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Introduction
This document analyzes the existing scientific body of information on how flows of the Mokolo
and Crocodile (West)1 rivers of South Africa will be impacted by anthropogenic climate change in
the 21st century. These two rivers, which partially share catchment boundaries, lie south and
southwest of Pretoria and are in the Limpopo, Gauteng and North West provinces. The analysis
uses state-of-the-art science from the Intergovernmental Panel on Climate Change (IPCC), a 2017
climate change atlas featuring high resolution climate projections issued by the South African
Weather Service, and recent peer-reviewed papers on the impacts of rising temperatures on river
flows in the American Southwest. The American Southwest was chosen as a suitable analog
because it features a semi-arid climate with some similarities to South Africa and because relevant
climate change scientific work has already been performed in this area.
The author of this document is a senior scientist at Colorado State University in Fort Collins,
Colorado. He participated as a contributing author to the 5th IPCC report, was a co-author of two
United States National Climate Change Assessments (in 2009, and upcoming in 2018) and has
numerous peer-reviewed publications on how climate change will impact river hydrology.
This effort is a qualitative analysis of future flows. Although it would be possible to perform a
quantitative analysis using this same information input into a hydrology model or models, it is very
likely that these quantitative results would provide false precision without additional accuracy
over the qualitative findings herein. This is because hydrology models need highly detailed data,
which is constructed from the same data used herein. Unfortunately, that highly precise data has
additional uncertainties built into it.
The document first reviews current temperature and precipitation trends in the region, then looks
at medium resolution global climate model projections from the IPCC and high resolution
projections from the South African Weather Service. Next, it discusses peer-reviewed findings
about how temperature increases are already decreasing river flows in the American Southwest,
how projected temperature increases will further reduce river flows and why these findings also
apply to South Africa. It concludes with a summary of the findings including likelihoods.

1

South Africa features two Crocodile Rivers. To avoid confusion, the western river is generally referred to as the
“Crocodile (West) River” in official documents and that convention is used throughout this document.
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Mokolo River Background
The Mokolo River is a tributary of the Limpopo River and lies entirely within Limpopo Province,
South Africa. It flows from south to north, with headwaters near the Western part of the
Waterberg region between 1200 and 1600 meters above sea level. The Mokolo is part of the
Limpopo Water Management Area (WMA). The basin area is approximately 8400 km2 and the
annual flow, according to the most recent data available, is almost 300 million cubic meters
(Department: Water Affairs, South Africa 2008). Annual precipitation in the basin varies from
700mm/year in the Waterberg to 400 mm/year in the lower Limpopo Plain (Department of
Environmental Affairs and Tourism 2006). Average air temperatures range from 14 °C in the South
to 22 °C in the North (Department of Environmental Affairs and Tourism 2006). There is only one
dam on the river, the Mokolo Dam, which creates an impoundment of 145.5 million cubic meters,
about half the annual flow. The river is fully used with 87% devoted to agricultural uses, some for
domestic water supply and some for power plant cooling near Lephalale. The catchment along
with the Crocodile (West) catchment is shown in Figures 1 and 2.
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Mokolo and Crocodile River catchments. Note that the Crocodile and Mokolo share a
catchment boundary at the upper southwest edge of the Mokolo. In the lower reaches of the
Crocodile, the Matlabas River catchment sits between the Crocodile and the Mokolo. Source:
Basson and Rossouw 2008
Figure 1: Mokolo and Crocodile (West) Catchments
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Crocodile (West) River Background
The Crocodile (West) River drains portions of three provinces in South Africa, the southern part of
Gauteng, the northeast corner of North West, and the southwest part of Limpopo. The Limpopo
River begins where the Crocodile and the Marico Rivers join. Several large dams including the
Hartbeespoort, Rooikopjes, Vaalkop, Roodeplaat, Klipvoor and Molatedi are in the basin. The
Crocodile, along with the Marico, and a tributary of the Orange, the Malopo, comprise the
Crocodile (West) Marico Water Management Area (WMA).
The natural flows in the Crocodile have been fully developed and most of the tributaries and the
mainstem are highly regulated (Basson and Rossouw 2008). Water requirements in 2010 were
estimated at 674 million cubic meters for domestic uses, 268 million cubic meters for irrigation
and 93 million cubic meters for mining power and industry for a total of 1035 million cubic meters
(Schroder, Van Rooyen, and Rossouw 2012). Demand substantially exceeds the native supply and
much of the supply is imported from the adjoining Vaal River system. By 2030, water demands are
expected to grow to 1400 million cubic meters, an increase of 35% from 2010, with the new
demand met by additional imports (Basson and Rossouw 2008). Water quality in the basin is
severely compromised by return flows from urban and industrial users. The impoundments behind
Hartbeespoort and Roodeplaat dams are highly eutrophic due to excess nutrients (Schroder, Van
Rooyen, and Rossouw 2012).
The climate is semi-arid to arid, and rainfall is seasonal with most occurring during the summer as
thunderstorms. Mean annual rainfall varies from 400 to 800mm with decreases from east to west
and from north to south. Mean annual evaporation ranges from 1600mm in the south to around
2000 in the north. Mean annual temperature varies from 18 to 20 °C. Altitude ranges from 900m
at the confluence of the Crocodile and the Marico to 1700m at the upper end of the basin. The
WMA is the 2nd most populous in the country, with 6.7m mostly urban residents in 2001.
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Alternative view of Crocodile (West) and Mokolo River catchments. Source: Schroder, Van Rooyen and Rossouw
2012.
Figure 2: Alternative view of Crocodile (West) and Mokolo River catchments

