
Numerous challenges coalesce to make southern Africa 
emblematic of the connections between climate and the 
water–energy–food nexus, which has important economic 

in�uence throughout the region. Physical and socioeconomic expo-
sure to climate is high in socioeconomically vulnerable areas and 
crucial sectors, such as agriculture, but also in energy generation 
and mining. For example, almost 100% of electricity production in 
the Democratic Republic of Congo (DRC), Lesotho, Malawi and 
Zambia is from hydropower. Hydropower further comprises a major 
component of regional energy security through extensive sharing 
as part of the Southern African Power Pool (SAPP). �e region’s 
population is concentrated in areas exposed to high levels of hydro-
meteorological variability1 and is projected to roughly double by 
20502. Of the 13 mainland countries and Madagascar (Table 1) that 
comprise the Southern African Development Community (SADC), 
six are de�ned as low income, three as lower-middle income and 
four as upper-middle income, according to the World Bank clas-
si�cation (using 2012 gross national income per capita). �ere are 
few quanti�ed examples of the links between climate and economic 
activity in the region, although South Africa experienced a decrease 
in gross domestic product (GDP) in the 1983  El Niño year3, and 
economic modelling studies in Malawi and Zambia indicate that 
the severe 1992 drought caused a drop in GDP of approximately 
7–9% and adversely a�ected household poverty4. Climate variabil-
ity has important consequences for resource management in the 
region, including for non-equilibrium production systems such as 
rangeland ecology5, irrigation6 and lakes7. Southern Africa is also a 
region where seasonal climate forecasts can potentially bene�t areas 
where sustained forecast skill is demonstrated. Seasonal climate 
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forecasting has been the subject of many studies in sub-Saharan 
Africa (SSA)8,9 and the Southern Africa Regional Climate Outlook 
Forum provides advance information about the likely character of 
seasonal climate. Yet, despite more than a decade of research on 
hydrological applications of seasonal forecasts, there is limited evi-
dence of their operational use in the water sector9. With ongoing 
climate change, annual precipitation, soil moisture and runo� are 
likely to decrease, while rising temperatures could increase evapora-
tive demand in large parts of the region10 (Fig. 1).

�e past decade saw rapid growth in research and policy interest 
in natural resource scarcity, with water–energy–food interdepend-
encies increasingly framed as a nexus, or resource trilemma. �e 
Bonn nexus conference in 201111 is notable in this process of recog-
nizing the complex interactions between sectors and resource sys-
tems, and the need to minimize the trade-o�s and risks of adverse 
cross-sectoral impacts11,12. �e nexus is increasingly prominent on 
policymakers’ agendas, partly in relation to the post-2015 agenda for 
the sustainable development goals13. �e private sector was another 
early promoter of the nexus concept14 owing to growing associated 
risks a�ecting production security along supply chains, such as (but 
not exclusively) for water15. In southern Africa, for example, South 
African brewers SABMiller are seeking better approaches to han-
dling trade-o�s between water, energy and food by attempting to 
make business decisions through a resource nexus lens16. Strong 
interdependencies on a range of scales give rise to a large number of 
trade-o�s and co-bene�ts, according to the heterogeneous con�gu-
rations of societal uses of water across river basins and aquifers. �e 
region’s many transboundary basins require actions among upstream 
and downstream water uses to be reconciled between countries.
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Previous nexus studies have concentrated on global 
interdependencies17, problem framing18 or case studies of speci�c 
systems such as islands19 and irrigation and hydropower produc-
tion20. Here, we examine southern Africa’s nexus from the per-
spective of climate and modify Ho� ’s nexus framework11, which 
integrates global trends (drivers) with �elds of action, to highlight 
the role of climate as a driver (Fig. 2). Climate encompasses aver-
age (that is, 30-yr) conditions, variability over years to decades 
(that is, as observed) and anthropogenic climate change. In terms 
of the nexus, we consider the main elements of intraregional links 
in water–energy–food at a national level, while highlighting con-
nections on the river basin scale and drawing attention to case stud-
ies of the many examples of speci�c trade-o�s and synergies21. We 
base our review on published studies, complemented by empirical 
analysis of available national-level data on climate, water resources, 
crop production, trade and GDP. We �rst consider national-level 
exposure of water, energy and food production to climate variability 
in aggregate economic terms and analyse the relationship between 
interannual and multiyear climate variability and economic activ-
ity, focusing on GDP and agricultural production. We then outline 
the potential for seasonal climate forecasting in areas with high 
forecasting skill and socially and economically important nexus-
related activities, and summarize studies that model the impact of 
anthropogenic climate change on elements of the nexus. Finally, we 
describe three key intraregional mechanisms for balancing nexus 
components, and conclude by identifying knowledge gaps in south-
ern Africa’s climate and water–energy–food nexus.

National-level exposure of nexus sectors to climate
We characterize exposure as the interaction between characteristics 
of the climate system (particularly interannual rainfall variability) 
and a country’s dependence on climate-sensitive economic activities 
such as the share of agriculture in GDP, the proportion of rainfed 
agricultural land and the energy contribution from hydroelectric 
sources (Table 1; Fig. 3). South Africa’s GDP is larger than that of 
the other 12 southern African economies combined. �e direct con-
tribution of agriculture to the economy is lowest (<10%) in South 
Africa, Botswana, Swaziland, Namibia, Angola and Lesotho, 13% in 
Zimbabwe and more than 20% in the other countries. If agricultural 
processing were included in agricultural GDP, the shares would be 
substantially larger in most, if not all, SADC countries. �e share of 
cropland equipped for irrigation is low in most of the region, with 

the exception of Madagascar, South Africa and Swaziland (Table 1). 
�e contribution of hydropower to energy production is very high 
overall (Fig.  3), but varies considerably across the region, from 
1.5% in South Africa to more than 30% in Madagascar, Swaziland 
and Zimbabwe, and to almost 100% in DRC, Lesotho, Malawi and 
Zambia. Reliable electricity production is at risk during prolonged 
droughts and also during extreme �ood events, when dam safety 
is an additional risk. More than 90% of South Africa’s energy gen-
eration is coal-based22, well above the rest of the region. Coal-�red 
power plants with wet cooling systems consume far more water 
than most other energy technologies22. �us, South Africa’s main 
energy utility, Eskom, uses about 2% of the country’s freshwater 
resources, mainly for coal-�red power stations23. Coal mining and 
energy generation from coal both substantially impact water quality 
and availability24. To reduce these impacts, Eskom has implemented 
a dry-cooling system in two existing and all new power stations25, 
enabling a 15-fold reduction in water use.

Overall, there are strong contrasts (Table  1) in energy (8–84% 
of energy consumption imported) and food (5–90% of cereal food 
imported) self-su�ciency, and in the intensity of freshwater use, 
expressed as freshwater withdrawals relative to total actual renew-
able water resources (TARWR; 0.1–24%). Countries facing most 
water shortage, expressed as share of TARWR withdrawn (Table 1), 
are South Africa (24%), Swaziland (23%) and Zimbabwe (21%), 
well within categories de�ned as physically water scarce (ratio 
larger than 20%26). We interpret this indicator with caution, noting 
its failure to capture the complex spatial and temporal distribution 
of water, political economic access, di�erences in water needs and 
socioeconomic capacity to support e�ective water utilization27,28. 
Subnational areas of high demand relative to availability include 
southern Malawi, Namibia and Botswana. Low ratios of water with-
drawal to TARWR (such as 0.05% in DRC28) could also indicate eco-
nomic water scarcity owing to inadequate investments to harness 
and deliver water.

�e cereal import dependency ratio (Table 1) re�ects the impor-
tance of imports for the volume of grains available for consump-
tion in the country (that is, production + imports − exports). It is 
particularly high for the small countries of Swaziland and Lesotho, 
and more strikingly so for larger nations such as Botswana (90%), 
Namibia (65%) and Angola (55%). Dependency ratios are low-
est in Zambia and Malawi. Total food aid received by the region 
(260,000 tons in 2012; Supplementary Fig. 1) was equivalent to 

Table 1 | Economic indicators and climate-sensitive economic activities across water, energy and food. 

