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REPORT OVERVIEW

The objective of this study is to develop an appropriate
modelling framework and to provide a first order
estimate of the potential macroeconomic impacts of
future climate change on the South African economy
by 2050. An integrated modelling framework has been
used to estimate the potential impacts of multiple climate
futures on water supply and demand for different sectors,
irrigated and dryland crop impacts, and road infrastructure
costs. These biophysical impacts are linked to a dynamic
computable general equilibrium (CGE) model and
translated into economic impacts in the context of world
commodity prices that are affected by the same set of
climate scenarios. The primary objective is to determine
economic impacts at national scale, although sub-national
analysis is possible and is considered at catchment scale as
are economic impacts at water management area (VWWMA)
scale.

The water and economic model simulates how resources
are optimally reallocated in response to future climates,
in effect representing autonomous adaptation responses.
While the model assumes that adaptation through such
altered resource allocation is autonomous, in reality the
reallocation of resources would involve at least some
policy intervention to facilitate it. Although alternative
development and adaptation scenarios are not specifically
modelled, the results of this study are used to provide
recommendations on critical areas of concern, and to
derive a number of key adaptation messages for which
potential response actions are given. Recommendations
are given for regional downscaling of potential impacts
under future phases of the Longterm Adapation Scenarios
Flagship Research Programme (LTAS) and other areas
requiring further research.

Section | of the report gives a brief overview of potential

economic impacts of future climate change.

Section 2 describes the general integrated assessment
modelling framework with a brief description of the
individual component models used and some of the key
assumptions and simplifications required in both the
biophysical and economic assessment of potential climate
change impacts in South Africa.

The potential climate futures under the two mitigation
scenarios, unconstrained emissions (UCE) and level |
stabilisation (LIS) are described in Section 3. These are
also evaluated in the context of the currently available
South African regional downscaled climate models and the
general LTAS climate futures of “hotter” and “warmer”,
“wetter” and “drier” as well as a number of South African
regionally downscaled climate models. Further work,
currently underway, will apply these regional downscaled
climate models to the same integrated modelling
framework to assess if the biophysical and economic
impacts differ from the hybrid frequency distribution
(HFD) results given here.

Results of biophysical and economic impacts are presented
in Section 4 and Section 5 respectively.

Key messages on impacts and adaptation derived from
the model results are presented in Section 6.

Section 7 describes future research needs including
recommendations for further regional downscaling.

The final section of the report, Section 8, presents a
general conclusion.

LTAS: ECONOMICS 13



EXECUTIVE SUMMARY

This study represents the first attempt at an
integrated approach to modelling the potential
impacts of climate change on the national
economy of South Africa via a number of, but not
necessarily all, impact channels. The study focuses
primarily on national economic impacts by 2050 under a
wide range of potential climate futures using a computable
general equilibrium (CGE) model of the South African
economy, and at sub-national scale to investigate potential
regional impacts at the level of the 19 individual water
management areas (WMA). The CGE model is supported
by a national scale water supply system model configured
at the secondary catchment level, and incorporating all the
major dams and inter-basin transfer systems, a dryland
crop model, and an impacts assessment model for roads
infrastructure at national and provincial scale.

This study identifies some critical areas of concern
in terms of future climate change impacts and
adaptation, such as the potential water supply
impacts in the western and southern Cape, the
significant risk to road infrastructure across
the country, increases in irrigation demand and
the potential reduction in crop yields from staple
crops such as maize and wheat. Overall the economic
impact is found to be most significant at a regional,
namely sub-national, scale and for specific sectors
such as dryland agriculture. Although there are many
negative impacts identified there are also potential
positive benefits in some sectors and in some areas of
the country.

While the annual impact on gross domestic product
(GDP) and GDP growth was found to be relatively low as a
percentage, the net present value (NPV) of the cumulative
impact on GDP by 2050 is highly variable, ranging from
losses of R930 billion to gains of R310 billion (real
2007 rand), with 96% of the climate scenarios
showing overall losses. These losses result primarily
from the potential impacts on dryland agriculture
and on roads infrastructure. The median loss in

14 LTAS: ECONOMICS

NPV under the unconstrained emissions (UCE) or
“hotter” scenario is approximately R259 billion
by 2050. At more than 10% of 2007 GDP, this is
sizeable and should motivate for action in terms
of both mitigation and consideration and funding
of potential adaptation scenarios.

The study also provides some insights into potential
impacts on the nature of future employment and
inequality, although the results are not conclusive and
further research is required.

The results from this study highlight the significance of
endogenous adaptation (hamely individual market
related responses to climate change) in providing
resilience to future climate change. These results
should be used to identify key enabling mechanisms
to support endogenous adaptation and not to limit
the potential for individuals to respond to a
changing climate. This would potentially result in
the most efficient use of the available resources
including water, land, labour and capital and
allow adaptation irrespective of the nature and
direction of change.

Some recommendations for future research are derived,
in particular the need for more detailed regional and
sector-specific modelling of potential climate change
impacts and adaptation options, as well as developing
standardised approaches to incorporating climate
change into existing infrastructure and water
resources planning and other national or regional
planning studies.

While this study has modelled the potential biophysical
and economic impacts of a wide range of potential climate
change impacts, only a single baseline development
scenario was considered and alternative development
and adaptation options were not modelled.
Nonetheless, the model structure is well suited to
modelling these alternative future scenarios and the



model results are used to derive a number of conclusions
on the requirements and potential impacts of alternative
development and adaptation options. Key points derived
from this study and informed by discussions at various
national stakeholder workshops during the LTAS process
include:

I.  Addressing current development needs in a
way that leads to a more robust and flexible society
is an excellent form of adaptation, but must include
protection for natural systems.

2. Adaptation and mitigation together are
required to address the risks of climate change.

3. The capacity to shift productive resources from
relatively unfavoured to relatively more favoured
sectors/regions provides resilience and potentially
mitigates future impacts.

4. Adaptation requires investments now that will pay
benefits in the future.

5. Adaptation will require us to rethink/redefine
our current design and regulatory standards
in diverse areas such as roads, bridges, buildings, and
land using planning and zoning.

6. There will be winners as well as losers due to
climate change, certainly in relative terms. A key
challenge is to find ways to benefit from the potential
opportunities and mitigate losses.

7. Vulnerable communities, such as those which are
dependent on dryland agriculture or a single water
supply source or transport link, are more likely to
be severely impacted by climate change.

8. Economic impacts are likely to be most
significant at sub-national and sector-based
level.

9. Adaptation requires us to rethink concepts of

national food security and food sovereignty.

10. Well planned and integrated water supply
infrastructure can increase resilience under future
climate change uncertainty (and other development/
land cover/model uncertainties), but building more
dams or inter-basin transfers (IBTs) is not necessarily
an appropriate response.

Il. Adaptation in the water and transport
sectors has additional costs including the early
implementation of more costly and energy intensive
water supply options (for example, desalination) and
increased pumping through IBT schemes or higher
upfront construction costs for roads.

This study considers two future global emissions
scenarios that are consistent with potential climate
futures for South Africa determined during the
LTAS. Firstly an unconstrained emissions scenario
(UCE) is considered which is consistent with the more
extreme “hot” LTAS climate future where global policies
to reduce emissions fail to materialise. Secondly a level
| stabilisation scenario (LIS) is considered, which
is consistent with the “warmer” LTAS climate futures in
which aggressive emissions policies are successful, thereby
reducing the potential for future warming, but with global
temperatures still increasing due to the legacy of current
greenhouse gas emissions. In addition the climate futures
contain both “wetter” and “drier” scenarios completing
the full coverage of potential LTAS climate futures for
South Africa.

For each emissions scenario, 6 800 possible climate
futures were extracted from the Integrated Global System
Model (IGSM) developed at the Massachusetts Institute
of Technology (MIT). These climate futures represent
400 realisations of the outputs from 17 of the 22 global
circulation models (GCMs) and hence capture the full
range of plausible climate futures for South Africa. The
range of potential climate futures are used to derive a

LTAS: ECONOMICS I5



hybrid frequency distribution (HFD) of possible climate
futures that provide some measure of probability to future
climate change scenarios across the country, which is
critical for risk-based decision making. The results
are described at both regional (catchment and water
management area) and national scale.