6

21st Century Climate Change Impacts on Mokolo and Crocodile (West) River Flows

Historic Temperature Trends
The IPCC 5th Assessment shows an
increasing temperature trend of
approximately 1°C from 1901-2012
over the general region of the Mokolo
and Crocodile (West) catchments,
comparable to most areas in Africa and
around the world. Scientific studies are
clear that this temperature increase is
due to human emissions of greenhouse
gasses.

African Temperature Trend 1901-2012. Source:
Adapted from Figure 22-1 from IPCC 5th Assessment
Africa Chapter (Niang et al. 2014)
Figure 3: 20th Century Temperature Trends over
Africa

Historic Precipitation Trends
The IPCC 5th Assessment shows a
slight decreasing trend in
precipitation of between 10% and
25% in the general region of Mokolo
and Crocodile (West) catchments
for the period 1951-2010 (Figure 4).
This trend is not statistically
significant, as indicated by the
hatching in the figure.

African Precipitation Trend 1951-2012. Hatched
areas are not statistically significant. Source:
Adapted from Figure 22-1 from IPCC 5th Assessment
Africa Chapter (Niang et al. 2014)
Figure 4 : 20th Century Precipitation Trends over
Africa
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IPCC Global Climate Model Temperature and Precipitation 21st Century Projections
The Fifth IPCC Assessment published projections in 2013 for South Africa from the full suite of 39
global climate models used in the assessment (Collins et al. 2013). These results in general show
substantial increases in temperature, and a strong tendency towards less precipitation over most
parts of South Africa including the Mokolo and Crocodile (West) catchments. There is, however, a
wide range of outcomes from more modest to very serious temperature increases, and from
precipitation declines to precipitation increases depending on the model, future greenhouse gas
emissions, and the exact area in South Africa. This finding is to be expected given the large number
of models and the topographic and climatic complexity of South Africa.
Most climate models used by the IPPC are medium resolution with most grid boxes about 100km
long on each side for a total area of 10,000km2. While the lack of resolution can be a limitation
when investigating results in small areas, global climate models can still be very helpful in
visualizing broad temperature and precipitation patterns. At 8400km2, the Mokolo Basin would be
represented by approximately one grid box in most models. Agreement, or disagreement, among
the large number of models can be helpful in characterizing the likely future with more agreement
indicative of more likely outcomes.
All IPCC models are run under the same four future greenhouse gas emissions scenarios so that
results across models and across different emissions trajectories can be compared. These
emissions scenarios range from low (RCP2.6), somewhat reduced (RCP4.5), high (RCP6.0) and very
high (RCP8.5)2. This analysis will focus on RCP4.5 and RCP8.5 as they span the most likely future
trajectories given current emissions and policy. RCP2.6 is a trajectory that results in meeting the
Paris target of 2°C warming but current commitments to that agreement have nowhere near the
necessary emissions reductions to utilize this path in this study (UNEP 2017). The IPCC also
produces an Annex (IPCC 2013a) and separate documents for RCPs 2.6 (IPCC 2013b) , 4.5 (IPCC
2013c) and 8.5 (IPCC 2013d) to accompany Collins et al. (2017), which provide additional spatially
explicit information on model results, including, importantly, model agreement.
IPCC Model Ranges, Social and Scientific Uncertainty, and Risk
IPCC model results show a broad range of projections. The range arises from two different
uncertainties, one dealing with future human decisions about when and how much to reduce
greenhouse gas emissions, and one dealing with how the Earth will respond to greenhouse gasses.
The first uncertainty is captured by the different emissions scenarios, i.e., RCP8.5 vs RCP4.5. This
uncertainty is not a scientific question but rather one of technology, economics, politics, and other
social factors. By comparing different emissions scenarios, one can see how important these
factors are in determining the range of future climate change.

