEE]

OFE

SrE

05E

S5E]

09%)

SaE

045

SLE

02E

ey

05E ]

SEE]

0ot

=1

¢ 02
F T
E T
=
=
i 02
i CC
- e
=
=
ud
F O
FFE
=L
{2t
{05
05
E PS5
95
895
i 03
i ©3
ol
99
- 99
F 0L
s

[\ L0 AnOp Eags SOy

SUEAW [ENULE e SLypaomy

JdN1Nd FLVIAIWHTLNI “T'ENDDD -INVA dVINAIIN



89T

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

[}
[
—

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd FLVIAIWHTLNI “T'ENDDD -INVA dVINAIIN



69T

005 o2k 09¢ Ok 02k 00
Il

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
¥ 028 092 0Ove OZ2 002 OB2 092 Ok 022 OOZ 03k 091 ORl o021 00k 08 oz o0
1 Il Il 1 Il L L Il L Il

L
[
'
'
a
]
'
'
+
'
'

codooofooobooolh
codooogooopoools

S5t
- 05
55

w360 iR,

- 09
- 59

'
a
]
'
'
=

N
2
i - o
. _-_”.-..+-..¢....W. o2

S __;___

- edoan- oo - 06

- 56

- 0ol

123 Ayoeden R,

JdN1Nd FLVIAIWNAGTLNI -T'EWDDD [INVA dVINAIIN



097

Uy

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

IN3IS3dd -:END-ININD ‘IANVA dVINAIIN



197

Uy

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

IN3IS3dd -:END-ININD ‘IANVA dVINAIIN



4%}

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08
Il Il 1 Il Il 1 Il Il L Il L

'
'
'
coood

w360 iR,

R

cgooo

..... s O N Pt S

-0
123 Ayoeden R,

IN3IS3dd -:END-ININD ‘IANVA dVINAIIN



€91

Uy

-9
-2
- 0l
T
-l
T 9l

(A L)1) AnO eSS Loy

LA [2RUUY e ALuopy

JdN1Nd FLVIAIWATLNI -END-ININD ‘NWVA dVINAIN



v91

Uy

=

L0 W) Asop WEa11S Agiuo

y
oo
]

w

T

=

=+
(:

T T
= ™
=+ =t

T T
[ouin]
=+ =

SUDNEIAS PUEPUELS [2RUUY e Aoy

JdN1Nd FLVIAIWATLNI -END-ININD ‘NWVA dVINAIN



G991

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08 0
Il 1 Il Il 1 Il L L L L Il L

codooogooopoools

o

eebees ; =

S5t
- 05
55

w360 iR,

- 09
- 59
- 0L
5L

R

- 02

-

- 52

--wad----l-gg-lopu
v ' 1

- 05

P

- 56

T
1
'
imm - -
'
'

- 0ol

123 Ayoeden R,

JdN1Nd FLVIAIWATLNI -END-ININD ‘NWVA dVINAIN



997

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

T
=+
]

T
o
]

T T
[ v
Moo

T
)
Lyr)

(A L)1) AnO eSS Loy

T
=
]

T
[iu]
(]

LA [2RUUY e ALuopy

FdN1Nd LINV1SIA :END-IWIND [INVA aVINAIIN



19T

|Enug dag By e unp Aepy iy pL=TH qaq uer fat="g| AN 120

(A L)1) AnO eSS Loy

SUDNEIAS PUEPUELS [2RUUY e Aoy

FdN1Nd LINV1SIA :END-IWIND [INVA aVINAIIN



891

[ povosy — vepeaw —  ueaw — paprws .

[l 9] Apaeces
005 o2k 09¢ Okt OZF OOF 022 092 OFE OZE 008 08T 092 Ob2 022 002 OBl 094 Okl 021 OO0l 08
Il Il 1 Il Il 1 Il Il 1 Il L L L L L Il L

'
'
'
coood

cooadoooofoocalocos
| 1

.

w360 iR,

1
'
!
-r
'
'
i
"
'
'

l-a--k--m
1 0
1
1 '
- -B- - --BEB - EBLl-m B ----lB-0B
f} ' 1 1 1

boococobooo
1 T
1 |

-0
123 Ayoeden R,

JdN1Nd LINVLSIA :EWD-ININD [INVA dVINAIIN



691

AVA IVVIAdL00d9 g Xipuaddy



0.7

=g dasg Brrg

001

w
(]
{(z W IO AR D WSS, A0 |y

F 0Ll
S
01
=
02l
- SEL
oFl
- Skl
e
£
091
=L

SEA [ERULY pUE ALUop

aouanbas younu wisi-buo| Apnis pajielad (INVA IVVYHALO0HD



1.1

JenuL

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

aouanbas younu wisi-buo| Apnis pajielad (INVA IVVYHALO0HD



¢l

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05 Ok O2F 0O0F 085 098 OvE OFE O0E 082 092 0Obe 022 002 0Bl O09. OfL 02k 00l 08 03 0OF 02 0