Country GDP (current 
US$ billion)

GDP per capita 
(current US$)

Energy imports 
(% consumption)

Freshwater withdrawal 
(% TARWR)

Cereal import 
dependency ratio (%)

Area equipped for irrigation 
(% cultivated land)

Angola 115 5,540 32 0.48 55 2
Botswana 14.5 7,250 63 1.6 90 1
DRC 18 420 5 0.05 37 0.1
Lesotho 2.3 1,130 – 1.4 85 1
Madagascar 10 440 – 4.9 10 31
Malawi 4.2 270 – 7.9 6 2
Mozambique 14.4 570 21 0.4 31 3
Namibia 13.4 5,930 84 1.6 65 1
South Africa 382 7,310 46 24 19 13
Swaziland 4.1 3,290 – 23 79 26
Tanzania 28 610 13 5.4 13 2
Zambia 20.6 1,460 14 1.5 5 6
Zimbabwe 12.5 910 10 21 52 5

Sources: GDP (2012)90; energy (2012)91; water use (2000–2005)72,92; food trade (2007–2009)93; and irrigation (1960–2005)72,92. 
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about 2–3% of food imported by the region from the rest of the 
world (9 million tons in 2008). �us, chronic and episodic food 
insecurity remain important problems in the region. �e causes are 
numerous and, at the household and individual level, are dominated 
by poverty, environmental stressors and con�ict, o�en underpinned 
by structural elements in the lives of communities, intensi�ed by 
sudden shocks that can be climate related such as decrease in cereal 
availability and food price spikes29,30. 

Climate signals in nexus sectors
Multiyear rainfall variability in southern Africa is higher than in 
many other parts of the world31,32. Interannual variability, expressed as 
the coe�cient of variation (COV), is not particularly high on national 
scales: <20% for most countries, except for Botswana and Namibia, 
the driest two countries (Fig. 3). However, rainfall shows much greater 
local variability (local COV exceeds 20% across much of the SADC 
region), strong seasonality and a range of multi-annual to decadal 

variations33. At the national level, long-term trends in rainfall between 
1901 and 2012 are modest (the linear trend is insigni�cant relative to 
the long-term average), without evidence of any clear spatial pattern 
(Supplementary Table 1). Linear trends during the past two decades 
show varied behaviour; three countries with wetting trends above 
20% of the long-term mean annual rainfall (Botswana, Namibia and 
Zambia) and Tanzania with a drying trend of 21% (Supplementary 
Table 1). National-level analysis is likely to obscure local trends and 
the results are highly sensitive to the period chosen for analysis, par-
ticularly in regions with strong multi-annual variability.

National variations in rainfall and temperature have been found 
to exert major in�uence on agricultural production in all of SSA, 
but with considerable regional heterogeneity in the response to 
rainfall34. Another study for SSA used panel regressions to explore 
the e�ects of temperature and precipitation variability on country-
level economic growth indicators, and found drought was the most 
signi�cant climate in�uence on GDP per capita growth35. We use 
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Figure 1 | Average annual total precipitation (1961–1990) and multimodel ensembles of projected changes in national average annual precipitation 
(as a fraction of 1961–1990 mean) and national average annual mean temperature (°C change from 1961–1990 mean). Estimates are for global warming 
of 2 °C using a pattern-scaling approach (T. J. Osborn, C. J. Wallace, I. C. Harris and T. M. Melvin, manuscript in preparation). The three ensembles are 
CMIP3 (21 models: open coloured symbols and pink shaded distribution), CMIP5 (20 models: filled coloured symbols and brown shaded distribution) and 
Quantifying Uncertainty in Model Predictions (QUMP) (17 versions of the Hadley Centre Coupled Model Version 3 (HadCM3) with perturbed physical 
parameter values: black symbols and blue shaded distribution). The shaded distributions are fit to the data to represent the bivariate ±2 standard deviation 
ranges and have been included to facilitate comparison of the model ensembles rather than to represent probabilistic projections of climate. Black dots 
and black fitted distributions illustrate the ranges of internal variability of 30-yr mean climate simulated in a 1,000-yr control simulation of HadCM3, for 
comparison with the projected changes in climate.
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correlation analysis to explore, for each country, the associations 
between annual rainfall and national economic activity (GDP 
annual growth rate) and agricultural production (all cereals and 
maize — the most signi�cant crop in the region). Fi�een-year slid-
ing correlations are used to examine the temporal stability of asso-
ciations between variables (see Supplementary Information). �ere 
are no statistically signi�cant relationships between annual rainfall 
and GDP growth rate (Supplementary Table 2). Correlation of rain-
fall with total production of cereals and maize shows three countries 
with signi�cant relationships at the 1% level and three at the 5% level 
(although for DRC it is negative and possibly spurious). �e average 
sliding correlations are somewhat higher (Supplementary Table 3).

Time series data of hydropower production are neither publically 
available nor easily comparable between sites/countries, making it 
di�cult to assess the importance of climate variability as a driver 
of energy production �uctuations. A study of the e�ects of modi-
�ed reservoir operation on downstream environmental �ows of the 
Zambezi shows considerable variability in observed hydropower 
production at three sites, but does not consider the role of climate36. 
Electricity insecurity is known to negatively a�ect total factor pro-
ductivity and labour productivity of small and medium-sized enter-
prises, but the relationship is not simple, with di�erences between 
countries and measurement e�ects37. Studies of speci�c events 
highlight the major consequences of drought-induced reductions in 
electricity production38. Ref. 18 cites examples of drought impact on 
the Kariba Dam (Zambezi Basin) during 1991–1992, resulting in 
estimated reductions of US$102 million in GDP and US$36 million 
in export earnings; and Kenya, where, during 2000, a 25% reduction 
in hydropower capacity resulted in an estimated 1.5% reduction 
in GDP. A review of the economics of climate change in Tanzania 
pro�led the consequences of the 2003 drought, which brought the 
Mtera Dam reservoir levels close to the minimum required for elec-
tricity generation39. �is prompted the  Tanzania Electric Supply 
Company to approach a private provider to use gas turbine units at 
huge cost. A more recent World Bank estimate put costs of power 
shortages in Tanzania at US$1.7 million per day, with an average 
63 days per year with power outages39.

Early warnings from the climate system
Given the links between climate and the water–energy–food nexus 
in the region, seasonal forecast information can play an important 
role in guiding nexus-related decision making, depending on fore-
cast skill and utility. Seasonal to interannual variability in southern 
Africa is high, but so is its predictability relative to other regions, 
depending on location, time of year40 and phase of the El Niño–
Southern Oscillation41 (ENSO). �is can be seen by considering the 
association (Fig. 4a) between NINO3.4 sea surface temperatures — 
as a representation of ENSO — and gridded rainfall over southern 
Africa south of 15°  S (ref. 41). A state-of-the-art coupled ocean–
atmosphere model has some skill in predicting seasonal (December 
to February, DJF) rainfall over the region at a one-month lead time 
(DJF forecasts produced in November; Fig. 4b shows areas with sta-
tistically signi�cant correlation41; see Supplementary Information). 
Stronger ENSO associations and the best model performance are 
found for maximum temperatures (Supplementary Fig. 2). �e 
areas where ENSO impacts signi�cantly and where forecast skill 
levels are relatively high include the river basins of the Limpopo, 
Orange, Umgeni and lower Zambezi.

�e Limpopo Basin is particularly notable as having both high 
economic productivity and strong ENSO associations and forecast 
skill. Comprising 408,800 km2, and including the countries of South 
Africa, Botswana, Mozambique and Zimbabwe, the Limpopo Basin 
is one of the most water stressed in SSA, and features some of the 
largest urban conglomerations (including Pretoria, Johannesburg, 
Gaborone, Francistown and Bulawayo). Irrigation comprises more 
than 50% of basin water use and other infrastructure (including 
industry and mining) is also highly dependent on basin water. 
�ere are signi�cant mining activities in the basin — particularly 
in South Africa and Zimbabwe42 — that generate major water pol-
lution downstream43. �e Limpopo is heavily regulated, with exten-
sive plans for further development.

Despite forecast skill and potential utility in economic produc-
tivity hotspots such as the Limpopo Basin, a comprehensive review 
of seasonal forecasting status in SSA identi�ed persistent barriers 
in realizing the bene�ts of forecast products, which were generally 
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insu�cient to inform response actions, such as production decisions 
and institutional actions44. If these barriers can be overcome, sea-
sonal forecasting has the potential to contribute to anticipating �uc-
tuations in nexus sectors and could inform guidance on reservoir 
multi-use, water allocation, early targeting of or access to agricul-
tural inputs and credit, design of interventions during food crises, 
and improvements to trade and agricultural insurance45. 