2

The number in the RCP represents the additional energy in watts per square meter that greenhouse gasses capture
and re-radiate back to the surface of the Earth in the year 2100 relative to pre-industrial conditions. Thus, the
greenhouse gasses in RCP2.6 add an additional 2.6 watts of heat energy per every square meter of the Earth’s surface
relative to a case where no additional greenhouse gasses were present. RCP8.5 has about 3 times the energy in
RCP2.6 (8.5/2.6 = 3.2).
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The second uncertainty is a scientific uncertainty and is captured by the spread of model
projections within a single emissions scenario. Scientists use the concept of ‘percentiles’ to show
the range of scientific uncertainty from model outputs. The easiest way to explain percentiles is to
assume that there are 100 projections of future warming temperatures. If the projections are
ordered from warm to hot, the 10th percentile output would be the 10th warmest model and the
90th percentile output would be the 90th warmest model, i.e., 10 models down from the hottest
model.
Both the absolute value of the warming and the spread of model results, shown as either the 10th
to 90th percentiles (SA Climate Atlas) or the 25th to 75th percentiles (IPCC), should be evaluated to
understand the scientific uncertainty and the future risk. If the 10th to 90th or 25th to 75th
percentile spread is wide, one can assume that there is less scientific certainty around the future.
Conversely, if the model spread is narrow there is less scientific uncertainty. The absolute value of
the warming at each percentile gives an idea of the future risk. Lower absolute temperature
values are less risky for human and natural systems. Precipitation is more complex. Less
precipitation can mean higher risk of water shortages. Higher precipitation may counteract
additional evaporation from warming, but may also result in more floods. Thus, a narrow spread of
model projections with relatively small absolute changes should be considered less risky.
Conversely, a wide spread ranging from small to large absolute changes has a higher risk for
human and natural systems. In general, lower greenhouse gas emissions scenarios, e.g. RCP2.6 or
RCP4.5, have less spread and lower absolute values and hence are considered less risky than
higher scenarios, e.g. RCP6.0 or RCP8.5.
Finally, if there are less than 100 models, then the percentiles are adjusted accordingly: with 50
models, for example, the 10th percentile would be the 5th ranked model and the 90th percentile
would be the 45th ranked model. The same ranking is done with precipitation, with the standard
convention being that the 10th percentile model is on the dry side and the 90th percentile is on the
wet side of the ordered rankings. By definition, the median model is the 50th percentile and is
exactly in the middle of the model rankings.
IPCC Temperature Projections
Under somewhat reduced greenhouse gas emissions (RCP4.5), the full suite of IPCC climate models
estimate mean warming of ~2 °C relative to a 1986-2005 baseline by mid-century in an area of
Southern Africa that includes South Africa. (Figure 5, thick light blue line3. Also see Figure 6, large
rectangular box, for what constitutes ‘Southern Africa’.) At end-century, mean RCP 4.5 warming is
~2.25°C. Under high emissions (RCP8.5) at mid-century, mean warming is projected to be ~2.5°C,
and at end-century mean warming is expected to ~5.25°C (Figure 5, thick red line). It is important
to note that all models project significant warming. Similar temperatures for mid-century under
RCP4.5 and RCP8.5 occur because the two emissions pathways are substantially the same up to
3

The medians, i.e., 50th percentile results and other percentiles are shown at the far right in the figures with ‘box and
whiskers’ plots. See the figure captions for an explanation of these diagrams. The medians are slightly less than the
means because the distribution of model runs in each RCP is not symmetrical and contains a few runs with very high
temperatures. These runs push the average higher without affecting the median results.
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this point. Temperature projection increases in global climate models are derived from physics and
are very robust, although as can be seen there are significant differences among the models as
indicated by the cloud of thin colored lines for each emissions scenario.

Projected Changes in Temperature throughout 21st Century under low (RCP2.6, dark blue) moderate (RCP4.5, light
blue), high (RCP6.0, orange, mostly obscured) and very high (RCP8.5, red) greenhouse gas emissions. The multimodel mean is shown as a thick colored line and all model runs for a given RCP as a colored ‘cloud’. On right, box
and whisker plots showing 5th (lower whisker), 25th (bottom of box), 50th (mid-line in box), 75th (top of box) and 95th
(upper whisker) percentiles of temperature increases. Temperatures are averaged over the land areas shown in the
big rectangular box over Southern Africa in Figure 6.. Source: IPCC, Collins et al. 2013
Figure 5: IPCC projected temperatures over Southern Africa