' ' '
' ' ' ' ' ' '
R S T T
]
'

Poogooogoo
T T
[ ]
[

- 0E
=
- OF

Joocopooopooomoog

I S5F

i

- 05
- 55

(i 96) =,

- 09
e e ¢

0L

' ' ' '
bemoopooac oo "B - - -gmm-n m-aa D poloopoasomoaoamon o Loy
' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' '

R Bt e PE el 02

58
- 05
- 56

- 0ol

18] Apoeded pEA,

aouanbas jjounu wial-buo| Apnis pajielad (ANVA IVVYHALO0HD



€LT

[Eenuuy dag Brig e unp AE Ay =T a4 uer a3 AQN 120

(01 LIOYILLE) A LIEELS, ALy

B [BAULG PUE ALTIopY

Jussald G INVHO3 ‘IANVA IVVJdL100d9



V.1

[l LU IO L) A O LIRS, AIID

SUDIEIAS PUEPURIS [SnUUY pUE Aok

Jussald G INVHO3 ‘IANVA IVVJdL100d9



Q.1

__wu:Em_I — ugpEap — Uesp — panus e

[ %) Apaecen
005 02¢ 09F OFF OZF OOF 0S5 098 OFE OS5 002 OBC 092 ORC O0EC 00 021 091 Orl OZFk OOk 02

PEFEFE U B SNU S MU AU ETEN BN SIS SIS SIS TS ST U IS NS RS IS NS SN B R
] 1 1 1 1 ' h
' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' '

||||| [ 1 5 S S (Y
' ' ' ' ] ' ] ' ]
' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' '

F---- - B e e T R R e e et e e e e R

Ll ) 960 PISL,

58

doc-nd g -md
1 1 1

- 06

h
1
==00¢]
1 1 1 1
1 1 1 1 1
i T ST Fp U JUp U U,
| \ | | | |

1

!

'
..... L -am----
' v

56

' ' '
'
cooochinoadang

- 0oL

J=2 ] ApoedeD PR,

Jussald G INVHO3 ‘IANVA IVVJdL100d9



9.1

=
=
P

L1 L) A O LRSS Aoy

T
]
=
e

w

RS

==l

ZUEA [BNULY e Ao

a1ning areipawisiu] g NVHOT -INVA IVVJd100d9O



LLT

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

a1ning areipawisiu] g NVHOT -INVA IVVJd100d9O



8.1

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05F Ok O2F 0OO0F 085 095 OFE OFE OO0 082 092 0Obe 028 002 O8F 09k 0Okl 021 00l 08 0

||||| RN ]

..... - 0e
| se
..... | oF
| st
0z

- 55

(i 96) =,

SO R E— ; - 03
- 59
o

' \ ' ' |
- -m-B-- -8 -mAEEg ? (S O - By - B B D R - [ - - - - [ - - - - - =
h ' \ ' | ' ' | ' |
| ' | ' | ' ' | ' |
'

' ' ' ' ! '
FOsCR=s=OgEh==5 - - -p- R - e - - -0
' '

58
- 05
- 56

- 0ol

18] Apoeded pEA,

9inin4 sjeipaswlalu] -G NVHO3 [INVA IVVHd100d9



6.1

boodd
1

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

a1nind juelsiq :g AVHO4 [INVAd IVVHd100d9



08T

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

a1nind juelsiq :g AVHO4 [INVAd IVVHd100d9



18T

[ Eavopey — uspesy —

uesp — RIS

(i 960 Al
1]

oos 02+ 0S¢ OFf

0zt 00OF 0O2E 052 OFE 0OZE 00E 082 052

0Ze 00z 08l

09l orl

ozl

ool

08

cooodoooo

|
|
'
cood
1
'

PR

'
P EEEEELL F S %

' '
' '
L L
' ]
' '

-

;

(i 96) =,

' ' ' '

'lTlIlil.ln_ ||"ll.-l-+.|||

' ' ' '

' ' ' '

-mm-polm- G-g-@ - @-b Ge - - - - -
v i ' '