Modelling nexus sectors in a changing climate
�e challenges for the water–energy–food nexus posed by interan-
nual variability occur in the context of a gradually changing climate. 
Even if an international agreement to limit global warming to 2 °C 
above pre-industrial conditions is successfully developed, climate 
models project signi�cant changes that exceed the range of natu-
ral climate variability (Fig. 1). According to the majority of climate 
models, most southern African countries will warm more than the 
global mean, with annual mean temperatures rising by 2 to 3 °C in 
most cases. Precipitation changes are more uncertain, with both 
increases and decreases possible. Nevertheless, for most countries 
the majority of models project decreases in annual precipitation, 
by 20% or more for some models and countries. Except for the 
southernmost countries, there is a tendency for models that pro-
ject most warming to simulate stronger reductions in precipitation. 
Analysis of extreme precipitation in the climate models used for the 
Intergovernmental Panel on Climate Change Fourth Assessment 
Report shows a marked delay in rainy season onset over most of the 
region and an early end to the season in parts of the region46.

Most nexus studies for southern Africa have been motivated by 
climate change and assess biophysical impacts for speci�c sectors, 
for example, rainfall and irrigation water availability on crop pro-
duction, or river �ow changes on hydropower generation. Some crop 
models simulate sizable yield losses for southern Africa47, suggesting 

that the region’s food system could be particularly vulnerable to 
climate change48. However, di�erences in climate scenarios, impact 
models, spatial and temporal scales, and processes represented 
restrict our ability to reliably de�ne impacts for speci�c sectors 
and, importantly, secondary e�ects across the water–energy–food 
nexus. Nevertheless, an estimate of the range of potential impacts 
on maize yield (and the wide uncertainty range) can be determined 
from the 30-member ensemble of global gridded crop models run 
by the Inter-Sectoral Impact Model Intercomparison Project49 (see 
Supplementary Information). �e simulated maize yield averaged 
across southern Africa decreases by 15.7 ± 16.3% (rain fed) and 
8.3 ± 20.4% (irrigated) by the 2080s relative to the 2000s, that is, 
a median yield reduction with a substantial range of di�erent out-
comes. �e wide range is owing to uncertainties in climate and in 
our understanding of crop response to climate change, particularly 
the role of increased atmospheric CO2 concentration on photosyn-
thesis. In the top �ve southern African producers, median impacts 
are relatively small in the 2020s and 2050s, becoming more substan-
tially negative by the 2080s, with a stronger level of agreement in the 
sign of change among simulations (Fig. 5). Among these countries, 
rainfed cultivation is most negatively impacted, highlighting that 
water stress is an important limiting factor of crop yield in the region. 
Average crop water use decreases, resulting in a 5.9 ± 20.7% increase 
in estimated crop water productivity (Supplementary Information; 
Supplementary Fig. S3) by the 2080s.

An ensemble of global hydrological models driven by �ve cli-
mate scenarios from the Coupled Model Intercomparison Project 
Phase 5 (CMIP5) shows reductions in annual discharge from 0 to 
50% for the multimodel mean across much of southern Africa, 
excluding southwest Botswana50. River basin and water manage-
ment models indicate higher risks for Zambezi hydropower gen-
eration51, while regional and global water and food models suggest 
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lower runo� raises risks for water and food security in southern 
Africa in general52.

�e economic dimensions of the nexus in southern Africa can be 
studied using general equilibrium models that translate biophysical 
impacts into economic outcomes. �is approach simulates economies 
as adapting to shocks, albeit imperfectly, through market and resource 
adjustments. Incorporating economic adaptation generally leads to 
smaller impacts than those from biophysical studies. As global mod-
els rarely separate southern Africa from SSA, country-level studies are 
the region’s main evidence base. Historical climate variability imposes 
high costs on low-income agrarian economies53 and climate change is 
likely to have adverse e�ects on food security54. Long-term changes 
in annual precipitation and temperature may have less impact than 
historical variability until 20504,55. Historical data show substantial 
variability in smallholder farm yields and incomes. Increased future 
variability of smallholder farm yields from climate change is therefore 
likely to increase the livelihood and food insecurity risks for farmers 
who are already at high risk54. Although most studies focus on agri-
culture, this is not always the main climate impact channel. For exam-
ple, nexus studies �nd that road damages from �ooding and weather 
stress are equally or more important drivers of the economic losses 
associated with climate change in Mozambique and South Africa56. 

More integrated multisector/country-level studies are needed to 
guide adaptation responses.

A second strand of economic research focuses on climate and 
energy policy. A high proportion of SADC greenhouse gas emissions 
are from South Africa due especially to its reliance on coal-�red power. 
Curbing these emissions may reduce national income and employ-
ment, because �nancing domestic renewable options requires higher 
electricity tari�s57,58. Li�ing South Africa’s restrictions on hydro-
power imports would reduce investment costs and economic losses59. 
Climate change will have considerable indirect impacts on electricity 
generation with positive feedbacks. Higher water and air tempera-
tures make cooling processes in coal-�red power plants less e�ective 
and potentially reduce water availability during longer dry periods24; 
this could result in an overall reduction of power plant e�ciency and 
higher carbon emissions. In its climate change strategy, Eskom aspires 
to diversify its energy generation mix to lower-carbon-emitting tech-
nologies60. Solar photovoltaic and wind energy are considered to be 
the most viable renewable options in terms of water withdrawal and 
consumption compared with biofuel and hydropower25. Biofuels may 
reduce the region’s imported fossil fuels and rural poverty, but have 
potential food security trade-o�s61. �e research indicates that con-
tinued climate change, economic development and urbanization will 
strengthen interdependencies in the water, energy and food nexus in 
southern Africa and that climate and associated energy policy will 
further reinforce the costs of trade-o�s and complementarities across 
the nexus, especially if expansionist regional hydropower and biofuel 
strategies are adopted.

Intraregional instruments for the nexus
Southern Africa can be characterized as a single economic block of 
strongly interlinked economies where water, energy and food �ow 
between producers and consumers, which also displays considerable 
heterogeneity in its natural resource endowments and infrastructure 
distribution, sociopolitical cohesion and economic development. 
For both the region and individual nations, this implies signi�cant 
challenges in attempting to balance supply and demand while main-
taining coherent policies towards integrated management of water–
energy–food resources. �e region is well placed to transfer resources 
intraregionally to meet energy and food shortfalls. However, rising 
demand for electricity, food and water throughout southern Africa 
may sharpen the region’s sensitivity to climate-induced shocks. 
Fi�een transboundary river basins transect the region, includ-
ing the large Congo and Zambezi basins, shared by nine and eight 
countries, respectively, as well as many smaller shared catchments. 
Surface catchments are underlain by an estimated 16 transboundary 
aquifers62. �e origin of the southern African economic block can be 
tied to the dominant position of South Africa and its history along-
side other ex-South African and British colonies such as Swaziland, 
Zimbabwe, Botswana, Namibia and Zambia. South Africa in particu-
lar has great cultural, economic and political in�uence over its neigh-
bours, making its role as a source (and sometimes a sink) of energy, 
water and food hegemonic63. �is alliance and in�uence is also shown 
through the SAPP (South Africa has 77% of SAPP’s installed power 
supply capacity64), the SADC and other agreements.

In responding to the distribution of and demand for water–
energy–food resources, three key instruments have emerged. First, the 
SADC, based in Botswana, addresses how member countries sharing 
rivers might resolve water allocation priorities through a protocol on 
shared watercourses65,66. �e presence of signi�cant water demands 
arising from irrigated agriculture and the Gauteng urban industrial 
complex in South Africa has led to relatively sophisticated water-shar-
ing agreements such as the Joint Development and Utilization of the 
Water Resources of Komati River Basin67 and the Lesotho Highlands 
Development Project. Large-scale dams and interbasin transfers, o�en 
transboundary, (ref. 68 reports 27 existing ones) form part of national 
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water–energy–food security strategies. South Africa and Zimbabwe, 
which have the largest numbers of dams, use these predominantly for 
irrigation and water supply, whereas Mozambique, which has one of 
the largest total dam capacities, concentrates on hydropower produc-
tion (Supplementary Table 4). Notwithstanding these institutional 
and physical structures, in some instances water sharing still su�ers 
from a lack of integration (particularly between agricultural and water 
institutions) and incomplete e�orts to increase stakeholder participa-
tion and decentralize water management (ref.  69, reviewing South 
Africa, Zimbabwe and Mozambique). Coordination during �ood 
events can also be challenging. For example, the persistent 2010–2011 
summer rainfall in the Zambezi Basin resulted in high water levels 
in Lake Kariba. Opening of spillway gates raised downstream water 
levels, which increased �ooding and compromised e�ective reservoir 
management at Cahora Bassa farther downstream in Mozambique70.