This HFD analysis is also shown to encompass the range
of potential impacts derived from statistically and
dynamically downscaled regional climate models
from both the University of Cape Town (UCT) Climate
Systems Analysis Group (CSAG) and the Council for
Scientific and Industrial Research (CSIR) respectively,
that were also developed during phase | of the LTAS.

Despite a wide range of potential impacts on precipitation
and runoff across the country, the results of the water
supply model show that the impacts on the main urban
and industrial centres in Gauteng appear to be
minimal and could even be positive. This is due to
the integrated nature of the Vaal system, the planned
development of the Polihale Dam as part of the Lesotho
Highlands Water Project (LHWP) and the fact that many
of the global climate scenarios show potential wetting
over the eastern half of the country including Lesotho
and the upper Vaal River catchments.

In contrast, however the results for all models
predict a reduction in streamflow in the Western
Cape including the Berg River catchment with a
potential negative impact on future water supplies
to Cape Town and for agriculture in the Western
Cape. The potential for a constrained future water supply
may result in a reallocation of water from agriculture
to urban and industrial demands in the region with knock
on impacts for both the regional and national economy.

The greatest consistently negative impact on
future water supply is in the Gouritz Water
Management Area (WMA) where urban and bulk
water supply are dependent on smaller and less integrated
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local resources and the climate models predict likely
future drying. Similarly, in other areas of the country,
while the median results show only limited impact, there
are still many future scenarios that show significant
impacts, both positive and negative on the future water
supply to all sectors, particularly in areas dependent on
a single local water supply source and not necessarily
supported by the large-scale water transfer schemes that
mitigate potential impacts in other areas.

This reduction in the buffer of water availability in the
Berg and Gouritz WMAs and under certain drier
climate scenarios in other parts of the country is
likely to result in increased vulnerability to climate
variability even by 2050. This requires further research
and more detailed analysis of potential regional impacts,
and of alternative development and adaptation scenarios.

In addition it is important to note that the results are
based on changes in the average annual water supply
by 2050, and do not represent potential impacts
of increased frequency of dry periods or multiple
year droughts that could potentially impact on
the long term yield of a system. In addition the
water supply model does not take into account the
potential negative impacts of increased flooding
under a wetter climate future that may well offset any

potential benefits for supply.

In terms of alternative mitigation scenarios, the
results of the water supply model show little difference
in the median impact on the average annual streamflow
or ability to supply future water demands between the
UCE and LIS scenarios. The risk of extreme impacts,
however, both in terms of potential flooding under the
“wetter” scenarios and potential reduction in water
supply and droughts under the “drier” scenarios are
reduced under the LIS climate scenario.

The largest impact of mitigation is on future
irrigation demands which are likely to increase



under all scenarios, but more so under the UCE
scenario due to higher temperatures.

There are significant advantages to mitigation in
terms of reducing future irrigation demands, the impact
on dryland crops, and the potential costs of future impacts
on road infrastructure, where mitigation is shown to have
similar benefits to adaptation over the long term.

The results for the agricultural sector show a general
increase in irrigation demands based on existing
crop types and management practices due to increased
evaporative demand across the country. These impacts
vary across the country, with increases in some areas,
notably the east coast and KwaZulu-Natal, potentially
being offset by increases in precipitation. Overall, the
median impact on the total average annual irrigation
demand across the country under the UCE scenario
is an increase of about 6.3%, but with some models
showing a total increase of up to 12% across the country,
and with some individual catchments showing possible
increases of up to 25% under very dry scenarios. It is
possible, however, recalling the 2050 time frame, that this
level of increase can be addressed through improved
irrigation practices and the development of new
crop varieties, although there is a cost associated with
these adaptation options that must be considered and
ongoing research is required.

The potential impacts on dryland crop yields are mixed
with some crops even showing a potential increase in
yields due to regional variations in precipitation, while
others show a general reduction in potential yields. Of
most concern is the likely reduction in the total
average annual yields from maize and wheat of
around 3.5% and 4.3% respectively for the median
impact scenario by 2050. There is, however, a very
wide range of potential impacts from a worst-case
reduction of 25% in the total average annual maize
yield to a possible increase of 10% under some very
wet scenarios. All future climate scenarios show

some level of reduction in wheat yields from the

Western Cape catchments due to a consistent
reduction in future average annual precipitation
in this region.

The study of potential impacts on roads infrastructure
shows significant advantages in implementing adaptation
options for the repair and rehabilitation of the existing
roads network, particularly in the second half of the
century when the costs for no adaptation overtake
the costs for adaptation. By the end of the century
the median annual additional costs for road rehabilitation
and repair will be approximately R19 billion under the
UCE “no-adapt” scenario, but only Ré billion under the
LIS “no-adapt” scenario and R4 billion under the “adapt”
scenario for both UCE and LIS. The greatest total
economic impacts are in the Eastern Cape due to
the large number of roads in this province. Given
that the average design life of a major road is 30 years, it
is important that adaptation measures are implemented
sooner rather than later as it will take time to roll over
the entire roads inventory.

The results from the individual impact channels (water,
agriculture, roads) provide inputs to the economic model.
The total impact of climate change on real GDP is
found to range between -3.8% and 0.3% for the UCE
scenario, although results indicate that, for the very
large majority of climate futures, the impact on
total GDP will be negative. The median result shows
that by 2050, South Africa’s real GDP level will be about
1.5% lower than in the baseline scenario. This
translates into a 0.03 percentage point decline in
the average annual real GDP growth rate. However,
the net present value (NPV) of the cumulative
impact of the median UCE scenario up until 2050
is a loss to the economy of around R259 billon (real
2007 rand) or 10% of GDP, and the impacts from
individual drier and wetter models range from
losses of R930 billion to gains of R310 billion.

LTAS: ECONOMICS |7



Employment growth is, both in the economic model
used for the analysis and in reality, vastly more sensitive
to labour market policies and institutions. Consequently,
the potential impacts of climate change, at least at
national scale, were found to be overshadowed by
these other uncertainties. It is clear, however, that a
more flexible and diverse labour market is likely
to provide resilience under future climate and
other uncertainties as it allows for the movement
of labour and other resources (land, water and
capital) between regions and between sectors
that are more or less impacted by climate change.
This requires further research as a critical adaptation
mechanism.

From the perspective of overall GDP growth, the
impacts of climate change may be quite small at national
level. However, when looking more closely at the
spatial and sectoral impacts, there are cases where
the impacts, particularly on agriculture, become
large and highly variable across climate futures.
Focusing on agriculture, there are three key findings from
the regional analysis that have implications for potential
future development scenarios and adaptation options.

The firstis the large variability in results, especially
in areas with high poverty rates. The dependence of
many of these regions on dryland agriculture makes them
particularly susceptible to changes in temperature
and precipitation. The wide variation in agricultural
value added means that the outlook for these types of
workers is uncertain, which could exacerbate the degree
of poverty in these areas. One such region is KwaZulu-
Natal (water management areas 6, 7, and |1), which has
the second highest poverty rate and in which the impact of
climate change is highly variable depending on the climate
future.

The second salient result is the impact of climate
change on agriculturally important areas, such as
the Vaal region (water management areas 8, 9 and 10).
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The Vaal region is a major domestic producer of summer
cereals, winter cereals, and oilseeds, and accounts for
about one quarter of national agricultural value added.
In water management areas 8 and 9, more than 55% of
climate futures indicate that agricultural value added
deteriorates by more than 10%, and about 23% of climate
futures suggest this deterioration exceeds 20%. This could
have sizeable impacts on national agricultural production,
and additional implications for food security.

Thirdly, the results identify regions with almost
universally negative impacts on agriculture.
These include the Olifants/Doorn (WMA 17) and the
Berg (WMA 19) catchments in the Western Cape.
These areas are important domestic producers
of winter cereals, deciduous fruits, viticulture and
vegetables. Deciduous fruit is a high value commodity
and, as over 60% of it is exported, an important agricultural
export commodity. The same is true for wine and grapes.
More than 99% of climate futures show deteriorating
agricultural value added in water management area |7,
and more than 96% of climate futures indicate lower

agricultural value added in water management area 9.

Given the high variations in results, particularly in
agriculture, there is no doubt that some households
will suffer as a consequence of climate change,
while others may gain. The full implications of these
changes for the distribution of income are only roughly
captured in the existing modelling framework, which finds
no major shifts in the overall distribution of income as a
consequence of climate change.