12a] Apaeden p

- 00k
[=1A

a1nind juelsiq :g AVHO4 [INVAd IVVHd100d9



¢8t

=

[}

=+
1

[}
—
=+

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

Jussald ‘¥43-SSI9 [INVA IVVHA100d9



€81

[

(s LW Lo ) AR O IR EURS ALy

SUOEIAA] PAEpUSLS [BRULg pus SLUopy

Jussald ‘¥43-SSI9 [INVA IVVHA100d9



¥81

oos 02+ 0S¢ OFf

[ Eavopey — uspesy —

uesp — PEENUS -

(i 960 Al

0Zy O0OF 0OBE 092 OFE 0OZ€ 008 088 092 Ok2 022 002 081

09l orl o0k 00l 08 0

' '
' '
T L
' ]
' '

boocooodoo

booclooodoootooopoooEoog

-e--dB---d-pa-J-m
1 1 |
' ' '
' ' '
e D
' h 1
'

D ooopoo

' !
HEsgssssE0s=
' '

.

b 0

'
'
[
]
'

- 55

o
L
(i 96) =,

09
- u-mdas - eak -mm-lee- - [ cg
0L

e

'
'

'
o
'

'

|
B
'

'

- 02
58
- 05
- 56

- 0ol

18] Apoeded pEA,

Jussald ‘¥43-SSI9 [INVA IVVHA100d9



681

By dasg Ay |np unp AEpy Ay AE gaq uer aag] AR 190

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

91ning ajelpawisiu] (43-SSIO (AVA IVVHdLO0d9O



981

]
AEEsssssspEEssssssgEEEsssEs

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

91ning ajelpawisiu] (43-SSIO (AVA IVVHdLO0d9O



/8T

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
o0s  08v _um:u _u_wq _uww oot 088 08E OFE OZE OO0 082 092 _u_wm _H_NN oos 08k 09k OfFL OZL 00k Dm

' '
' '
S N [ P S S

- 0E
=
- OF
I S5F

- 05

............................................................ oo

(i 96) =,

..... | 09
..... _ : =
0z

' | ] | '
By @- - - ;BO-0- -B DOBDE - - BB - - -8 B- - = = = === =
' ' ' ' ' ' ' '
' D 0 D ' ' ' '

| f | ' |
B -meE-----m---am ----d--I.J--il.l-.l..----q-!--a-.--w----w----_:--- L 02
| ' |

e

58

I‘luun_.luul.l._l

||||L||-|L||I|_ |l|“|||l|.r|.l- |_H_m

_
'
sosdebesdoccisdbodss
1
'

- 56

O A g L oo

18] Apoeded pEA,

91nn4 slelpawlalu] :43-SSI9 -AVAd IVYVddL1L00d9



881

L3
=
['p)

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

a1nind juelsiq :¥3-SSIO {AVA IVVHdLO0d9O



68T

[

Sl

T
L
o

T
)
=+

T
rl
=+

T
]
[y}

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

a1nind juelsiq :¥3-SSIO {AVA IVVHdLO0d9O



06T

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05F Ok O2F 0OO0F 085 095 OFE OFE OO0 082 092 0Obe 028 002 O8F 09k 0Okl 021 00l 08 oF 02 0

' ' '
' ' ' ' ' '
T 1
'
'

(i 96) =,

T '
- - - - -mE- - B L L Lt T T I A
'

'
'
T
'
'
I

§

coogmooa

- 00k
18] Apoeded pEA,

a1nind juelsiq :¥3-SSIO {AVA IVVHdLO0d9O



167

By dasg Ay |np unp AEpy

(W L) RO LR S ALUo gy

- 00k

- S0l

s

...... 5L

ZUEA [BNULY e Ao

Jussald FINO-1SdI -INVA IVVHALO00dO



41}

By dasg Ay |np unp AEpy Ay AE gaq uer aag] AR 190

T
mmssmsspEEss=as
'

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

Jussald FINO-1SdI -INVA IVVHALO00dO



€67

oos 02+ 0S¢ OFf

0zt 00OF 0O2E 052 OFE 0OZE 00E 082 052

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al

0be 022 002 08l 09L OFL 021 00k

08

'
'
RN [
]
'

L -gmmle-me -ErEEE-@ - -
' ' '

|
m- - - - -ne
' '
' '
'

'
-®--(-m--rm-um
'