Second, the SAPP is a remarkable alliance of 12 energy-gen-
erating bodies from 12 countries interconnected through a grid to 
help smooth spatial and temporal shortfalls in electrical capacity. It 
was established in 1995 by the member governments of the SADC 
(excluding Mauritius) to develop an interconnected electrical sys-
tem, coordinate and enforce common regional standards, harmonize 
relationships, develop expertise across member utilities and promote 
sustainable development71. �e SAPP electricity-generating mix in 
2012–2013 was 54,923 MW, comprising a signi�cant proportion from 
hydropower (17.4%), but dominated by coal (72.9%). �e network 
is intended to function as a competitive market in which surpluses 
and de�cits are resolved via trades and negotiations, and therefore has 
the potential to serve as a bu�ering mechanism for climate-induced 
river-basin-scale electricity insecurity.

�ird, food trade in southern Africa naturally results from regional 
variability in production, especially of maize. Large and e�cient 
producers in South Africa induce a trade surplus with other SADC 
members. Importantly, trade of agricultural products corresponds to 
signi�cant transfers of embedded water resources, or ‘virtual water 
trade’ (VWT; see Supplementary Information). Water resources 
embedded in the regional food exports of South Africa and Zambia 
(0.9 and 1.2 km3 in 2011, respectively; Fig. 6a)72 account for two-thirds 
of the total intraregional �ow (3.2 km3). �e dominant link is from 
Zambia to Zimbabwe, with a volume of 0.8 km3 yr−1 of virtual water, 
followed by Mozambique to Malawi and South Africa to Zimbabwe 

(both 0.5 km3 yr−1). Zimbabwe was the region’s major vir ual water 
importer in 2011, importing 2.0 km3 yr−1 from other southern African 
nations. Considering all international food trade, southern Africa is 
largely a net importer of virtual water. Indeed, international imports 
from outside the region (10 million tons of food, or 20.5 km3 of virtual 
water) dominate the VWT �ows of southern Africa (27.9 km3 yr−1; 
Fig. 6b). In return, smaller volumes are exported to outside the region 
mainly from South Africa (3.2 km3 yr−1). Most of South African vir-
tual water exports via food are embedded in maize, of which less than 
10% is irrigation (blue) water (0.066 km3). �is represents almost all 
of the intraregional blue VWT (0.067 km3)73. �is small percentage 
re�ects the dominance of rainfed (green water) agriculture in the 
region. Although strong open trade is an important tool to allevi-
ate climate-induced food de�cits74,75, and VWT openness tends to 
reduce undernourishment76, southern African countries have vary-
ing levels of trade connectivity and link strengths, both for intra- 
and extra-regional food trade links. Informal border trade plays a 
crucial role in alleviating food shortages. Estimates suggest that 
150,000–250,000 tonnes of maize �ow from Mozambique to Malawi 
during years of good production in Mozambique and high demand in 
Malawi77. Informal traders are less encumbered by trade regulations 
than larger formal grain traders, and hence can respond to arbitrage 
opportunities more quickly78. �us, the potential bene�ts of food 
trade to alleviate production shocks are likely to be uneven across the 
region, and require further investigation.

One of SADC’s main goals for regional integration is to pro-
mote trade across member countries. E�orts are ongoing to reduce 
major existing barriers, such as trade regulations and lack of reli-
able transportation infrastructure79 — notably via the protocol on 
trade80 — including facilitation of customs processes and a regional 
infrastructure plan for the transport sector81. SADC is currently 
exploring opportunities for greater cross-sectoral coordination in 
the SADC climate change and green economy strategy (under revi-
sion at time of writing82), in which key recommendations focus on 
implementations that will ensure actions do not take place in a sin-
gle directorate. Such recommendations have arguably comprised the 
most demanding area of work for the strategy development, re�ect-
ing the importance of ensuring cross-sectoral coordination, as well 
as �nding agreement on how to achieve it on the regional scale.

Conclusion and outlook
Climate plays an important role in determining medium-term water 
availability, potential agricultural production and some components 
of energy production and demand. Climate variability drives �uctua-
tions in water–energy–food elements with secondary e�ects across 
the whole nexus (Fig. 2). Exposure to climate variability and climate 
change are high across nexus sectors that include substantial areas 
of economic activity in southern Africa and there is strong evidence 
of the e�ects of individual climate events. For example, South Africa 
experienced a 7% drop in GDP in the 1983 El Niño year, and climatic 
�uctuations resulted in GDP variations of up to US$5 billion3. �e 
2000 �oods in Mozambique led to devastating impacts on livelihoods, 
electricity supplies and basic infrastructure83. Yet our analysis of asso-
ciations between rainfall, GDP and crop production using available 
data shows mostly weak and statistically insigni�cant correlations in 
contrast to other studies for SSA based on panel regressions34,35. �is 
is likely to be partly a function of scale, where national and annual 
scales obscure stronger relationships that may exist at �ner levels of 
analysis. Data availability (for example, absence of publically available 
hydropower production time series) and quality also play a role. �e 
country climate estimates are o�en based on sparse station coverage, 
particularly since the 1980s84, and recent scrutiny of GDP data for SSA 
has highlighted a lack of transparency in data sources and collection 
methods, lack of metadata and lack of detail on methods of aggrega-
tion85. �is leads to di�erences between GDP estimates, non-random 
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errors, adjustments to historical data and inhomogeneity in time 
series. National statistical o�ces are woefully under-resourced in 
SSA, while the need for good-quality data is paramount and urgent, 
to underpin reliable physical and economic modelling and detailed 
narrative of the causal links between climate and nexus sectors86.

River �ows in the region are strongly linked to seasonal rainfall 
and temperature variations, and the information reviewed here pro-
vides evidence that seasonal forecasting of river �ows in some basins 
has application potential. However, the bene�ts from seasonal fore-
casting for reducing net food and energy imports through enhanced 
agricultural and hydropower production/energy mix have yet to be 
studied and, even more importantly, implemented in practice. For the 
future, climate models show fairly strong agreement that the southern 
countries in the region may become drier and the secondary impacts, 
although very uncertain, are likely to be substantial across the water–
energy–food nexus.

Water, energy and food are linked across di�erent scales in south-
ern Africa. Spatial interdependence is high and climate anomalies can 
produce regional scale e�ects, for example, ENSO-related droughts 
and river-basin-scale �oods. At the national level, water and energy 
are closely coupled through signi�cant hydropower production in 
several countries. Water use for biofuels and cooling for electricity 
generation remains relatively modest, except for cooling in South 
Africa. In South Africa, policies rarely cross sectoral boundaries of 
water and energy at all governance levels, yet integration of renew-
able technologies for pumping and heating has the potential to bene�t 
mitigation and achieve expenditure savings21. Water and food links 
are strong, primarily through green water requirements in rainfed 
agriculture and some hotspots of blue (irrigation) water demand, 
which account for most freshwater consumption in the region. Food 
and energy links are growing due to increasing irrigation, mecha-
nization and fertilization of agriculture, while biofuel development 
remains low. �e rapidly increasing demand for energy by industry 
and mining, rapidly growing urban areas and agricultural intensi�ca-
tion is likely to impose increasing strain on the water–energy–food 
nexus. At the regional level, nexus interdependencies are strong, due 
to multiple shared major river basins and aquifers, the SAPP power-
sharing infrastructure, and intraregional food and embedded water 
trade. �ese links are enhanced by governance mechanisms such as 
the SADC, which has established protocols on shared water, energy 
and food security, the Southern Africa Regional Climate Outlook 
Forum, and initiatives on trade and the green economy.

Debate is ongoing about whether there is anything new about 
the nexus that distinguishes it from earlier integrative framings87,88. 
Some argue that a nexus framing is better at uncovering more 
e�ective approaches and methods for cross-sectoral integration by 
examining trade-o�s and co-bene�ts, and through linking disparate 
knowledge sets and improving governance89. However, entrenched 
vertically structured government departments and sector-based 
structures of agencies, policies and regulatory mechanisms com-
plicate coordination, and remain challenges to cross-sectoral inte-
gration87–89. �e political economy of governance and operation is 
further challenged by regional and intraregional institutional capac-
ity and power imbalances. Our review suggests that climate change, 
combined with increasing demand associated with wider socioeco-
nomic development pathways, will intensify interdependencies in 
the water–energy–food nexus, particularly shorter-term pressures 
associated with extreme events. We have outlined some of the main 
interdependencies and key regional institutional and policy struc-
tures in southern Africa. �ere is a need to map these structures on 
�ner scales, to understand and share insights into where trends and 
shocks have been managed e�ectively in the past, and to identify 
measures that enhance successful cross-sectoral approaches. �ere 
are some e�orts in regional strategy and policy formulation to better 
achieve cross-sectoral coordination, but the modalities for attaining 
such coordination are still under debate. In a highly climate-sen-
sitive environment such as southern Africa, emerging strategies — 
such as those under the SADC — will bear fruit only if recognition 
of co-dependencies and inter-relationships in the nexus provides the 
basis for credible and well-monitored actions.