Spatially explicit future temperature increases under RCP4.5 can be seen in Figure 6 and RCP8.5 in
Figure 7. A small black box has been placed over the approximate area of the Mokolo and
Crocodile (West) rivers. Three future periods (rows: early, mid, and late century) and three
different percentiles (columns: warm=25th percentile, median=50th percentile, and hot=75th
percentile) are shown.
To summarize, all of the images show warming, with more warming later in century (bottom
rows), and of course, more warming from warm (left) to hot models (right). Under RCP4.5 at the
end of the century median warming is approximately 2.5°C and under RCP8.5 the warming is
approximately 4.5°C. Both of these exceed the Paris target of 2°C warming with the RCP8.5
warming more than twice the desired goal.
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Projected changes in annual temperature under RCP4.5 for early century (top row), mid-century (middle row), and endcentury (bottom row). Columns are for warm (25th percentile, left), median (50th percentile, middle) and hot (75th
percentile, right.) Lack of hatching and solid colors indicate substantial model agreement for all results. The small black
box represents the approximate area of the Mokolo and Crocodile catchments. Source: IPCC 2013c
Figure 6: IPCC RCP4.5 Southern Africa map of 21st century projected temperatures
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Projected changes in annual temperature under RCP8.5 for early century (top row), mid-century (middle row), and endcentury (bottom row). Columns are for warm (25th percentile, left), median (50th percentile, middle) and hot (75th
percentile, right). Solid colors without hatching indicates substantial model agreement. The small black box represents
the approximate area of the Mokolo and Crocodile catchments. Source: IPCC 2013d
Figure 7: IPCC RCP8.5 Southern Africa map of 21st century projected temperatures

IPCC Precipitation Projections
Averaged over all of Southern Africa, under all emissions scenarios, multi-model mean results
show a decline in precipitation (thick lines), with the size of the decline generally proportional to
the emissions pathway (Figure 8). For all models, however, the figure implies that there is a wide
range of model outcomes, as indicated by the spread of the colored clouds. Under the highest
emissions scenario (RCP8.5, red), at mid-century precipitation shows a slight multi-model mean
decline but by end-century significant precipitation decreases are evident in the mean (thick line)
results. The box and whisker plots show the declines clearly, with 75% of the models in RCP4.5
showing a decline (upper edge of the box at 0) and 95% of the RCP8.5 models (upper whisker at 0)
showing a decline by end of century.
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Historic and Projected Changes in precipitation throughout 21st Century under low (RCP2.6) moderate (RCP4.5),
high (RCP6.0) and very high (RCP8.5) greenhouse gas emissions. The multi-model mean is shown as a thick line and
all model runs as a colored ‘cloud’. On right, boxplots showing 5th, 25th, 50th, 75th and 95th percentiles of
temperature increases. Results are averaged over the land areas shown in the rectangular box over Southern Africa
in Figure 6. Source: IPCC, (Collins et al. 2013)
Figure 8: IPCC projected precipitation over Southern Africa

Spatially explicit results for RCP4.5 for a number of future periods (near future, mid-century, endcentury) and by model spread (25th, 50th, 75th percentiles) can be seen in Figure 9. Similarly, results
for RCP8.5 for a number of future periods (near future, mid-century, end-century) and by model
spread (25th, 50th, 75th percentiles) can be seen in Figure 10. These maps show percent changes in
precipitation compared to the 1986-2005 baseline period.
For RCP4.5, the 25th and 50th percentile maps show modest drying in the Mokolo and Crocodile
region for all three future periods. The 75th percentile (wettest models, right column) shows
modest precipitation increases in all three periods. Almost all maps show hatching, indicating poor
model agreement.
For RCP8.5, the 25th and 50th percentile maps show significant drying in the Mokolo and Crocodile
region for all three future periods. The 75th percentile maps (the wettest models, right column)
show a modest precipitation increase in the 0 to 10% range for the near future and mid-century
but drying by end-century. About half of the maps show hatching, indicating poor model
agreement.
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Precipitation projections, unlike temperatures, are subject to much greater uncertainty.
Precipitation in global climate models is “parameterized”, meaning that precipitation is based on
statistical relationships rather than on pure physics, as is temperature. Parameterizations are a
way to overcome existing computational limits associated with modeling the physics of clouds.
Finally, it is important to note that precipitation is not runoff. Runoff only occurs after
environmental demands for moisture are met. Higher evaporative loads caused by increasing
temperatures can negate modest precipitation increases. This is discussed further below.
To summarize, two-thirds of the RCP4.5 results show drying in the Mokolo and Crocodile regions
at both mid-century and end-century. Under RCP8.5 with its higher warming, five-sixths of the
results show drying at mid-century and end-century. Only the wettest models under RCP4.5 and
RCP8.5 show modest precipitation increases. Because modest precipitation increases can be
overwhelmed by increasing evaporation due to higher temperatures, these results suggest a drier
future is the most likely outcome.
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Projected changes in annual precipitation under RCP4.5 for early century (top row), mid-century (middle row), and endcentury (bottom row). Columns are for dry (25th percentile, left), median (50th percentile, middle) and wet (75th
percentile, right.) Hatching indicates less model agreement, solid colors substantial model agreement. Note that 6 of
the 9 boxes show drying. Only the wettest models show 0-10% precipitation increases. The small black box represents
the approximate area of the Mokolo and Crocodile catchments. Source: IPCC 2013c
Figure 9: IPCC RCP4.5 Southern Africa map of 21st century projected precipitation
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Projected changes in annual precipitation under RCP8.5 for early century (top row), mid-century (middle row), and endcentury (bottom row). Columns are for dry (25th percentile, right), median (50th percentile, middle) and wet (75th
percentile, left.) Hatching indicates less model agreement, solid colors substantial model agreement. Note that only
one map, upper right, shows modest 0-10% precipitation increase. All other maps show drying. The small black box
represents the approximate area of the Mokolo and Crocodile catchments. Source: IPCC 2013d
Figure 10: IPCC RCP8.5 Southern Africa map of 21st century projected precipitation