——--lp--ml e --l---@lo--Lo-o
1 1 T

- 55
- 09
- 59
0L
e
- 02
58
- 05
- 56

- 0ol

18] Apoeded pEA,

Jussald FINO-1SdI -INVA IVVHALO00dO

(i 96) =,



v61

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

ainn4 sjeipaswisiu] (FINO-1Sdl [INVA IVVHA100d9O



G671

Jen

Uy

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

a1ning areipawlsiul 7INO-1Sdl -INVA IVVEHA100d9O



96T

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05 Ok O2F 0O0F 085 098 OvE OFE O0E 082 092 0Obe 022 002 0Bl O09. OfL 02k 00l 08 03 0OF 02 0

i s 0

' '
' ' ' ' '
S P | P D LoooLoooo ]

- - 0E

. _
||||J||||J
' '
'
]

_ : =

(i 96) =,

- 09
- 59
0L
e
- 02
58
- 05
- 56

- 0ol

18] Apoeded pEA,

ainn4 sjeipaswisiu] (FINO-1Sdl [INVA IVVHA100d9O



L6T

JenuL

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

21NN juelsiq :yINO-1Sdl [INVA IVVHAd100d9



86T

JenuL

[l LU IO L) A O LIRS, AIID

'
'
'
a

SUDIEIAS PUEPURIS [SnUUY pUE Aok

21NN juelsiq :yINO-1Sdl [INVA IVVHAd100d9



66T

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05F Ok O2F 0OO0F 085 095 OFE OFE OO0 082 092 0Obe 028 002 O8F 09k 0Okl 021 00l 08 oF 02 0

||||| e Aol M- ___1____1

DoooooogooopooopoooEoog

¥

(i 96) =,

T
'
'
L
]
'
'

- 0ol

18] Apoeded pEA,

21NN juelsiq :yINO-1Sdl [INVA IVVHAd100d9



00¢

JenuL

msssssssshssssssssbennnmnnndannnnn
1 '

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

IN3IS3dd -T'ENIDI [INVA IVVHA1LO0dD



10¢

JEnuy

(el oI W] ADp a3 Aoy

SLONEAS] PISRIEIS [ShUUy e Aoy

IN3IS3dd -T'ENIDI [INVA IVVHA1LO0dD



¢0¢

[ Eavopey — uspesy —

uesp — PEENUS -

(i 960 Al

oos 02+ 0S¢ OFf

0Zy 0OF 0O2E 092 OFE 0OZ€ 00E 0BE

sz

0Ze 00z 08l

09l orl

ozl

ool 08

are
P PRI ETEE B [ .

RN

L

'
||l|_||.l|l|_f.

'
~-md--am
1 |

'

'

U TR T.

- 0E
=
- OF
I S5F
- 05
- 55

(i 96) =,

- 09
- 59
0L

' '
BB B - - - BB B - o - - - - =
' ' ' '
' ' ' '

e
- 02

' ' ! ' !
S-S - -EE[----p----p----op
' ' '

58
- 05
- 56

- 0ol

18] Apoeded pEA,

IN3IS3dd -T'ENIDI [INVA IVVHA1LO0dD



€0¢

ULy das By 1 unr AE Ay PL-TH] gad e fal="g| AR 190

(W L) RO LR S ALUo gy

ZUEA [BNULY e Ao

JdN1Nd FLVIAIWHTLNI - T'EWIDD [INVA IVVHA1LO0dD



¥0¢

JenuL

— =

- 05

02

- 05

- 00k

P OkL

-0z L

(W L) RO LR S ALUo gy

02k

-0 L

051

09k

i OL1

- 021

- 05|

SUDIEIAS PUEPURIS [SnUUY pUE Aok

JdN1Nd FLVIAIWHTLNI - T'EWIDD [INVA IVVHA1LO0dD



G0¢

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2k 05 oOkk O2F 0O0F 085 095 OvE OFE O0E 082 0392 0Ob2 022 002 O08L 09k 0Okl

ozl 0ol

08

'
'
[
]
'

'
'

SR -
'

TR ----T

' ' '

o mem—n o om—— oo
' '
' '

LR [ IR Sy Ry A
1 ' T

18] Apoeded pEA,

JdN1Nd FLVIAIWHTLNI - T'EWIDD [INVA IVVHA1LO0dD

- 0ol

(i 96) =,



90¢

JenuL

(W L) RO LR S ALUo gy

mEsssmssspssssssgaissesssssjasessssssumsssssssspssssss=ezad (L)

ZUEA [BNULY e Ao

1IN3IS3IHd -END-ININD ‘AVA IVVHdLO0dO



L0¢

JenuL

=

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

1IN3IS3IHd -END-ININD ‘AVA IVVHdLO0dO



80¢

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05F Ok O2F 0OO0F 085 095 OFE OFE OO0 082 092 0Obe 028 002 O8F 09k 0Okl 021 00l 08 0