References
1. Vörösmarty, C. J., Douglas, E. M., Green, P. A. & Revenga, C. Geospatial 

indicators of emerging water stress: An application to Africa. Ambio 
34, 230–236 (2005).

2. SADC Statistics Yearbook 2011 (SADC, 2012); http://www.sadc.int/
information-services/sadc-statistics/sadc-statiyearbook/#Population

3. Jury, M. J. Economic impacts of climate variability in South Africa. 
J. Appl. Meteorol. Climatol. 41, 46–55 (2002).

4. �urlow, J., Diao, X. & Zhu, T. Current climate variability and future climate 
change: Estimated growth and poverty impacts for Zambia. Rev. Dev. Econ. 
16, 394–411 (2012).

A
ng

ol
a

Botswana

M
ad

ag
as

ca
r

M
alawi

M
ozam

bique

N
am

ib
ia

Zimbabwe

South Africa

SwazilandTa
nz

an
ia

D
RC

Zambia

a

Angola Bo
ts

w
an

a
Le

so
th

o
M

ad
ag

as
ca

r
M

ala
wi

M
oza

mbique

Namibia

Zim
babw

e

So
ut

h A
fri

ca

SwazilandTanzania
DRC

Zambia

Re
st

 o
f t

he
 w

or
ld

b

Le
so

th
o

0.81

0.50

0.50

0.36

0.20
0.

16

11.7
3.2

1.7

1.7

2.6

Figure 6 | Water resources transfers (km3) through food trade in 2007. a, Among southern African nations; and b, with the rest of the world. Ribbon 
colours indicate the country of export. Data from refs 93–95.

8



5. Ellis, J. in Living with Uncertainty (ed. Scoones, I.) 37–46 (International Institute
for Environment and Development, 1995).

6. Lankford, B. & Beale, T. Equilibrium and non-equilibrium theories of 
sustainable water resources management: Dynamic river basin and irrigation
behaviour in Tanzania. Glob. Environ. Change 17, 168–180 (2007).

7. Sarch, M. T. & Allison, E. H. in Proc. Microbehavior, Macroresults
and Externalities: Conceptual Issues 1–10 (IIFET, 2000); 
http://oregonstate.edu/dept/IIFET/2000/papers/sarch.pdf 

8. O’Brien, K. & Vogel, C. Coping with Climate Variability: �e use of Seasonal
Climate Forecasts in Southern Africa (Ashgate, 2003).

9. Ziervogel, G., Johnston, P., Matthew, M. & Mukheiber, P. Using climate 
information for supporting climate change adaptation in water resource
management in South Africa. Clim. Change 103, 537–554 (2010).

10. IPCC Climate Change 2013: �e Physical Science Basis (eds Stocker, T. F. et al.) 
(Cambridge Univ. Press, 2013).

11. Ho�, H. Understanding the nexus: Background Paper for the Bonn2011
Conference: �e Water, Energy and Food Security Nexus. (Stockholm 
Environment Institute, 2011). 

12. Bazillian, M. et al. Considering the energy, water and food nexus: Towards an
integrated modelling approach. Energ. Policy 39, 7896–7906 (2012).

13. Bartram, J. & Dodds, F. (eds) Building Integrated Approaches into the Sustainable
Development Goals (Univ. North Carolina, 2014). 

14. Global Risks 2011 6th edn (World Economic Forum, 2011).
15. Hepworth, N. & Orr, S. in Water Security: Principles, Perspectives and Practices 

(eds Lankford, B. A., Bakker, K., Zeitoun, M. & Conway, D.) 220–238 
(Earthscan, 2013).

16. Wales, A. Making sustainable beer. Nature Clim. Change 4, 316–318 (2014).
17. Gerbens-Leenes, P. W., Van Lienden, A. R., Hoekstra, A. Y. & van der Meer, T. H.

Biofuel scenarios in a water perspective: �e global blue and green water 
footprint of road transport in 2030. Glob. Environ. Change 22, 764–775 (2012).

18. Ringler, C., Bhaduri, A. & Lawford, R. �e nexus across water, energy, 
land and food (WELF): Potential for improved resource use e�ciency?
Curr. Opin. Environ. Sustain. 5, 617–624 (2013).

19. Howells, M. et al. Integrated analysis of climate change, land-use, energy and
water strategies. Nature Clim. Change 3, 621–626 (2013).

20. Peronne, D. & Hamburger, G. M. Water, food, and energy security: Scrambling
for resources or solutions? WIREs Water 1, 49–68 (2014). 

21. Prasad, G. Energy, Water and Climate Change in Southern Africa: What Are the
Issues �at Need Further Investment and Research? (Energy Research Centre, 
Univ. Cape Town, 2012).

22. OECD Economic Surveys: South Africa 2013 (OECD, 2013); 
http://www.oecd.org/eco/surveys/South%20Africa%202013%20Overview%20
FINAL.pdf

23. Prasad, G., Stone, A., Hughes, A. & Stewart, T. in Towards Carnegie III Conf. 
(Univ. Cape Town, 2012); https://www.environment.gov.za/sites/default/�les/
docs/towardsthedevelopment_energywaterfoodsecurity.pdf

24. Martin, B. & Fischer, R. �e Energy-Water Nexus: Energy Demands on Water
Resources Report 5 (EMG Water and Climate Change Research Series, 
Environmental Monitoring Group, 2012).

25. Sparks, D. et al. Renewable energy choices and their water requirements in
South Africa. J. Energy South. Afr. 25, 80–92 (2014).

26. Raskin, P., Gleick, P. Kirshen, P., Pontius, G. & Strzepek, K. in Comprehensive
Assessment of the Freshwater Resources of the World (Stockholm Environment
Institute,1997). 

27. Savenije, H. H. Water scarcity indicators: �e deception of the numbers.
Phys. Chem. Earth 25, 199–204 (2000).

28. Mason, N. in Water Security: Principles, Perspectives and Practices 
(eds Lankford, B. A., Bakker, K., Zeitoun, M. & Conway, D.) 
183–203 (Earthscan, 2013).

29. Misselhorn, A. A. What drives food insecurity in southern Africa? 
A meta-analysis of household economy studies. Glob. Environ. Change
15, 33–43 (2005).

30. Ellis, F. & Manda, E. Seasonal food crises and policy responses: 
A narrative account of three food security crises in Malawi. World Dev. 
40, 1407–1417 (2012).

31. Peel, M. C., McMahon, T. A. & Finlayson, B. L. Continental di�erences
in the variability of annual runo�: Update and reassessment. J. Hydrol. 
295, 185–197 (2004).

32. Conway, D. et al. Rainfall and water resources variability in sub-Saharan Africa
during the twentieth century. J. Hydrometeorol. 10, 41–59 (2009).

33. Kane, R. P. Periodicities, ENSO e�ects and trends of some South African rainfall
series: An update. S. Afr. J. Sci. 105, 199–207 (2009).

34. Barrios, S., Ouattara, B. & Strobl, E. �e impact of climatic change on 
agricultural production: Is it di�erent for Africa? Food Policy 33, 287–298 (2008).

35. Brown, C. et al. Hydroclimate risk to economic growth in sub-Saharan Africa.
Clim. Change 106, 621–647 (2011).

36. Nyatsanza, F. F., Graas, S. & Zaag, P. �e impact of dynamic environmental 
�ow releases on hydropower production in the Zambezi River Basin. 
J. Am. Water Resour. As. 51, 1029–1042 (2015). 

37. Scott, A., Darko, E., Lemma, A. & Rud, J. P. How Does Electricity Insecurity 
A�ect Businesses in Low and Middle Income Countries? (Overseas Development 
Institute, 2014).

38. Beilfuss, R. A Risky Climate for Southern African Hydro: Assessing 
Hydrological Risks and Consequences for Zambezi River Basin Dams 
(International Rivers, 2012).

39. Noel, S. �e Economics of Climate Change: Tanzania Water Resources 
(Stockholm Environment Institute, SEI-Africa Centre and Institute of Resource 
Assessment, Univ. Dar es Salaam). 

40. Landman, W. A., DeWitt, D., Lee, D. E., Beraki, A. & Lötter, D. Seasonal rainfall 
prediction skill over South Africa: One- versus two-tiered forecasting systems. 
Weather Forecast. 27, 489–501 (2012).