South African Climate Change Reference Atlas Findings
In March of 2017, the South African Weather Service issued “A Climate Change Reference Atlas”
(South African Weather Service and Water Research Commission 2017). This effort was based on
the latest IPCC 5th Assessment global climate models (Coupled Model Intercomparison Project 5 or
CMIP5). The climate projections in the document are part of a larger effort known as the
Coordinated Regional Downscaling Experiment (“CORDEX”), which is designed to provide high
resolution temperature and precipitation projections for use by decision-makers worldwide
(Giorgi, Jones, and Asrar 2009).
The temperature and precipitation projections in the atlas cover all of South Africa. They are for
two future periods 2036-2065 (mid-century), and 2066-2095 (end-century), and cover two future
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greenhouse gas emissions scenarios, somewhat reduced (RCP4.5) and high emissions (RCP8.5). In
the main body of the report the projections are shown as annual changes for the period compared
to a 1976-2005 average. Finally, the projections are split into dry/warm (10th percentile), median
(50th percentile), and wet/hot (90th percentile) to show model differences.
Coarse data from nine IPCC global climate models were used to drive a single regional climate
model, RCM4. RCM4 provides downscaled output in approximately 40km2 grid boxes, substantially
improving on the 100km2 boxes from the original global climate models. Instead of roughly one
grid box for the entire Mokolo basin, RCM4 provides approximately 5 boxes. The output allows us
to see higher resolution results for all the South Africa provinces.
Downscaling is believed to improve upon some aspects of global climate model output, including
limitations due to topography. Downscaling is not a panacea, however, as it is still subject to
problems inherent in the original global climate model. At some point, increasing computer power
will allow global climate models to be run at very high resolution, negating the need for
downscaling, but that future is still a few decades away. Until that time, we will continue to use
downscaling to get higher resolution climate projections.
The output data are provided in map form for annual (see below) and seasonal changes (see
Appendix) for temperature increases (in degrees Celsius) and precipitation changes (in mm and
also by percent change) from a 20th century normal (1976-2005). The maps delineate the borders
of all the South African provinces, including Limpopo, Gauteng, and North West where the Mokolo
and Crocodile (West) catchments exist. The map in Figure 11 has the approximate areas of the two
catchments shown. In addition, the Atlas shows how the results from the models differ so that
model agreement can be assessed (blue panels). In general, the stronger the model agreement,
the more confidence we can have in their results. Further details are provided in the original
document.

South African provinces and approximate location of Mokolo Basin (green) and Crocodile
(West) (blue) catchments with mainstem of river in red. Source: Author
Figure 11: Approximate Location of Mokolo and Crocodile (West) Catchments
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SA Atlas Temperature Projections
These high-resolution results show warming across all models in South Africa with warming
increasing as the century unfolds. These results are reasonably consistent across all models,
although there are the usual inter-model differences in the amount of future warming due to
differences in model formulation. As to be expected, higher emissions lead to higher
temperatures, with annual warming of 2 to 2.5°C by mid-century and 2.5 to 3°C by end-century
under RCP4.5 (Figure 12). Under RCP8.5 annual median warming is 2 to 2.5°C by mid-century and
4.5 to 5°C by end-century (Figure 13). There is less warming on the coasts and more warming in
the semi-arid interior, an expected pattern. These results are relative to a 1976-2005 baseline.

Projected annual temperature increases relative to 1976-2005 from mid-range (RCP4.5) climate projections for midcentury (left two columns) and end-century (right two columns). Model range is represented from warm (10th
percentile, bottom), median (50th percentile, middle) and hot (90th percentile, top). The blue panels indicate the
degree of model agreement with lighter colors indicating greater agreement. Source: Figure 5 from South African
Climate Change Atlas (South African Weather Service and Water Research Commission 2017)

Figure 12: SA Atlas RCP4.5 projected 21st century temperatures
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Projected annual temperatures increases relative to 1976-2005 from high-range (RCP8.5) climate projections for
mid-century (left two columns) and end-century (right two columns). Model range is represented from warm (10th
percentile, bottom), median (50th percentile, middle) and hot (90th percentile, top). The blue panels indicate the
degree of model agreement. Source: Figure 15 from South African Climate Change Atlas (South African Weather
Service and Water Research Commission 2017)
Figure 13: SA Atlas RCP8.5 projected 21st century temperatures