It is also important to note that there is a large amount
of endogenous adaptation within the economic model
that highlights the importance of considering the overall
structure of the economy. The economic model assumes
that resources including water, labour, land and capital
can move between sectors and, in the case of capital,
between regions. This allows individuals to respond
to different climate stressors and seek out the



most efficient use of resources. The overall result
is to limit the potential economic impacts of climate
change. In reality, however, such movements may be
more restricted in South Africa limiting the potential for

endogenous adaptation.

An important aspect to adaptation is to identify
inflexibilities in the South African economy that may
prevent or drastically slow this endogenous adaptation.
From the perspective of overall GDP and aggregate
sectors, climate change appears highly likely to unfold in
a context of economic growth, at least to 2050. In this
context, resource allocation adjustments in response to
climate change appear likely to mainly take the form of
reductions or increases in growth rates across sectors or
regions rather than actual shrinkage. These adjustments,

however, accumulate significantly over time.

Finally, considerable effort has been expended in the
LTAS process to construct and then integrate models
that reflect South African realities. Nevertheless, as
with any modelling effort, the suite of integrated models
employed here contain shortfalls and oversimplifications.
The models are not South Africa. The crucial value that
the models offer is to structure thinking in a rigorous
way in order to achieve insights that would be difficult

to obtain in their absence.

In future, the framework employed can, no doubt, be
improved. As climate change seems unlikely to disappear,
this will not be the last opportunity to investigate potential
economic impacts. The modelling framework developed
for this study should be used as a platform for future
analysis with continual refinements where required, and
to target specific issues or regional areas of concern given
the uncertainty of future climates and impacts.

LTAS: ECONOMICS
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l. Introduction

I. INTRODUCTION

The consequences of climate change are generally
manifested through a series of impact channels that cover
all aspects of society and economic development (IPCC
2007). A study by the World Bank entitled The Cost to
Developing Countries of Adapting to Climate Change
(World Bank 2010a) concluded that the cost between
2010 and 2050 of adapting to an approximately 2 °C
warmer world by 2050 is in the range of $75 billion to
$100 billion a year. While this represents a significant
cost it is a relatively small percentage of total GDP and of
the same order of magnitude as the amount of foreign aid
that developed countries now give developing countries
each year. Consideration of GDP impacts also does not
address potential impacts on inequality and livelihoods,
particularly of vulnerable groups.

Four key lessons stand out from the results of the above
study that are applicable in South Africa:

*  Adaptation to a 2 °C warmer world will be costly
but manageable, as it represents a relatively small
percentage of GDP and is equivalent to current
foreign aid contributions.

*  The world cannot afford to neglect mitigation
as mitigation addresses the root cause of climate
change, while adaptation only reduces the symptoms
and decreases the impact/risk.

* Development is imperative as the best form of
adaptation, but it must take a new form.

. Uncertainties are still large, both in terms of future
climate and future development scenarios, so robust
and flexible policies and further research are both
needed.
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A limited number of studies have attempted to quantify
the economic consequences of climate change in South
Africa. Many of these focus on the impact on the
agriculture sector, using econometric approaches to
determine the impact of climate and other variables on
net farm revenues (see, for example, Gbetibouo & Hassan
2005; Turpie & Visser 2012; Blignaut et al. 2009). These
studies find that climate change generally has a negative
impact on the agriculture sector, primarily as a result of
higher temperatures.

Turpie et al. (2002) provides preliminary estimates of
the economic cost of unmitigated climate change to
biodiversity, agricultural systems, infrastructure and
human health. The study highlights considerable losses
in tourism and existence value attached to biodiversity,
as well as a lower value of the subsistence use of forest
resources. Moreover, sizeable losses stem from mortality
and morbidity impacts from higher malaria risks.

These studies, however, fall short of capturing the
macroeconomic impacts of climate change, and may
omit the agricultural impact on other activities, income
and spending, as well as other key sectors like roads.
To our knowledge there are no studies that have taken
an integrated modelling approach that incorporates
biophysical and economic impacts of climate change in
South Africa.

The objective of this study is to undertake a risk-based
assessment of the potential macroeconomic impacts of
future climate change on the South African economy
using an integrated assessment model (IAM) of potential
biophysical impacts of key impact channels, and a dynamic
computable general equilibrium (CGE) model to simulate



the economy-wide impacts from 2010 to 2050 under a
number of possible future climate scenarios. This report is
based primarly on the modelling results of a UNU-WIDER
study undertaken for National Treasury in support of the
assessment of the potential economic impacts of climate
change in South Africa (Cullis et al. 2015). The future
climate scenarios include both “warmer” and “hotter”,
and “wetter” and “dryer” scenarios that are in line with
the anticipated four possible climate futures derived as
part of the Long Term Adaptation Scenarios Flagship
Research Programme (LTAS). The results of this study
should be used to inform discussions around potential
alternative future development and adaptation scenarios
as part of the LTAS programme and ultimately contribute
to the third national communication on climate change to
the Intergovernmental Panel on Climate Change (IPCC)
as well as future national and regional development
planning for South Africa.

LTAS: ECONOMICS
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2. Methodology

2. METHODOLOGY

2.1. Integrated modelling framework

The general modelling framework for translating climate
change impacts to economic impacts is shown in Figure
I. This general framework has been implemented for a
similar assessment of the potential economic impacts
of climate change in Mozambique (Arndt et al. 2011),
Vietnam (UNU-WIDER 2012) and the Zambezi River
Basin (Schlosser & Strzepek 2013) and is generally
referred to as the Systematic Assessment of Climate
Resilient Development (SACRED) framework. The focus
of this study is on the biophysical modelling of the three
primary impact channels shown in Figure I, namely (i)
water supply and water use (including urban, industrial

and agricultural); (i) roads; and (jii) coastal infrastructure.
These impacts are then integrated through a dynamic
computable general equilibrium (CGE) model at national
and sub-national, namely water management area, (VWMA)
level (Thurlow 2008).

The strength of the modelling framework is that it is
generic and individual models can be selected to fill each
of the boxes in the framework. Where possible models
currently used in South Africa have been used and adapted
where necessary for the specific objectives of this study.
The following sections provide a brief description of the
models used in each of the components of the framework.

~
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Climate Models
(GCM & RCM)

Percipitation
Temperature
Evaporation

Catchment Model
(PITMAN)

Urban and
Water Resources Model
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(IPSS)

Crop Models Water Supply and
(IRRDEM) Hydropower Models
Crop yields Water supply Energy
supply

Rehabilitation costs and
road lengths
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equilibrium (GE) Model sea level rise
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J

Figure I:  Integrated modelling framework.

22 LTAS: ECONOMICS



2.2. Future climate change impacts

2.2.1. Hybrid frequency distribution of potential
climate change impacts
The climate change impacts used in this study result from
consideration of a hybrid frequency distribution (HFD)
of the range of possible climate futures for the globe
(Schlosser etal. 2012). These HFDs are generated through
the numerical hybridisation of zonal trends derived
from the Massachusetts Institute of Technology (MIT)
Integrated Global System Model (IGSM) (Sokolov et al.
2009) with a set of pattern kernels of regional climate
change from the global circulation models (GCMs) of
the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4).

The IGSM ensembles produce a range of climate
outcomes under an unconstrained emissions (UCE)
pathway (Sokolov et al. 2009) as well as under a range of
global climate policies (Webster et al. 2012). We present
results for the UCE case and a best case greenhouse
gas stabilisation scenario in which an equivalent CO,
concentration of ~ 480 ppm is achieved by the end of
the century — referred to as the level | stabilisation (LIS)
policy in Webster et al. (2012).

This hybridisation approach is based on 400 realisations
of the IGSM model and applied to 17 of the available

GCMs that were found to have a constant latitudinal zonal
pattern. This results in a total of 6 800 possible climate
futures. The 6 800 scenarios were reduced to a more
manageable set of 367 climate futures for each of two
emission scenarios using a process of quadrature thinning
which maintains the statistical structure of the original
full set of scenarios (Arndt et al. 2006).