41. Landman, W. A. & Beraki, A. Multi-model forecast skill for mid-summer 
rainfall over southern Africa. Int. J. Climatol. 32, 303–314 (2012).

42. Limpopo River Awareness Kit (Limpopo Watercourse Commission, 2011); 
www.limpoporak.org

43. Chilundo, M., Kelderman, P. & O’Kee�e, J. H. O. Design of a water 
quality monitoring network for the Limpopo River Basin in Mozambique. 
Phys. Chem. Earth 33, 655–665 (2008).

44. Hansen, J. W., Mason, S. J., Liqiang, S. & Tall, A. Review of seasonal 
climate forecasting for agriculture in sub-Saharan Africa. Expl. Agric. 
47, 205–240 (2011).

45. Manatsa, D., Unganai, L., Gadzirai, C. & Behera, S. K. An innovative 
tailored seasonal rainfall forecasting production in Zimbabwe. Nat. Hazards 
64, 1187–1207 (2012).

46. Shongwe, M. E. et al. Projected changes in mean and extreme precipitation 
in Africa under global warming. Part I: southern Africa. J. Climate 
22, 3819–3837 (2009).

47. Zinyengere, N., Crespo, O. & Hachigonta, S. Crop response to climate 
change in southern Africa: A comprehensive review. Glob. Planet. Change
111, 118–126 (2013).

48. Lobell, D. B. et al. Prioritizing climate change adaptation needs for food 
security in 2030. Science 319, 607–610 (2008).

49. Rosenzweig, C. et al. Assessing agricultural risks of climate change 
in the 21st century in a global gridded crop model intercomparison. 
Proc. Natl Acad. Sci. USA 111, 3268–3273 (2014).

50. Schewe, J. et al. Multimodel assessment of water scarcity under climate change. 
Proc. Natl Acad. Sci. USA 111, 3245–3250 (2014).

51. Fant, C., Gebretsadik, Y. & Strzepek, K. Impact of Climate Change on Crops, 
Irrigation and Hydropower in the Zambezi River Basin Working Paper 2013/039 
(World Institute for Development Economics Research, 2013).

52. Hertel, T. W., Burke, M. B. & Lobell, D. B. �e poverty implications of climate-
induced crop yield changes by 2030. Glob. Environ. Change 20, 577–585 (2010).

53. Ahmed, S. A., Di�enbaugh, N. S. & Hertel, T. W. Climate volatility 
deepens poverty vulnerability in developing countries. Environ. Res. Lett.
4, 034004 (2009).

54. Calzadilla, A., Zhu, T., Rehdanza, K., Tol, R. S. J. & Ringler, C. Climate 
change and agriculture: Impacts and adaptation options in South Africa. 
Wat. Resour. Econ. 5, 24–48 (2014).

55. Arndt, C., Schlosser, A., Strzepek, K. & �urlow, J. Climate change and 
economic growth prospects for Malawi: An uncertainty approach. J. Afr. Econ. 
23, 83–107 (2014).

56. �e Economics of Adaptation to Future Climates in South Africa: An Integrated 
Biophysical and Economic Analysis Report No. 6 (Long Term Adaptation 
Scenarios Flagship Research Program, South Africa Department of 
Environmental A�airs, 2014).

57. Alton, T. et al. Introducing carbon taxes in South Africa. Appl. Energ.
116, 344–354 (2014).

58. Devarajan S., Go, D. S., Robinson, S. & �ierfelder, K. Tax policy to reduce 
carbon emissions in a distorted economy: Illustrations from a South Africa 
CGE model. B. E. J. Econ. Anal. Poli. 11, 1–22 (2011).

59. Arndt, C. et al. An Integrated Approach to Modeling Energy Policy in South 
Africa: Evaluating Carbon Taxes and Electricity Import Restrictions (World 
Institute for Development Economics Research, 2014).

60. Eskom Integrated Report for the Year Ended 31 March 2013 (Eskom, 2013); 
http://overendstudio.co.za/online_reports/eskom_ar2013/pdf/full.pdf

61. Arndt, C., Pauw, K. & �urlow, J. Biofuels and economic development: 
A computable general equilibrium analysis for Tanzania. Energ. Econ. 
34, 1922–1930 (2012).

62. Ashton, P. J. & Turton, A. R. in Facing Global Environmental Change: 
Environmental, Human, Energy, Food, Health and Water Security Concepts
(eds Brauch, H. G. et al.) Ch. 55 (Hexagon Series on Human and 
Environmental Security and Peace Vol. IV, Springer, 2009).

9



63. Furlong, K. Hidden theories, troubled waters: International relations, the 
‘territorial trap’, and the Southern African Development Community’s 
transboundary waters. Polit. Geogr. 25, 438–458 (2006).

64. SAPP Annual Report 2014 (SAPP, 2014); 
http://www.sapp.co.zw/docs/Annual%20report-2014.pdf

65. Southern African Development Commission Revised Protocol on Shared
Watercourse Systems (SADC, 2000); http://go.nature.com/kuXPml

66. Savenije, H. H. & Van der Zaag, P. Conceptual framework for the management 
of shared river basins; with special reference to the SADC and EU. Water Policy
2, 9–45 (2000).

67. Treaty on the Development and Utilization of the Water Resources 
of the KOMATI River Basin, 1992 (Komati Basin Water Authority, 
1992); http://www.kobwa.co.za/images/Treaty/Joint%20Water%20
Commission_Treaty.pdf

68. Turton, A. A South African perspective on a possible bene�t-sharing 
approach for transboundary waters in the SADC region. Water Alternatives
1, 180–200 (2008).

69. Mehta, L. et al. �e politics of IWRM in southern Africa. Int. J. Water Resour. D. 
30, 528–542 (2014).

70. Muchuru, S., Landman, W. A., DeWitt, D. G. & Lötter, D. Seasonal 
rainfall predictability over the Lake Kariba catchment area. Water SA 
40, 461–469 (2014).

71. Demand and Supply (SAPP, 2013); http://www.sapp.co.zw/demand.html
72. Dalin, C., Konar, M., Hanasaki, N., Rinaldo, A. & Rodriguez-Iturbe, I. 

Evolution of the global virtual water trade network. Proc. Natl Acad. Sci. USA
109, 5989–5994 (2012).

73. Dabrowski, J. M., Masekoameng, E. & Ashton, P. J. Analysis of virtual water 
�ows associated with the trade of maize in the SADC region: Importance of 
scale. Hydrol. Earth Syst. Sci. 13, 1967–1977 (2009).

74. Nelson, G., Palazzo, A., Ringler, C., Sulser, T. & Batka, M. �e Role of 
International Trade in Climate Change Adaptation Paper No. 4 (INCTSD and 
IPC, 2009); http://www.agritrade.org/documents/IssueBrief4.pdf

75. Liu, J., Hertel, T., Taheripour, F., Zhu, T. & Ringler, C. International trade 
bu�ers the impact of future irrigation shortfalls. Glob. Environ. Change 
29, 22–31 (2014).

76. Konar, M. & Caylor, K. K. Virtual water trade and development in Africa. 
Hydrol. Earth Syst. Sci. 17, 3969–3982 (2013).

77. Whiteside, M. Enhancing the Role of Informal Maize Imports in Malawi Food 
Security (UK Department for International Development, 2003). 

78. Tschirley D. L. & Jayne, T. S. Exploring the logic behind southern Africa’s food 
crises. World Dev. 38, 76–87 (2010). 

79. Ondiege, P., Moyo, J. M. & Verdier-Chouchane, A. Developing Africa’s
Infrastructure for Enhanced Competitiveness in the Africa Competitiveness
Report 2013 (World Economic Forum, 2013).

80. SADC Protocol on Trade 1996 (SADC, 1996); 
http://www.sadc.int/�les/4613/5292/8370/Protocol_on_Trade1996.pdf

81. Regional Infrastructure Development Master Plan: Transport Sector Plan (SADC, 
2012); http://www.sadc.int/�les/9313/5293/3536/Regional_Infrastructure_
Development_Master_Plan_Transport_Sector_Plan.pdf

82. Archer van Garderen, E. R. M. Time for action on climate change in southern 
Africa. �e Conversation (25 May 2015); http://theconversation.com/time-for-
action-on-climate-change-in-southern-africa-41774

83. Field, C. B. (ed.) Managing the Risks of Extreme Events and Disasters to Advance
Climate Change Adaptation (IPCC, Cambridge Univ. Press, 2012).

84. Harris, I., Jones, P. D., Osborn, T. J. & Lister, D. H. Updated high-resolution grids
of monthly climatic observations. Int. J. Climatol. 34, 623–642 (2013).