SA Atlas Precipitation Projections
On an annual basis, the results show that the Mokolo catchment will experience a reduction in
annual precipitation regardless of future emissions (Figures 14-17). Under RCP4.5 and RCP8.5 the
drying is between 5-10%. This translates to up to 50mm/year. This finding is very clear from a
careful study of the figures.
The annual results for the Crocodile (West) are more nuanced with precipitation increases shown
for portions of the basin for some combinations of emissions scenarios and some periods. Under
RCP4.5 in mid-century a band of slightly increased precipitation of approximately 20mm/year is
shown along the North West – Limpopo border (Figure 14, left panels). This translates to about a
5% increase for some of the basin averaged over all models (Figure 15, top). The RCP4.5 endcentury results, however, show consistent drying of approximately 20mm or more per year (Figure
14, right panels). This translates to up to 10% drying averaged over all models (Figure 15, bottom).
Under RCP8.5 the mid-century pattern is similar to RCP4.5 with 5 to 10mm/year increases over
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some parts of the basin, but only with the wettest and median models (Figure 16, top left and
center left panels). Averaged over all model results, however, this translates to slight drying
(Figure 17, top). By end-century, only the wettest RCP8.5 models still show increases of
20mm/year while the median and dry models show up to 30mm/year declines (Figure 16, right
panels). Averaged over all models, the end-century RCP8.5 results show a 5% decline in annual
precipitation (Figure 17, bottom). A careful look at the annual average percentage changes in
Figures 15 and 17 show that only in RCP4.5 mid-century results does a portion of the basin
experience modest, approximately 5%, increases in precipitation. In all other combinations of
periods and emissions, the basin dries by approximately 5%.
Additional results by season are shown in the Appendix.
There is a strong positive correlation between the amount of warming and future reductions in
precipitation with RCP8.5 as evidenced by the darker brown colors in RCP8.5 when compared with
RCP4.5. Hence, more warming leads to less precipitation.
Precipitation, it must be noted, is not the equivalent of runoff. Runoff only occurs after soil
moisture is recharged, plants have consumed a water share, and atmospheric moisture demand is
met or partially met. Thus, it should be noted that even in the few cases where increased
precipitation is noted, it is highly likely that increased evaporation from warming will overwhelm
the projected modest precipitation increases, and thus river runoff will likely decrease despite
modest precipitation increases. End-century median warming was previously shown to range from
2.5°C to 3.0°C under RCP4.5 and from 4.5°C to 5.0°C under RCP8.5 in the SA Atlas.
This is discussed further below in the context of runoff findings from the American Southwest.
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Projected annual precipitation changes in millimeters per year for mid-century (left two columns) and end-century
(right two columns) from mid-range (RCP4.5) climate projections as compared to 1976-2005. Model range is
represented from dry (10th percentile, bottom), median (50th percentile, middle) and wet (90th percentile, top). The
blue panels indicate the degree of model agreement with lighter colors indicating greater model agreement. In
mid-century there are modest (<20 mm/year) precipitation increases in a portion of the Crocodile (West) basin
along the North West – Limpopo province border. By end-century, however, all maps show consistent drying in the
Crocodile (West) basin. All 6 maps show drying in the Mokolo basin in Limpopo Province. Source: Figure 6 from
South African Climate Change Atlas (South African Weather Service and Water Research Commission 2017)
Figure 14: SA Atlas RCP4.5 projected 21st century precipitation (millimeters)
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Projected annual precipitation changes from mid-range (RCP4.5) climate projections as a percentage of 1975-2005
rainfall. The blue panels indicate the degree of model agreement with lighter colors indicating greater model
agreement. Note that the early century map shows modest (~ 5%) precipitation increases along the Limpopo –
North West province border in a portion of the Crocodile (West) basin. Both maps show consistent drying in the
Mokolo basin in Limpopo Province. Source: Figure 25 from South African Climate Change Atlas (South African
Weather Service and Water Research Commission 2017)
Figure 15: SA Atlas RCP4.5 projected 21st century precipitation (percent change)
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Projected annual precipitation changes in millimeters per year for mid-century (left) and end-century (right) from
high emissions (RCP8.5) climate projections as compared to 1976-2005. Model range is represented from dry (10th
percentile, bottom), median (50th percentile, middle) and wet (90th percentile, top). The blue panels indicate the
degree of model agreement with lighter colors indicating greater model agreement. Note that some of the maps
show very modest (< 20 mm/year) precipitation increases along the Limpopo - North West Province border in a
portion of the Crocodile (West) basin. The Mokolo basin consistently dries across all maps. Source: Figure 16 from
South African Climate Change Atlas (South African Weather Service and Water Research Commission 2017)
Figure 16: SA Atlas RCP8.5 projected 21st century precipitation (millimeters)
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Projected precipitation changes from high-range (RCP8.5) climate projections. The blue panels indicate the degree of
model agreement with lighter colors indicating greater model agreement. Note that both maps show drying in the
Crocodile (West) and Mokolo river basins in Limpopo, North West and Gauteng provinces. Source: A Climate Change
Reference Atlas (South African Weather Service and Water Research Commission 2017)
Figure 17: SA Atlas RCP8.5 projected 21st century precipitation (percent change)