Outputs from the HFDs were used to develop a time
series of absolute changes (in degrees or mm) in the
average monthly temperature and precipitation for
each quaternary catchment across South Africa for the
period 2010 to 2050. Temperature and precipitation
impacts were also used to determine possible changes
in monthly evaporation using the modified Hargreaves
equation (Hargreaves 2003). The absolute changes were
then applied to a baseline scenario to generate monthly
time series information at quaternary catchment scale.
The baseline scenario used was monthly precipitation and
evaporation data for all quaternary catchments for the
period 1950 to 2000 available from the WR2005 database
(Middleton & Bailey 2008) as shown in Figure 2.
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Figure 2:  Total annual precipitation over South African catchments (109m3/a) showing the period 1950 to 2000 used as the base scenario for simulation
of the climate change impacts from 2000 to 2050. Also indicated is the last ten year period used to determine the potential impacts by

mid-century (WR2005 database).
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2. Methodology

As an initial estimate we assume that the baseline climate
scenario for the period 2000 to 2050 is similar to that
experienced for the period 1950 to 2000. The baseline
scenario assumes that future weather patterns will retain
the characteristics of historical climate variability. The
purpose of the baseline scenario is not to predict future
weather patterns but to provide a counterfactual for the
climate change scenarios. A clear limitation of using only
a single baseline climate scenario is that it does not fully
account for current climate variability and this needs to
be addressed in future studies.

A time-series of future climate scenarios is developed
relative to the assumed baseline and then run through the
systems of integrated biophysical impact models and the
economic model to simulate the potential development
over the next fifty years in response to the future climate
change impacts. For comparison of scenarios, the average
change in a selection of key indicators (precipitation,
streamflow, water supply, GDP, and so on) are determined
relative to the base scenario over the last ten years of
the simulation (namely for the period 2040 to 2050 as
shown in Figure 2).

The use of a large ensemble of multi-model outputs such
as that generated using the IGSM and the HFD approach
allows for a risk-based approach to considering potential
climate change impacts rather than focusing on the
detailed modelling of a few scenarios (Schlosser 2012).

2.2.2. Future climate scenarios for the long term
adaptation scenarios programme

The HFD approach is consistent with the four general

climate futures resulting from LTAS phase I. The four

LTAS climate futures are derived from an interpretation

of a range of regional and global climate model predictions

for South Africa and are described in terms of global

scenarios as:
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. Warmer (<3° C above 1961-2000) and wetter
with greater frequency of extreme rainfall

2. Warmer (<3° C above 1961-2000) and drier
with an increase in the frequency of drought events
and somewhat greater frequency of extreme rainfall
events.

3. Hotter (>3° C above 1961-2000) and wetter
with substantially greater frequency of extreme
rainfall events.

4. Hotter (<3° C above 1961-2000) and drier with
a substantial increase in the frequency of drought
events and somewhat greater frequency of extreme
rainfall events.

The warmer and hotter futures are also considered to be
consistent with global mitigation scenarios, with the hotter
future resulting from business as usual and a continued
high dependence on fossil fuels, while the warmer scenario
results from increased global cooperation, increased
mitigation and a more sustainable future but recognising
that some future warming is inevitable.

Figure 3 shows the regional variability of the LTAS
climate futures in terms of precipitation.

The UCE and the LIS mitigation scenarios represent the
hotter, more carbonised, and warmer, less carbonised,
futures of the generalised LTAS future climate scenarios
respectively. The HFD scenarios include a range of both
wetter and drier scenarios that are consistent with and
cover a wider range of potential climate futures for
South Africa as identified through the LTAS process
(DEA 2013). The HFD approach therefore represents a
comprehensive range of future scenarios and the results
can be interpreted at multiple scales for the four general
LTAS climate futures.
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Figure 3:  Summary of possible impacts of climate change on precipitation across six hydro-climatic zones in South Africa under four possible climate
futures identified as part of phase | of the Long Term Adaptation Scenarios Programme (LTAS) (DEA 2013).
2.2.3. Regional downscaled climate scenarios for 2.3. Catchment runoff model

South Africa

Although the HFD scenarios are considered to represent
the range of possible climate futures identified during LTAS
phase |, the results are also compared with a number of
regionally downscaled climate scenarios for South Africa.
These represent results of both phases of the Coupled
Models Intercomparison Project phase 3 and 5 (CMIP3
and CMIP5) global circulation models subject to both
statistical downscaling by the Climate Systems Analysis
Group (CSAG) at the University of Cape Town (UCT),
and dynamic downscaling using the conformal-cubic
atmospheric model (CCAM) by the Council for Industrial
and Scientific Research (CSIR). A total of 3| regional
downscaled climate models consisting of CMIP3 and CMIP5
results as well as representative concentration pathways
(RCPs) 4.5 and 8.5 emission scenarios were considered for
comparison with the results of the HFD analysis.

Results of the comparison of the HFD scenarios with the
regional downscaled scenarios are presented in section 3
in terms of the main climate drivers in six hydro-climatic
zones across South Africa, and in terms of water supply
impacts at WMA level in Section 4.3.3.

South Africa is divided into a number of primary, secondary,
tertiary and quaternary catchments. There are over | 500
quaternary catchments with an average catchment size of
573 km? The Pitman model (Pitman 1973) was used to
determine a time series of monthly catchment runoff for
all quaternary catchments in South Africa for both UCE
and LIS emission scenarios using the existing calibrated
parameters from the Water Resources 1990 (WR90)
database (Midgley et al. 1994) and for the period 2000 to
2050 using the historical precipitation and evaporation
data for the period 1950 to 2000 as the base scenario.

The Pitman model has become one of the most widely
used monthly time-step rainfall-runoff models within
southern Africa (Hughes et al. 2006) and is still the basis
for current models used for all water resources planning
studies in South Africa (Pitman et al. 2006). The Pitman
model is a calibrated monthly model which is suitable
for water resources planning, but not for investigations
of potential flooding impacts or land use change impacts.
The Pitman model was used because calibrated parameter
values were already available for all catchments in South
Africa (Midgely et al. 1994).
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2. Methodology

2.4. Water supply model

The Department of Water Affairs (DWA) currently runs a
number of detailed water resources system models for all
the major water supply systems in the country. These are
highly complex systems reflecting the complex nature and
high level of infrastructure development in terms of dams,
canals, tunnels, pipelines and inter-basin transfers in South
Africa. These models are used to regularly review existing
operating rules and to plan for future water resources
development schemes.

Currently there is no single model of the overall water
supply system for the whole country that can be used for
strategic planning studies at national scale as was required
for this study. For this reason a national configuration
of the Water Resources Yield Model (WRYM) was
developed specially for this study based on secondary
catchment scale modelling units. The WRYM was selected
as it is still the primary water resources modelling tool
used by the DWA for systems analysis in South Africa.

2.4.1. Water resources yield model configuration

The Water Resources Yield Model (WRYM) was
configured for the entire country on a secondary
catchment scale (including catchments in Lesotho and
Swaziland) based on a generic modelling unit shown in

Figure 4.
Each modelling unit includes the following basic elements:

* Inflows from upstream nodes (From U/S) and
outflows to downstream nodes (To D/S)

e Runoff from the catchment in question (Incr. Runoff).

*  Precipitation on, and evaporation from, the exposed
surface area of dams.

* Large dams which, for the purposes of this study,
were defined as those with a storage capacity greater
than 50 million m3/a (Large Dam).
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* All other dams which were lumped into a single
representative dam (or dummy dam), defined with
physical characteristics making its modelled impact
comparable to the combined effect of the individual
dams it represents (Lumped Small Dams).

*  Transfers and return flows into and out of the
catchment.

*  Projected water requirements of all water users
located within the catchment, including (i) irrigation;
(i) urban (including light industry); and (iii) strategic,
heavy industry and mining water requirements which,
for the purposes of this study, were combined and
referred to as bulk water users. Each water user
type (such as irrigation) was modelled using a single
WRYM element (abstraction channel), configured
to represent the total requirements of all individual
users of the user type in question.

e The impact on runoff of streamflow reductions
(SFRs) including commercial forestry and invasive
alien plans (IAPs).

*  Ecological water requirements (EWRs) located at
the outlet of each secondary catchment.