85. Jerven, M. Poor Numbers: How we are Misled by African Development Statistics
and what to do about it (Cornell Univ. Press, 2013).

86. Conway, D. & Schipper, E. L. F. Adaptation to climate change in Africa: 
Challenges and opportunities identi�ed from Ethiopia. Glob. Environ. Change
21, 227–237 (2011).

87. Pittock, J., Hussey, K & McGlennon, S. Australian climate, energy and water
policies: Con�icts and synergies. Aust. Geogr. 44, 3–22 (2013).

88. Rees, J. Geography and the nexus: Presidential address and record of the Royal
Geographical Society (with IBG) AGM 2013. Geogr. J. 179, 279–282 (2013).

89. Bizikova, L., Roy, D., Swanson, D., Venema, H. D. & McCandless, M. 
�e Water–Energy–Food Security Nexus: Towards a Practical Planning and
Decision-Support Framework for Landscape Investment and Risk Management
(International Institute for Sustainable Development, 2013).

90. World Development Indicators (�e World Bank, accessed 01 July 2014);
http://data.worldbank.org/data-catalog/world-development-indicators

91. International Energy Agency Statistics (IEA, accessed 01 August 2014);
http://www.iea.org/statistics/

92. AQUASTAT (FAO, accessed 01 August 2014); 
http://www.fao.org/nr/water/aquastat/main/index.stm

93. FAOSTAT (FAO, accessed 01 July 2011); http://faostat.fao.org/site/291/default.aspx
94. Hanasaki N. et al. An integrated model for the assessment of global water

resources. Part 1: Model description and input meteorological forcing. 
Hydrol. Earth Syst. Sci. Discuss. 12, 1007–1025 (2008).

95. Hanasaki N. et al. An integrated model for the assessment of global water
resources. Part 2: Applications and assessments. Hydrol. Earth Syst. Sci. 
12, 1027–1037 (2008).

Acknowledgements
�is work was supported by the following Belmont Forum members: US National 
Science Foundation (grant number 1342742), UK Natural Environment Research 
Council (grant number NE/L008785/1) and the South Africa National Research 
Foundation (grant number 86975), according to each agency’s policies. T.K. and K.L. are 
funded, through IRI THESys, by the German Excellence Initiative. IFPRI’s contribution 
is under the CGIAR Research Program on Water, Land and Ecosystems.

Competing financial interests
The authors declare no competing financial 
interests. 

10



Climate and southern Africa's water-­‐energy-­‐food nexusDeclan	
  Conway1,	
  Emma	
  Archer	
  van	
  Garderen2,3,	
  Delphine	
  Deryng4,	
  Steve	
  Dorling5,	
  Tobias	
  Krueger6,	
  
Willem	
  Landman2,7,	
  Bruce	
  Lankford8,	
  Karen	
  Lebek6,	
  Tim	
  Osborn4,	
  Claudia	
  Ringler9,	
  James	
  Thurlow9,	
  

Tingju	
  Zhu9,	
  Carole	
  Dalin1	
  

1	
  Grantham	
  Research	
  Institute	
  on	
  Climate	
  Change	
  and	
  the	
  Environment,	
  London	
  School	
  of	
  Economics	
  
and	
  Political	
  Science,	
  Houghton	
  Street,	
  London,	
  UK;	
  	
  
2	
  Council	
  for	
  Scientific	
  and	
  Industrial	
  Research,	
  Natural	
  Resources	
  and	
  the	
  Environment,	
  Pretoria,	
  
South	
  Africa;	
  
3	
  School	
  of	
  Geography,	
  Archaeology	
  and	
  Environmental	
  Studies,	
  University	
  of	
  the	
  Witwatersrand,	
  
Johannesburg,	
  South	
  Africa;	
  	
  
4	
  Climatic	
  Research	
  Unit,	
  School	
  of	
  Environmental	
  Sciences,	
  University	
  of	
  East	
  Anglia,	
  Norwich	
  
Research	
  Park,	
  Norwich,	
  UK;	
  	
  
5	
  Centre	
  for	
  Ocean	
  and	
  Atmospheric	
  Sciences,	
  School	
  of	
  Environmental	
  Sciences,	
  University	
  of	
  East	
  
Anglia,	
  Norwich	
  Research	
  Park,	
  Norwich,	
  UK;	
  	
  
6	
  IRI	
  THESys,	
  Humboldt-­‐Universität	
  zu	
  Berlin,	
  Unter	
  den	
  Linden	
  6,	
  10099	
  Berlin	
  Germany;	
  
7	
  Department	
  of	
  Geography,	
  Geoinformatics	
  and	
  Meteorology,	
  University	
  of	
  Pretoria,	
  Pretoria,	
  South	
  
Africa;	
  	
  
8	
  School	
  of	
  International	
  Development,	
  University	
  of	
  East	
  Anglia,	
  Norwich	
  Research	
  Park,	
  Norwich,	
  UK;	
  
9	
  Environment	
  and	
  Production	
  Technology	
  Division,	
  International	
  Food	
  Policy	
  Research	
  Institute,	
  2033	
  
K	
  Street,	
  NW,	
  Washington	
  DC	
  

Methods	
  and	
  data	
  

Climate	
  signals	
  in	
  the	
  nexus	
  

Our	
  analysis	
  draws	
   from	
  a	
   range	
  of	
   global	
  databases	
  as	
   follows.	
   For	
   rainfall	
  we	
  use	
  CRU	
  CY	
   country	
  
average	
  time	
  series	
  for	
  1901–2012	
  updated	
  in	
  ref.	
  1.	
  Detailed	
  information	
  on	
  CRU	
  CY	
  quality	
  control	
  
and	
  notes	
  on	
  data	
   interpretation	
  can	
  be	
   found	
   in	
   relevant	
  publications,	
  but	
  we	
  note	
   that	
  Africa	
  has	
  
generally	
  very	
  poor	
  spatial	
  and	
  temporal	
  coverage	
  of	
  rainfall	
  stations	
  and	
  this	
   is	
  true	
  for	
  the	
  CRU	
  CY	
  
data	
  (which	
  are	
  based	
  on	
  CRU	
  TS	
  3.21),	
  particularly	
  before	
  the	
  1930s	
  and	
  after	
  roughly	
  19801,2.	
  

We	
  use	
  correlation	
  analysis	
  to	
  explore	
  the	
  associations	
  between	
  annual	
  rainfall	
  and	
  national	
  economic	
  
activity	
   (GDP)	
   and	
   agricultural	
   production	
   (total	
   cereal	
   and	
   maize,	
   the	
   most	
   significant	
   crop	
   in	
   the	
  
region).	
   Country	
   level	
   correlation	
   coefficients	
   between	
   annual	
   GDP	
   percentage	
   growth	
   rate	
   and	
  
agricultural	
  production	
   (calendar	
  year),	
  and	
   rainfall	
   (October	
  year-­‐1	
   to	
  September	
  current	
  year).	
  We	
  
use	
   sliding	
   correlations	
   to	
   explore	
   further	
   the	
   temporal	
   stability	
   of	
   associations	
   between	
   variables.	
  
Long-­‐term	
  averages,	
  trend	
  analysis	
  based	
  on	
  linear	
  regression,	
  and	
  temporal	
  variability	
  (coefficient	
  of	
  
variation,	
  CoV)	
  are	
  used	
  for	
  data	
  description	
  and	
  analysis.	
  The	
  average,	
  minimum	
  and	
  maximum	
  of	
  15	
  
year	
  sliding	
  correlations	
  are	
  presented.	
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Seasonal	
  Forecasting	
  

Coupled	
  model	
  data,	
  as	
  produced	
  by	
  the	
  ECHAM4.5-­‐MOM3-­‐DC2	
  model3,	
  are	
  available	
  from	
  the	
  data	
  
library	
  of	
   the	
   International	
  Research	
   Institute	
   for	
  Climate	
  and	
  Society.	
  The	
  evaluation	
  period	
   for	
   the	
  
ENSO	
  link	
  analysis	
  and	
  for	
  the	
  model	
  hindcasts	
  is	
  the	
  30	
  years	
  from	
  1982/83	
  to	
  2011/12.	
  	