'
'
'
'
Fooo
|
'
'
'
T
'
'
'
'
T
o

'
'
||||| [
]
'

h
,
:
med
h
,
,
;
w
-

Inintie Talialinls Rl Slilill sl

Poogooogoo

- 0E

=
- OF
I S5F
- 05
....................... L - 55

(i 96) =,

- 09

rI.l|".!|| |mm

0L
..-._”T..rm..i.. =

i 1 o .ﬂ||||“||||| 02
RO PN S 58

- 05
- 56

- 0ol

18] Apoeded pEA,

1IN3IS3IHd -END-ININD ‘AVA IVVHdLO0dO



60¢

JenuL

0e5

oog

=
=
o

ozs

0eg
04

0s9

039

(W L) RO LR S ALUo gy

0z

0gs

0L

ZUEA [BNULY e Ao

JdN1Nd FLVIAIWTTLNI -END-ININD ‘NVA IVVHdLOO0dO



0T¢

=
i)
(W L) RO LR S ALUo gy

=

[ )

L
1

SUDIEIAS PUEPURIS [SnUUY pUE Aok

JdN1Nd FLVIAIWTTLNI -END-ININD ‘NVA IVVHdLOO0dO



1T¢

[ Eouoism — uspeaw —

ugsl — PRS-

LW %

1 Apaeden

005 o02F 09F OFF OZF 00F OBE 092 OFE OZE 00 082 092 Ok 022 002 0BL

0aL oFl

0zl

aatk

ng

||||| booo
'

Lo

'
I b e
' '

' '

| |
R

CH7 I %) PIELs,

' '
-a-dmasml -m-ssas -
' ' '
] ' '
|k - Er b -
] ] 1

' '
-Ba-bEE- @l - -
h '

- 001

JEal Apdedes plaly,

JdN1Nd FLVIAIWTTLNI -END-ININD ‘NVA IVVHdLOO0dO



¢le

L1 L) A O LRSS Aoy

ZUEA [BNULY e Ao

FdN1Nd LNV1SIA :END-WHND INVA IVVHAd100d9D



€Te

il
n I L L

L ! L
4 o "
' ' '

| ] 1 '
O T EEE R EEE TS EEEEEETRY B

(W L) RO LR S ALUo gy

SUDIEIAS PUEPURIS [SnUUY pUE Aok

FdN1Nd LNV1SIA :END-WHND INVA IVVHAd100d9D



1474

[ Eovopey — uepesy —  ueap —paEnus .

(i 960 Al
oos o2+ 05 Ok O2F 0O0F 08 092 OvE OZE OO0E 0B 092 Ok 022 002 081 09. OfL OZ) 00k

1
1
' '
' '
T R S T L
' ]

'

'
S R

(i 96) =,

] '
T @ m- - -8 A8 -0 7 EE-E B - - -7 B - e -
' ' ' '
' ' ' '
| ' ' ' '
B -EN-- @y --E[----§-B @ 7----[--&
1 ' '

||||| L T T e e
[ 1 T

- 00k
18] Apoeded pEA,

FdN1Nd LNV1SIA :END-WHND INVA IVVHAd100d9D



APPENDIX C: Yield-Capacity analysis results for
assurances other than 98% (1:50 risk of failure)
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Appendix C.1: BERG RIVER DAM
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1:10 Distant Future Reservoir Yield as % MAR: Berg River Dam
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1:20

1:20 Present Reservoir Yield as % MAR: Berg River Dam
(MAR = 142.07 Mm"3/a)
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Reservoir Yield (% MAR)
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1:20 Distant Future Reservoir Yield as % MAR: Berg River Dam
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1:100
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1:100 Distant Future Reservoir Yield as % MAR: Berg River Dam
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1:200

Reservoir size (factor of MAR)
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1:200 Distant Future Reservoir Yield as % MAR: Berg River Dam
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Appendix C.2: MIDMAR DAM
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1:10 Distant Future Reservoir Yield as % MAR: Midmar Dam
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1:20
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1:20 Distant Future Reservoir Yield as % MAR: Midmar Dam
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1:100

1:100 Present Reservoir Yield as %MAR: Midmar Dam
(MAR = 201.71 Mm"\3/a)
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Reservoir Yield (% MAR)
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Appendix C.3: GROOTDRAAI DAM
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1:20 Distant Future Reservoir Yield as % MAR: Grootdraai Dam
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