Using the above approach individual modelling units were
configured at secondary catchment scale for the whole of
South Africa and interconnected for the entire country
resulting in a representative national system model as
shown in Figure 5.
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Generic modelling unit used for configuration of the WRYM
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Schematic diagram of the national WRYM system model
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2. Methodology

In its current format the national configuration of the
WRYM consists of approximately:

* |48 secondary catchment modelling units

e 80 large dams

* 190 dummy dams

e 300 water requirement abstraction channels
e 150 EWRs

* 1000 system channel links (rivers, inter-basin
transfers, and other system components)

Each secondary catchment was configured at a similar
level of detail, generally with a single large dam and
one general dummy dam and three individual demand
channels, although in the case of certain catchments
further refinements were required. This was generally
to account for the presence of multiple large dams, the
inter-connectivity between system elements and the
physical location of large water users which may affect

their access to specific water resources within the
catchment. A typical example is the Mooi-Mgeni River
System as shown in Figure 6.

It is important to note that given the level of aggregation
required for this study it is not possible to correctly
capture the detailed operations of individual systems.
Although the national configuration of the WRYM is highly
detailed as shown in Figure 6 it is still a gross simplification
of the true complexity of the water resources system
in South Africa. Hence outputs from the model will
most likely differ from similar outputs obtained from
more detailed individual system models at local scale,
particularly in terms of local system operating rules and
allocation priorities.

The objective of this study, however, is to provide a first-
order picture of the potential impacts of climate change
scenarios at WMA and at national scale and relative to
some base scenario without climate change impacts,
rather than in absolute terms for water resources

planning purposes.
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Figure 6:  Details of a portion of the national WRYM system model (Mooi-Mgeni River System).
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The results from the model configured for this study
are therefore considered to be of adequate accuracy
for the purposes of this study and could potentially be
used for other high level strategic planning purposes. It is
recommended, however, that more detailed modelling of
the potential impacts on individual systems be undertaken
through future research using the results from this study
as a guide, particularly in the large systems such as the
Vaal and the Western Cape systems.

2.4.2.

Outputs from the Pitman model (Pitman 1973) used

Catchment runoff

to analyse the potential impacts of climate change on
catchment runoff (described above) were used as the
inputs to the WRYM. The time series of monthly runoff
values generated at quaternary catchment scale were
aggregated at secondary catchment scale taking into
account potential channel losses which were varied as
a function of relative changes in evaporation potential.

2.4.3.

Irrigation demands

The impacts of climate change on irrigation demands were
also determined using a simple water supply deficit model
(Irrigation Demand Model (IRRDEM)) based on average

monthly crop factors, changes in monthly precipitation and

A-pan evaporation as currently used for water resources
planning studies in South Africa (Pitman et al. 2006).

Current day crop areas and crop type distributions were
used to estimate the future impact on irrigation demand
based on the assumption that the DWA was unlikely to
increase allocations to agriculture (DWAF 2004a). Hence
any required increases in yields from irrigated agriculture,
or to offset the potential impacts of climate change, must
come from improved efficiencies of water use.

2.4.4. Urban water demands

Future demands for direct and indirect urban consumption
were modelled based on the UN-median population
growth estimate for South Africa and current estimates
of per capita direct and indirect consumption from the
DWA’s Water System Assessment Model (WSAM)
database (Figure 7). Any additional increases in per
capita demands due to improvements in water supply and
development were assumed to be met through reductions
in the percentage of water lost through the distribution
system and other inefficiencies which have been estimated
to be around 30% on average across the country with
some systems having 50% losses.
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Figure 7:
water requirements for South Africa (WSAM database)

Future South African population growth (left) and the current distribution of average daily per capita demand (l/c/d) for direct and indirect urban
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Figure 8:  Relative population growth for individual water management areas (WMA) in South Africa based on comparison of the 2001 and 2011 national

census regional population estimates.

To account for internal migration and variations in
regional population growth rates, the future growth
in population was also distributed across the country
based on an analysis of the relative growth in population
in the different quaternary catchments derived from a
comparison of the 2011 and 2001 national population
census, which reveals significant migration towards the
main urban centres of Cape Town, Gauteng and Durban
(Figure 8).

2.4.5. Bulk water demands

The estimate of annual bulk water requirements for each
quaternary catchment in South Africa contained in the
WSAM database was used. These demands were then
increased at 1% per year out to 2050 to allow for future

economic growth. It was assumed that an increase in
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economic growth in excess of 1% per year would have
to be met without significant increases in the bulk water
demand. However, in the Lephalale area in the North West
Province (located in secondary catchment A4) modelled
bulk water requirements were revised to account for
anticipated future developments in the region associated
with the commissioning of Eskom’s Medupi power station,
other planned power stations and a significant anticipated
increase in coal and other mining activities in the area.

2.4.6. Forestry and invasive alien plants

Streamflow reductions due to commercial forestry and
IAPs are also incorporated into the water resources
yield model. The original Scott curves (Scott & Smith
1997) were used for predicting the percentage

reduction in streamflows due to commercial forestry



and |IAPs. Commercial forestry was assumed to be
represented by pines under optimal growing conditions
with an average rotation of 10 years, and thus a 55%
reduction in streamflow. Similarly, |APs were assumed
to be represented by pines under sub-optimal growing
conditions with an average rotation of |5 years, with a
streamflow reduction of 17% as for previous estimates
of the potential impact of IAPs on water supply (Cullis
et al. 2007). In additions to these assumptions, average
densities of 100% and 25% were assumed for forestry
and |IAPs respectively.

These are considered to be conservative estimates of the
potential reduction in streamflow due to both commercial
forestry and IAPs, particularly under future climates with
increasing temperatures and CO, concentrations that
could result in significant increases in woody biomass. In
the case of IAPs, the potential for significant increases in
invasion due to poor management or climate shifts could
also occur and should be considered in future research.

2.4.7. Large dams and dummy dams

Large dams, which were defined as those with a storage
capacity greater than 50 million m® were modelled as
individual elements in the national WRYM model. This
included both existing and known major schemes that are
likely to be implemented within the next 25 to 30 years.
Dam characteristics information, including full supply,
dead storage and bottom levels, as well as elevation-
storage capacity-surface area relationships, were obtained
from a variety of sources including:

e Existing WRYM model configurations, particularly
those developed for recent DWA water availability
assessment (WAA) and reconciliation strategy
studies.

e The South African Dam Safety Database developed
by the DWA Dam Safety Office.

e The SANCOLD database of medium and large dams.

All other registered dams were modelled as a single

dummy dam per secondary catchment based on:

*  The total storage capacity and surface area of small
dams provided in the WR2005 database, aggregated
up to either the secondary catchment level or to the
incremental catchment area upstream of modelled
major dams, as appropriate.

*  Anassumed linear area-capacity relationship.

¢  The assumption that 50% of catchment runoff is
generated upstream of dummy dams.

2.4.8. Evaporation from dams

The WRYM accounts for evaporation losses from dams by
including average monthly lake evaporation rates as part
of the dam and reservoir characteristics in the model.
In order to account for the impact of lake evaporation
under each of the climate change scenarios, the system
was modelled using the baseline evaporation for each
dam and the precipitation time series were adjusted by
subtracting, on a monthly basis, the difference in baseline
evaporation and evaporation for the climate change
scenario in question. This resulted in time series of climate
change based net precipitation, namely the result of the
combined impact of changing monthly precipitation and
evaporation values for each dam.

2.4.9. Ecological water requirements

Ecological water requirements (EWRs) for the main
dams were determined at the outlet of all secondary
catchments using the desktop model in the spatial and
time series information modelling (SPATSIM) framework
(Hughes 2004). The selected ecological management class
(EMC) was based on the current class listed in the WSAM
database for the quaternary catchment located at the
outlet of the secondary catchment in question.
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2.4.10. Inter-basin transfers

Inter-basin transfer schemes, including known major
schemes that are likely to be implemented within the next
25 to 30 years, were modelled based on information from:

*  Existing WRYM model configurations, particularly
those developed for recent DWA water availability
assessment (WAA) and reconciliation strategy
studies.

e The water authorisation and registration management
system (WARMS) inter-basin transfer table, which
includes a description, the source and recipient
quaternary catchments, the end user (if applicable)

and the maximum transfer capacity.

It should be noted that smaller schemes were excluded
from the analysis, as well as those that occur within a
single secondary catchment, since the national model was
configured at a secondary catchment level. Consideration
of these smaller dams and transfer schemes would be
important in more detailed analysis of the potential
climate change impacts at regional or local scale.

2.4.11. System operating rules

Generic operating rules were adopted for modelling the
water resources within each secondary catchment and
details for this are provided in the following sub-sections.
The operating rules were implemented using the WRYM
penalty structure functionality.