Temperature-Induced Flow Declines
Recent research from the American Southwest has tied increased temperatures to reductions in
river flows via modeling, theory, and observations. The American Southwest is semi-arid, with
annual precipitation ranging from less than 300mm/year to over 1000 mm/year in higher
elevations. It has long been known that higher temperatures on any given day increase water
demands from plants, and evaporation from soils and water bodies. Higher temperatures also
lead to longer growing seasons, another way to increase water use.
One recent study (Seager et al. 2015) found increasing water vapor pressure deficits in the
American Southwest as temperatures have risen. Water vapor pressure deficits are the difference
between the amount of water vapor the atmosphere can hold and the amount of water vapor
present. A higher vapor pressure deficit will drive more evaporation. This finding is in agreement
with the Clausius-Clapeyron relationship that says the atmosphere can hold approximately 7%
more moisture per degree Celsius of warming. In arid or semi-arid moisture-limited environments,
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as it warms vapor pressure deficits should thus increase as there is not enough moisture to satisfy
the atmospheric water demand. In recent years ‘flash droughts’ have increasingly occurred,
driven in part by these enhanced atmospheric moisture demands (Wang et al. 2016) .
Another study (Vano, Das, and Lettenmaier 2012) investigated how the Colorado River flows are
sensitive to changes in temperature and precipitation using 5 hydrology models. Starting from
calibrated hydrologic models, which take temperature, precipitation and other data inputs to
produce modeled river flows, the authors then adjusted the temperature inputs by a small amount
to discover the sensitivity of river flows to increases in temperature while holding precipitation
constant. The authors found that temperature sensitivity ranged from 3.5%/°C to 10%/°C with a
midpoint of 6.5%/°C. Thus 1°C increase would decrease flows by 6.5%. Similarly, they
investigated how river flows change with small increases and decreases in precipitation.
Udall and Overpeck (2017) found that in the Colorado River Basin one-third of the recent 20002014 flow decline of 20% has been due to higher temperatures, not a lack of precipitation. Using
global climate model projected future temperatures, they then projected temperature-induced
declines of 20% by 2050 and 35% by 2100 under warming projected by different emissions
trajectories. Udall and Overpeck found that to counteract these temperature-induced declines,
precipitation increases of up to 10% by 2050 and 17% by 2100 were needed. Although 10% and
17% seem like relatively small numbers, they are not when they occur every year. The wettest
decade in the 20th century had only increases of 8% per year. This decade led to uncontrolled
floods on the Colorado River.
Woodhouse and co-authors (2016) found that in recent decades the Colorado River has produced
less flow than expected for a given amount of precipitation. They attribute these declines in
runoff efficiency to higher temperatures in the basin. Declines in expected runoff have occurred
both with above normal and below normal precipitation but temperatures during this period have
been higher than any temperatures recorded during the 20th century.
McCabe and co-authors (2017) found flows in the Colorado River basin have declined by 6% since
2000 due to higher temperatures. This is approximately the middle of the range found by Udall
and Overpeck (2017). Lehner and co-authors (2017) found decreasing runoff efficiency in the Rio
Grande as temperatures increased.
Taken collectively, these papers indicate that higher temperatures are reducing Colorado River
flows significantly, and these temperature-induced flow declines will continue. The results are
broadly applicable to other arid and semi-arid river basins around the world, including the Mokolo
and Crocodile (West) rivers in South Africa.

Consecutive Dry Days
One consistent finding across nearly all climate models is that in the future precipitation will come
on fewer days, and when it does precipitate, precipitation will also often be heavier. This has
already been noted in many parts of the world (Melillo, Richmond, and Yohe 2014; Hartmann et al.
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2013). This can lead to short-lived flooding events followed by longer, hotter dry periods. Longer,
hotter periods without precipitation can lead to ‘flash droughts’ (Wang et al. 2016). The IPCC
specifically identifies South Africa as being one of the areas in the world where increases in
consecutive dry days are very likely to occur under high emissions (Figure 18).