The following general priority of supply to water users
was adopted (from highest to lowest priority):

*  Ecological water requirements (EWRs)
*  Bulk water users
*  Urban water users

e lrrigation

32 LTAS: ECONOMICS

The utilisation of water sources within a secondary
catchment was prioritised on the basis that downstream
sources are used before upstream sources (for example,
a major dam at the bottom of the catchment is used
before an upstream one) as this approach generally
minimises spills resulting in higher overall system yields.
Furthermore, dams were modelled to draw down entirely
before utilisation of the next source of water. This
approach was adopted in preference to more practical
ones (such as dual drawdown of dams or subjecting water
users to restrictions under severe drought conditions)
in order to assess the absolute supply potential of the
systems in question. Finally, it should be noted that EWRs
were assumed to be supplied first from incremental runoff
and spills (if available) and then by releases from major
dams. Small dams were assumed not to make releases
to supply EWRs.

In certain cases operating rules were customised to
improve the modelled behaviour of the model for the
system in question. This was particularly important for
the larger systems in the country (such as the integrated
Vaal River system) and relates mostly to the operation of
inter-basin transfer schemes, the priority of water source
utilisation and, in the case of the Vaal Dam, releases
made to the downstream Vaal Barrage for water quality
purposes.

2.5. Hydropower potential

Hydropower in South Africa is predominantly a secondary
water use, where power is generated from releases of
water from dams to supply users downstream. There are
some smaller schemes built primarily for hydropower, but
the larger schemes in the country, such as those at the
Gariep and Vanderkloof dams are part of multi-purpose
schemes where hydropower is a secondary benefit.
There are a number of pump-storage schemes around
the country, but they are operated in a closed system.



To quantify the potential impacts of climate change on
hydropower generation and potential at national scale
the most significant existing and planned hydropower
schemes in the country were used to assess impacts.
This included the two schemes on the Orange River,
namely at the Vanderkloof and Gariep dams, as well as an
earmarked scheme at Hartbeespoort Dam. Many other
smaller schemes in the country that are important locally,
are not significant for South Africa’s power generation
capacity as hydropower only constitutes a small portion
of total energy production.

2.6. Dry-land crop yields

The impacts of climate change on dryland crop yields
are determined based on empirical relationships between
annual water availability and crop yields for the major field
crops currently cultivated in South Africa as shown in
Figure 9. These empirical relationships were developed

by Thurlow (2008) using data from the Agricultural

Research Council (ARC) using the following equation:

Yi:BOi+BliWi+BZiW

where Y : Output of crop type i per hectare of land
(kg)

W: Annual amount of water used to produce
this level of output (mm)

BosB,s By Empirically derived coefficients for
crop type i.

In the same way that increases in evaporation have an
impact on irrigation demand it was important to consider
the potential impact of increases in evaporative demand
on dryland crops. As a first order estimate, we assumed
that any increase (or decrease) in evaporation resulted
in a similar increase in the water supply to achieve the
same yield for the base scenario. Hence the empirical
relationship between water supply and crop yield was
adjusted as follows:

v-p,+$, (AE) +6, (AE )

where AE: the ratio of the monthly evaporation for
the given climate scenario to the monthly
evaporation for the base scenario.

This revised crop yield equation was used to determine a
first order estimate of the annual yield for the nine selected
dryland crop types for each secondary catchment for the
base scenario and all possible climate futures produced by
the HFD model for the UCE and LIS scenarios.
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Figure 9:  Empirical relationships between water supply and crop yields (after Thurlow 2008)

Other potential impacts of climate change on dryland
crop yields such as direct temperature impacts including
heating and chill units, flooding impacts, potential
waterlogging or increased CO, fertilisation are not
considered in this simple empirical model. Ignored also
are the potential benefits from new and more resilient
crop types, improved irrigation and agricultural practices
or the expansion of existing crop types to new areas
that become suitable for cultivation under future climate
scenarios — although some allowance for efficiency gains
is made in the economic model.

2.7. Roads impact model

The potential climate change impacts on roads
infrastructure costs for South Africa was determined
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using the Integrated Planning System Support (IPSS) model
developed by the Institute of Climate and Civil Systems
(iCliCS) based in Boulder Colorado, USA (Chinowsky
et al. 2011). The IPSS model is based on an engineering
approach and the consideration of a proactive adaptation
(adapt) and a reactive no adaptation (no adapt) scenario
subject to potential climate change impacts on key
stressor functions including temperature, precipitation
and extreme events (flooding) (Table ).

The adapt analysis assumes perfect foresight with respect
to climate change impacts and a policy that applies these
forward-looking climate projections to upgrade new
roads as they are rebuilt and maintained. The adapt
approach focuses on adjusting road design to improve
resilience to climatic impacts. The no adapt analysis
assumes no adaptation changes are put in place. Roads



Table I: General scenario assumptions and impacts and adaptation responses for different road types

General scenario assumptions

Planning Assumes no adaptation changes are | Assumes foresight with respect to
put in place. climate change.

Design standards Roads are rebuilt according to existing | Applies these forward-looking climate
design standards. projections to upgrade new roads as

they are rebuilt and maintained.

Costs The costs incurred are fromincreased | Incurs up-front costs to adapt a
maintenance necessary to retain the | road to mitigate future damages
design life of the original road as | that are projected from increases in
degradation of the road infrastructure | precipitation or temperature.
occurs from climate change stressors.

Impacts and adaption responses

Paved roads Increased rutting and cracking due to | Upgrade asphalt binder (temperature
temperature impacts. increase).
Increased washout and drainage | Increase drainage capacity.
infrastructure damages due to | Design period life maintained.
changes in precipitation and flooding
impacts.
Reduced lifetime and increased
replacement costs.

Gravel roads Increased maintenance costs | Increase sub-base layers
from damages due to changes in | Increase drainage capacity
precipitation. Increase grading frequency

Design period life maintained
are rebuilt according to previous baseline standards. The 2. Road construction and rehabilitation costs for

costs incurred are from increased maintenance necessary the different road classes

to retain the design life of the original road as degradation

. . 3. Different climate change scenario impacts on
of the road infrastructure occurs from climate change g P

mperature, precipitation and flooding.
stressors. temperature, precipitation a ooding

Inputs to the IPSS model include: 2.7.1. South African road inventory

I. Existing road inventory for different road classes Information on the current road stock for each province
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in South Africa was obtained from MaplT, who provide
information for use in GPS units. These were validated
using information on the national roads inventory supplied
by the South African National Roads Agency (SANRAL).
The roads inventory was classified as paved or gravel, and
as primary, secondary or tertiary road as follows:

* Primary: to provide mobility in the national
context, usually over long distances, and designed for
relatively high speeds and minimum interference by
through traffic (typically national roads and routes).

* Secondary: to provide mobility in the regional
context, shorter travel distances and more moderate
speeds (typically provincial roads).

*  Tertiary: intended to provide access to properties
and link them to the higher order roads (typically
municipal roads and streets).

A map showing the current road network and the grids
used to calculate the climate change impact is shown in
Figure 10. The total length of roads in South Africa was
estimated to be just over 600 000 km. More than half
of this is gravel roads as shown in Figure Il. The most
roads are located in the Eastern Cape (+100 000 km) as
shown in Figure 12 consisting mostly of gravel roads. In
contrast almost 90% of the roads in Gauteng and almost
50% in the Western Cape are paved roads.
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Figure 10:  South African road network and the grid of Climate Reporting Units (CRU) (MapIT: SANRAL)
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Total length of road type in South Africa (MapIT; SANRAL)
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Total length of road type per province (MapIT; SANRAL)
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2.7.2. South Africa road construction and
maintenance costs

Six variables for costs are considered in the model.
These require determining the unit cost per kilometre
for the construction, maintenance and upgrading of
the different road types. These cost considerations are
shown graphically in Figure 13 and are described briefly
below:

A - Base cost for building a new road to current design
standards for current climate — the cost per kilometre
of the construction of a new road (this also applies
to rehabilitation).

B - Adaptation cost for upgrading road to future climate
— based on adaptation cost applied at the end of
the road’s lifespan — this is extra cost incurred due
to projected increase/decrease in temperature/

precipitation.

C - Adapted roads rebuild costs — cost premium for
rehabilitating a road that was previously adapted.

D - Rehabilitation of a flood damage road — the cost per
kilometre of repairing a road damaged by a flood.

E - Maintenance costs — the cost per kilometre of
maintaining a gravel road only; calculated as a

percentage of construction cost.
F - Maintenance savings.

Base construction costs were developed per kilometre
of road length for different road types according to the
standard typical cross sections for the various road
categories used in South Africa (primary, secondary
and tertiary) and current construction estimates for
materials and labour. Each category has different typical
road widths and pavement structure standards. These
costs are referred to as the unit costs and each of the
other variable costs described above are determined as
a proportion of the base cost for construction of a new
road. The resulting unit costs for the construction of
different road types in South Africa based on current

climate are given in Figure 14.
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Figure 13: lllustration of costing variables for different scenarios described above (this study)
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Figure 14: Typical road construction cost in South Africa (this study)

2.8. Economy-wide CGE model

The impacts of climate change as determined through the
modelling processes outlined above (sections 2.3-2.7)
are integrated through a dynamic computable general
equilibrium model (CGE) developed for South Africa
(Thurlow 2008). Economy-wide models of this type are
appropriate for evaluating how climate change may affect
the economy. They are detailed models which contain
information that describes the structure of the economy,
and the industries and institutions it comprises. They also
incorporate the decision-making behaviour of participants
in activity, commodity, investment and factor markets, and
take into account economy-wide constraints. The model
allows economic agents to respond to changes in relative
prices according to various elasticities of substitution.
This permits several analyses, including how climate
scenarios transmit through the economy, how they impact

the structure and performance of the economy, and how
different participants respond.

The model is unique in that it uses water and agricultural
production as primary drivers of economic impacts
which make it particularly well suited to assessing the
potential impacts of climate change. In addition the model
produces outputs at both national level and at the scale
of the individual 19 WMAs which makes it suitable for
analysis of regional impacts given the spatial variability
in climate change impacts. The model includes different
sectors of the economy and distinguishes between rural
and urban households as well as separate government
sectors (Figure 15). Outputs from the model include
employment, income and GDP at individual sector level
and at both regional (WMA) and national scale.
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Figure 15: Schematic of the integrated general equilibrium model for the

The recursive dynamic nature of the model allows
structural changes to the economy to accumulate
over time. The model is updated in each period using
the solution values of the preceding period. For
example, capital investment is affected by income and
savings outcomes. To the extent that climate change is
expected to influence these outcomes, it is well suited

to incorporate these effects.

The model is informed by data from a 2002 social
accounting matrix (SAM), as well as the 2000/2005
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South African economy

water accounts. The SAM contains 26 types of activities,
including Il agricultural sub-sectors, five of which are
further divided by whether cultivation is dryland or
irrigated. The activities are distributed across each of
South Africa’s 19 WMAs. Seven factors of production
are identified, and are also disaggregated by region. The
factors include three labour categories (unskilled, skilled
and highly-skilled), capital, land, agricultural water, and
domestic water. The regional and sectoral disaggregation
provides relevant detail on the spatial and industrial
characteristics of the economy, and will affect model



results. The model is calibrated to reproduce the base-
year values in the SAM.

The model assumes a balanced closure for investment
and government expenditure in which their shares of
total absorption (C+I+G) remain constant. Government
savings are assumed to be flexible, while foreign savings
are considered fixed. The exchange rate is assumed to be
flexible. A “putty-clay” formulation is applied to capital
in that new investment can be directed to any sector
(investment is positively related to the sector specific
capital rental rate and the size of the sector) while the
existing stock of capital is immobile or fixed within the
sector.

An important assumption in the model is that labour
is assumed to be fully employed and mobile across
sectors. Agricultural and domestic water and land are
also assumed to be fully employed and fully mobile within a
WMA but immobile across WMA boundaries. In addition
the reallocation of water across WMAs is handled in the
water resource modelling (WRYM). The economy-wide
model takes the supply of available water as fixed, after
accounting for increased demand due to, for example, the
effects of higher temperatures on crop irrigation demand.

The assumption that resources including water,
labour and capital can move freely within
the economic models is critical in terms of
interpreting the final results as this allows for a
high degree of endogenous adaptation to climate
change impacts. In particular, this results in the
movement of resources from an area such as
dryland agriculture that is negatively impacted
by climate change to another sector such as the
services sector that is less impacted by climate
change.

While this represents an ideal situation, as it
results in the most efficient use of resources,
it is not necessarily representative of the true

nature of the South African economy were such

movements are often highly restricted. The model
therefore provides an indication of the optimal
solution and response to future climate change
impacts and careful interpretation of these results
is required in order to extract key messages
and to make recommendations on appropriate
adaptation scenarios. Further investigations
into flexible water, capital, labour and economic
systems as an adaptation option is required, as
well as consideration of potential interventions
that could facilitate endogenous adaptation.
These interventions need to be identified and
strengthened.
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3. POSSIBLE CLIMATE FUTURES

As described in the previous section, the climate futures
used are based on a large number of climate futures
(6 800) derived from the MIT Integrated Global System
Model (IGSM) (Sokolov et al. 2009; Webster et al. 2012)
which are used to generate hybrid frequency distributions
(HFDs) of possible climate change impacts under two
mitigation scenarios: the unconstrained emissions
scenario (UCE) and a level | stabilisation (LIS) scenario
(Schlosser et al. 2012). These represent different levels
of global cooperation on climate change mitigation and
alternative global scenarios.

As part of the LTAS phase |, South African regional
downscaled climate models were prepared, including both
statistical (empirical) downscaled models from the Climate
Systems Analysis Group (CSAG) at the University of Cape
Town (UCT) (Hewitson & Crane 2006) and dynamic
downscaled models from the Council for Scientific and
Industrial Research (CSIR) (Engelbrecht et al. 2011). The
outputs from these regional climate models were based
on the A2 and BI climate scenarios from the Coupled
Models Intercomparison Project Phase 3 (CMIP3) suite

of global climate models, and the CMIP5 suite of global
climate models for representative concentration pathways
(RCPs) 4.5 and 8.5. These models were used to inform
the description of four general LTAS climate futures and
possible regional impacts shown in Figure 16.

The HFD scenarios represent the full range of LTAS
climate futures, summarised in Figure 16 according to
six hydro-climatic zones in South Africa. The UCE HFD
scenarios represent the hotter futures resulting from a
highly carbonised world with no mitigation and the LIS
HFD scenarios represent the warmer futures resulting
from successful global cooperation and mitigation efforts
and a less fossil fuel dependent world. Both the UCE
and LIS HFD scenarios include a range of potential
precipitation impacts that result in both wetter and drier
futures that are in many cases more extreme than future
scenarios predicted by South African regional downscaled
climate models. Potential impacts under the different
LTAS scenarios at both national and regional levels can
therefore be determined by considering the range of
future scenarios modelled using the HFDs.
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Figure 16: Summary of possible impacts of climate change on precipitation across six hydro-climatic zones in South Africa under four possible climate

futures identified as part of phase | of the LTAS programme (DEA 2013).
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To confirm that the HFD scenarios are consistent with
results of regional downscaled models, a total of 31
regional climate models were obtained from LTAS phase
| and compared to the HFDs. The outputs from the HFDs
and the LTAS scenarios are compared in terms of the
change in average annual temperature (Figure 18) and
average annual precipitation (Figure 22) over the last
ten years of the simulation (namely for the period 2040
to 2050) relative to the base scenario. The results are
presented grouped according to the six hydro-climatic

zones shown in Figure 17 that were defined by the DWA
in its climate change strategy (DWA 2013) and used to
define the four LTAS climate futures.

A comparison of the HFD and regional climate model
results are presented in the following sections in terms of
temperature and precipitation impacts. Further research,
currently underway, will continue this analysis of the
regional climate models in terms of water supply and

economic impacts.
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Figure 17:  Map showing the six general hydro—climatic zones defined by the DWA (DWA 2013) and used for the summary of HFDs and comparison with
outputs from regional climate models. The primary catchment letters and water management area (WMA) numbers are also show as a

reference for later results.
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3. Possible Climate Futures

3.1. Temperature impacts

The median impact of the UCE climate scenarios shows an
increase in the average annual temperature across South
Africa of between |.5 and 2°C by mid-century (2050)
as shown in Figure 18 and the median impact of the LIS

the spread of possible temperature increases is much
greater under the UCE scenarios than the LIS scenarios
reaching an average increase in annual temperature of up
to 3°C. This shows the significant benefits of mitigation
in reducing the potential risks of future temperature

scenario is an increase of around |°C by 2050. In addition Increases.
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Figure 18: Increase in average annual temperature in “C for the period 2040—-2050 as compared to the period 1990 to 2000 for the six hydro-climatic zones
of South Africa. Comparison of HFD outputs from all global climate models with outputs from |4 statistically downscaled regional climate models.