Trend in maximum number of consecutive dry days under high emissions (RCP8.5) at end of 21st century relative
to 1981-2000 from all CMP5 models. Note that Southern Africa features the darkest colors on the entire map,
matched only by a few other areas, and the area is stippled, indicating statistical significance. Source: IPCC 5th
Assessment Climate Projections, Chapter 12, Figure 12-26 (Collins et al. 2013)
Figure 18: IPCC RCP8.5 Maximum number of consecutive dry days
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Conclusions
The Mokolo and Crocodile (West) River catchments have warmed significantly since 1900, and will
continue to warm in the 21st century, with the ultimate amount of warming directly tied to the
amount of greenhouse gasses that humans emit. The warming ranges from twice the existing
warming (~2°C) to nearly five times existing warming (~5°C). Both the IPCC models and the
downscaled results in the SA Atlas support this finding. This finding is virtually certain.
Precipitation in Mokolo and Crocodile (West) catchments have decreased over the last 60 years.
Future precipitation in the province is likely to decrease or stay the same as the world warms, with
greater decreases possible with higher warming. Future precipitation increases seem unlikely
based on model projections and from trends evident in the first 17 years of the 21st century. The
IPCC models show some modest annual precipitation increases but these occur only in some
periods and only in the wettest models. In the Mokolo basin the higher resolution SA Atlas shows
consistent annual drying across all models, all future periods and both RCP4.5 and RCP8.5
emissions. In the Crocodile (West) basin the SA Atlas show that a portion of the basin may see
small precipitation increases by mid-century but by end-century precipitation declines. Thus, given
the model leanings, it seems more likely than not that the catchments will see drying on an annual
basis in the 21st century, with the drying proportional to the amount of warming.
Runoff is influenced by both precipitation and by temperature. The strong preponderance of
scientific evidence from all recent and relevant scientific studies indicates that flows in the Mokolo
and Crocodile (West) rivers will likely decline as the 21st century warms. Even if some increases in
precipitation were to occur, flows will still decline due to higher evaporation and
evapotranspiration. Simple calculations from the American Southwest suggest that modest 3°C
warming would reduce river flows by about 20% and 5°C warming would reduce flows by nearly
35%. To counteract these temperature-induced flow declines, consistent yearly increases in
precipitation of approximately 10% to 17% would be needed. This seems unlikely given the model
results from the IPCC and especially from the SA Atlas. And were precipitation decreases to occur,
river flow would drop by even more than the pure temperature-induced declines calculated
above. Thus, it seems very likely that Mokolo and Crocodile (West) River flows will decline as the
21st century unfolds, with the decline proportional to the temperature increase. This finding is
considered very likely.
What precipitation does occur will come on fewer days, with more intensity. Periods between
precipitation will increase, thus causing drying not seen in the historical record. ‘Flash droughts’
may become common. This finding is very likely.
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Given all of these results, South African water and infrastructure planners and government should
prepare for significant Mokolo and Crocodile (West) River flow reductions and refrain from actions
that will increase the risks of undesired outcomes. Maladaptive actions would include increasing
the demands on these already over-allocated water systems, and contributing to additional
warming by increasing emissions of greenhouse gasses through the construction of long-lasting,
new coal-fired power plants. Committing to decades of harmful greenhouse gas emissions from
new power plants seems especially ill-advised in the light of plummeting renewable energy costs
(Bloomberg New Energy Finance and Business Council for Sustainable Energy 2018). A recent IPCC
analysis of international commitments indicates that nations are falling significantly short of their
goals to keep warming at or below 2°C (UNEP 2017). This means that South African river flow
reduction risks are higher than they would otherwise be, and that new emissions sources should
be avoided where reasonable alternatives exist.
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Appendix – 21st Century Seasonal Precipitation Changes
Additional Figures from the South African Climate Atlas showing seasonal changes in precipitation
under RCP4.5 and RCP8.5.

Seasonal percentage change in precipitation for December, January and February (left) and March, April, May
(right) under moderate (RCP4.5) greenhouse gas emissions. The blue panels indicate the degree of model
agreement with lighter colors indicating greater model agreement. Source: (South African Weather Service and
Water Research Commission 2017)
Figure 19: RCP4.5 Seasonal change in 21st century precipitation DJF and MAM (percent change)
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Seasonal percentage change in precipitation for June, July, August (left) and September, October, November (right)
under moderate (RCP4.5) greenhouse gas emissions. The blue panels indicate the degree of model agreement with
lighter colors indicating greater model agreement. Source: (South African Weather Service and Water Research
Commission 2017)
Figure 20: RCP4.5 Seasonal change in 21st century precipitation JJA and SON (percent change)
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Seasonal percentage change in precipitation for December, January and February (left) and March, April, May
(right) under high (RCP8.5) greenhouse gas emissions. The blue panels indicate the degree of model agreement
with lighter colors indicating greater model agreement. Source: (South African Weather Service and Water
Research Commission 2017)
Figure 21: RCP8.5 Seasonal change in 21st century precipitation DJF and MAM (percent change)
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Seasonal percentage change in precipitation for June, July, August (left) and September, October, November (right)
under high (RCP8.5) greenhouse gas emissions. The blue panels indicate the degree of model agreement with
lighter colors indicating greater model agreement. Source: (South African Weather Service and Water Research
Commission 2017)
Figure 22: RCP8.5 Seasonal change in 21st century precipitation JJA and SON (percent change)
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