The impacts on average annual temperature for a selection
of the regional downscaled climate models are plotted in
Figure 18 and show slightly higher average temperature
increases for the CCAM A2 scenarios than for the CSAG
A2 and Bl scenarios, but with a maximum impact of only
2 °C on average annual temperature by 2050. The outputs
from the CCAM A2 scenarios are generally consistent
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with the median values for the HFDs of the LIS scenarios.
In contrast the CSAG A2 scenarios plot in the range of the
25th percentile for the LIS HFDs. The range of potential
impacts for the HFD scenarios, however, is much greater
showing the need for consideration of more extreme

scenarios.



3.2. Precipitation Impacts

The potential impacts on precipitation are much
more uncertain than for temperature and vary more
significantly between models and across the country.
The hybrid frequency distributions (HFDs) of the average
annual change in the total national precipitation volume
by 2050 for the UCE and LIS climate scenarios are shown
in Figure 19. The results show a wide range of potential
impacts, both positive and negative, that is slightly greater
for the UCE scenarios than for the LIS scenarios. The
UCE scenario impacts range from -12.5% change
to +20.6% with a median impact of a 1.9% reduction
in the average annual total precipitation by 2050.
The LIS scenario results in a slightly lower median impact
of a 1.2% reduction in precipitation and a range of possible
impacts from -9.4% to +15%.

d Change in Precipitation: RSA (Average 2040-2050) A

160

140 - = JCE

120 - 15

80 -

Frequency

60 -

40

0 1 T T T I 1 1
0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4 0.5

K Average Change from Base Scenario /
Figure 19: Hybrid frequency distributions (HFDs) of the average change in national annual precipitation over South Africa for the UCE and LIS scenarios
for the period 2040 to 2050 relative to the base period.
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Figure 20: Change in the average annual precipitation (2040 to 2050) across the country for individual models representing the 5th, 25th, 75th and 95th

percentile under the UCE and LIS scenarios.

In addition to the wide range of potential impacts due to
different climate scenarios, there is also significant spatial
variation across the country. The change in the average
annual precipitation by 2050 across the country for
specific models used in the HFD analysis that represent
different percentile impacts under the UCE and LIS
climate scenarios are shown in Figure 20.

The ratio of potential impacts under the UCE scenario
relative to the base scenario in each secondary catchment
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scenario is shown in Figure 21. The solid blue line

indicates the median impact of all the climate scenarios

and the shaded and dotted lines show the range of

potential impacts. The heavy dashed line indicates a

reduction of about 3.6% in the median impact on the

average annual precipitation for all secondary catchments

across the country and the grey areas and the dotted

lines show the inter-quartile and full range respectively

of potential impacts.
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Figure 21:
under the UCE climate scenario.

Despite a wide range of uncertainty across much of
the country there is a clear indication of a reduction in
precipitation across most of the country with all climate
scenarios showing reduced precipitation in the F, G and
H secondaries which are located in the south-west of the
country including the west coast, the Berg River and the
Breede River catchments. In contrast the catchments in
the east of the country (T and U) show a general increase
in average annual precipitation, but even here about a
quarter of the scenarios show a decrease in the average
annual precipitation.

The HFDs for the UCE estimate of the change in the
average annual precipitation for the six hydro-climatic
zones are given in Figure 22, along with the corresponding

Range of potential impacts on the change in average annual precipitation for the period 2040 to 2050 in each secondary catchment of South Africa

outputs from the regional downscaled CMIP3 and CMIP5
climate models (CSAG and CCAM) for South Africa (DEA
2013).

The results show that the HFD scenarios cover
the full range of the potential impacts under the
regional climate models with similar median
impacts and general conclusions of future climate
change scenarios for the majority of hydro-climatic
zones across South Africa. The added benefit of
the HFDs are that they show a wider range of
potential impacts and hence possible climate
risk, but also give some indication of probability
to future precipitation and temperature impacts.

LTAS: ECONOMICS
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Figure 22:

48

Potential increase in average annual precipitation in mm/year for the period 20402050 for the six hydro-climatic zones. Comparison of the
hybrid frequency distribution (HFD) of UCE scenarios from the IGSM model with outputs from a number of statistically (CSAG) and
dynamically (CCAM) downscaled regional climate models for South Africa
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For zones I, 2 and 5 the mode of the HFD is close to zero
change, but with a slightly greater probability of drying
than wetting scenarios. For zones 3 and 6, the mode of
the HFD is about a 50 mm reduction in the average annual
precipitation by 2050, while for Zone 4 it is about a 25
mm reduction. Even in these zones, however, there are
a number of models showing the potential for increased
precipitation. The maximum impact in all zones is about
a 150 mm reduction in mean annual precipitation (MAP).

For zones |, 2 and 3 the regional climate models show
equal likelihood of both increases or decreases in the
average annual precipitation with up to 100 mm reduction
in zones | and 2, and up to about 50 mm reduction in Zone
3. An equal number of models show a possible increase of
up to 50 mm. In this respect the results from the regional
models are consistent with the HFD results, but the HFD
results show the potential for an even greater possibility
of impacts both positive and negative. They therefore
represent a wider range of potential climate change risks
in these zones.

For zones 4, 5 and 6 the CCAM models all show significant
drying, while the CSAG models show reduced impacts,
with an equal number of models showing both positive
and negative impacts. In Zone 6 the CCAM models
all show similar impacts around the mode of the HFD
scenarios, while the CSAG models show very little change
in the average annual precipitation for the Western Cape.

Similarly for Zone 4, the Orange River catchment, the
mode of the HFD scenarios shows a reduction in the
average annual precipitation consistent with the predicted
impacts from the CCAM models. As with all zones,
however, the HFD scenarios show a much wider range
of potential impacts including a number of models that
show the potential for increases in precipitation. This is
consistent with the CSAG model results that also show
some possibility for increases in precipitation in this zone.

In Zone 5, the Eastern Cape, the HFD results are more

consistent with the CSAG models showing the potential
for both increases and decreases in precipitation with
a mode of around zero change. This zone represents
the transition between the winter rainfall regions of the
south-western Cape and the summer rainfall regions of
the KwaZulu-Natal coastline and is probably the area of
greatest uncertainty in terms of future climate scenarios.
The CCAM CMIP5 results show consistent drying for
this region.

An important conclusion from this comparison is that
analysis of the results from the HFD scenarios can be
considered to encompass the potential impacts of the
regional downscaled models, with some additional
potential for more extreme impacts, particularly in
terms of both wetter and drier climate scenarios. This is
important for assessing potential adaptation options as it
would be important to consider a wider range of potential
impacts given persistent uncertainty and risk.

Further work currently underway will look to
apply the individual CMIP5 regional downscaled
models (CCAM and CSAG) to the same integrated
modelling framework to investigate how these
might differ in terms of biophysical and economic
impacts and where the regional climate models
fall short in terms of the range of potential impacts
from the HFD results.

Despite this, the potential to use the regional downscaled
models to provide the pattern kernels necessary to
distribute the results of the IGSM model across South
Africa should be considered in future studies as this would
combine the best of the HFD and regional downscaling
approaches.
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3. Possible Climate Futures

3.3. Evaporation impacts

In terms of the impacts of climate change on water
resources and crop yields, the potential increase in
evaporation is more directly relevant than increases in
average annual temperature alone. Potential evaporation
is calculated using the modified Hargreaves equation
which calculates changes in potential evapotranspiration
(PET) as a function of temperature and precipitation while
accounting for other factors such as cloud cover, humidity
and wind (Hargreaves & Allan 2003).

The spatial variation in the change in the average annual
evaporation potential at secondary catchment scale under
the UCE climate scenario by 2050 across the country is
shown in Figure 23. The solid blue line shows the median
impact of all the climate models while the heavy dashed
line shows the national average increase in the average
annual evaporation of 4.7% across the country and the
grey areas and the dotted lines show the inter-quartile
and full range respectively of potential impacts.
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Figure 23: Range of potential impacts on average annual 