  For	
  both	
  the	
  
ENSO	
   and	
  model	
   skill	
   work	
   we	
   use	
   Kendall’s	
   tau	
   to	
   calculate	
   the	
   respective	
   correlation	
   fields,	
   and	
  
apply	
  Monte	
  Carlo	
  procedures	
  to	
  obtain	
  the	
  statistical	
  significance	
  of	
  the	
  associations.	
  Downscaling	
  to	
  
rainfall	
   is	
   done	
   using	
   the	
   coupled	
   model’s	
   850	
   hPa	
   geopotential	
   height	
   fields,	
   while	
   850-­‐500	
   hPa	
  
thickness	
  fields	
  are	
  used	
  to	
  downscale	
  to	
  maximum	
  temperatures.	
  

Climate	
  scenarios	
  and	
  crop	
  impacts	
  

Future	
  climate	
  change	
  impact	
  on	
  crops	
  are	
  taken	
  from	
  the	
  ISI-­‐MIP	
  archive,	
  which	
  comprises	
  simulation	
  
results	
   from	
   six	
   global	
   gridded	
   crop	
   models	
   driven	
   by	
   five	
   global	
   climate	
   models	
   from	
  the	
   CMIP5	
  
archive	
   under	
   RCP	
   8.54.	
   Results	
   presented	
   here	
   all	
   include	
   carbon	
   fertilisation	
   effects	
   and	
   are	
  
presented	
  for	
  rainfed	
  and	
  irrigated	
  maize	
  separately.	
  	
  

Virtual	
  water	
  trade	
  

Virtual	
   water	
   trade	
   (VWT)	
   flows	
   are	
   estimated	
   by	
   combining	
   bilateral	
   agricultural	
   trade	
   data5	
   with	
  
yearly	
  estimates	
  of	
   these	
  commodities’	
  virtual	
  water	
  content	
   (VWC)	
   in	
  each	
  nation6,7.	
  VWT	
  between	
  
each	
  nation	
  is	
  obtained	
  by	
  multiplying	
  the	
  traded	
  volume	
  of	
  a	
  specific	
  commodity	
  by	
  the	
  VWC	
  of	
  this	
  
commodity	
  in	
  the	
  country	
  of	
  export.	
  	
  
The	
   international	
   trade	
  of	
   staple	
   food	
  products	
  was	
  obtained	
   for	
  58	
   selected	
   commodities	
   (listed	
   in	
  
ref.	
   5)	
   made	
   from	
   five	
   major	
   crops	
   (barley,	
   corn,	
   rice,	
   soybean,	
   and	
   wheat)	
   and	
   three	
   livestock	
  
products	
  (beef,	
  pork,	
  and	
  poultry).	
  The	
  items	
  covered	
  here	
  account	
  for	
  about	
  70%	
  of	
  calorie	
  supply	
  in	
  
southern	
  Africa	
  (including	
  29%	
  via	
  maize,	
  source:	
  FAOSTAT	
  Food	
  Balance	
  Sheets;	
  data	
  for	
  year	
  2011,	
  in	
  
Kcal/cap/day).	
  We	
   removed	
  any	
  divergence	
   in	
   the	
   trade	
   volumes	
   reported	
  between	
   two	
  nations	
  by	
  
taking	
  the	
  average	
  volume.	
  In	
  cases	
  in	
  which	
  only	
  one	
  country	
  reported	
  a	
  trade,	
  we	
  kept	
  the	
  reported	
  
trade	
  value,	
  and	
  if	
  no	
  data	
  were	
  reported	
  between	
  two	
  nations,	
  we	
  assumed	
  that	
  no	
  trade	
  was	
  taking	
  
place	
  between	
  these	
  two	
  nations.	
  
VWC	
   (kgwater/kgproduct)	
   of	
   raw	
   crops	
   is	
   defined	
   as	
   the	
   evapotranspiration	
   during	
   a	
   cropping	
   period	
  
(kgwater/m2)	
  divided	
  by	
  the	
  crop	
  yield	
  (kgcrop/m2).	
  The	
  VWC	
  of	
  unprocessed	
  livestock	
  products	
  is	
  defined	
  
as	
  the	
  water	
  consumption	
  per	
  head	
  of	
  livestock	
  (kgwater/head)	
  divided	
  by	
  the	
  livestock	
  production	
  per	
  
head	
  (kgmeat/head).	
  Water	
  consumption	
  per	
  head	
  includes	
  VWC	
  of	
  feed	
  consumed	
  by	
  each	
  animal	
  until	
  
slaughter,	
   as	
  well	
   as	
   drinking	
  water	
   and	
   cleaning	
  water	
   used	
   in	
   livestock	
   raising.	
   The	
  VWC	
   value	
   of	
  
each	
   commodity	
   for	
   each	
   year	
   until	
   2001	
  was	
   calculated	
   using	
   national	
   crop	
   yield	
   time	
   series4	
   and	
  
evapotranspiration	
   (ET)	
   simulated	
  with	
   the	
  H08	
  global	
  hydrological	
  model7,8.	
  The	
  ET	
  simulation	
  used	
  
WATCH	
  meteorological	
   forcing	
   data9,	
   which	
   cover	
   the	
   whole	
   globe	
   at	
   0.5°	
   spatial	
   resolution,	
   from	
  
1901	
   to	
  2001	
  at	
  6-­‐h	
   intervals.	
  The	
  cropland	
  area10,	
   irrigated	
  area11,	
  and	
  crop	
   type12	
  were	
   fixed	
  circa	
  
year	
  2000	
  for	
  which	
  detailed	
  data	
  are	
  available.	
  However,	
  ET	
  simulation	
  did	
  account	
  for	
  yearly	
  changes	
  
in	
  national	
  harvested	
  area	
  for	
  each	
  crop7-­‐9.	
  We	
  used	
  the	
  yearly	
  H08	
  VWC	
  estimates	
  from	
  1986	
  to	
  2001.	
  
From	
  2002	
  to	
  2011,	
  the	
  VWC	
  of	
  livestock	
  products	
  was	
  kept	
  constant	
  at	
  2001	
  values,	
  and	
  the	
  VWC	
  of	
  
crops	
  was	
  changed	
  according	
  to	
  national	
  crop	
  yield	
  time	
  series	
  (4)	
  as	
  follows:	
   	
  

VWCi;c;n	
  =	
  VWCi;c;2001	
  x	
  (Yi;c;2001/	
  Yi;c;n)	
  

where	
   the	
   subscripts	
   i,	
   c,	
   and	
  n	
   correspond	
   to	
   the	
   considered	
   country,	
   crop,	
   and	
  year,	
   respectively.	
  
VWCi,c,n	
  is	
  the	
  estimated	
  VWC	
  of	
  crop	
  c	
  in	
  country	
  i	
  for	
  year	
  n	
  (n	
  =	
  2002–2011),	
  Y	
  is	
  the	
  yield	
  of	
  crop	
  c	
  
in	
   the	
  country	
   i	
  and	
  year	
  n,	
  and	
  VWCi,c,2001	
   is	
   the	
  VWC	
  from	
  H08	
  simulations	
   for	
  year	
  2001.	
  Thus,	
  ET	
  
change	
  from	
  2002	
  to	
  2007	
  was	
  not	
  accounted	
  for	
  because	
  of	
   limitations	
  of	
  H08	
  forcing	
  data.	
  The	
  ET	
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values	
  were	
  kept	
  constant	
  at	
   the	
  year	
  2001	
  values,	
  which	
  are	
  relatively	
  close	
  to	
  the	
  means	
  over	
  the	
  
1986–2000	
  period.	
  	
  

In	
  this	
  paper,	
  we	
  present	
  results	
  for	
  southern	
  African	
  nations	
  and	
  the	
  year	
  2011	
  only.	
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Figure	
  S1:	
  Food	
  aid	
  flows13	
  (tons)	
  to	
  southern	
  African	
  nations	
  in	
  2012.	
  Each	
  ribbon’s	
  color	
  indicates	
  the	
  
exporting	
  entity.	
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Figure	
  S2:	
  Kendall's	
  tau	
  correlations	
  between	
  DJF	
  SST	
  of	
  Nino3.4	
  and	
  DJF	
  (left)	
  maximum	
  temperature	
  
and	
   (right)	
   Kendall's	
   tau	
   correlations	
   between	
   ECHAM4.5-­‐MOM3-­‐DC2	
   downscaled	
   forecasts	
   for	
   DJF	
  
produced	
   in	
   November	
   and	
  observed	
   DJF	
   maximum	
   temperature	
   (Source:	
   ref.	
   3).	
   Correlations	
  
significant	
  at	
  the	
  95%	
  level	
  are	
  shaded.	
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Figure	
   S3:	
   Multi-­‐model	
   ensembles	
   of	
   projected	
   changes	
   in	
   simulated	
   yield	
   (top-­‐2	
   panels)	
   and	
   crop	
  
water	
   productivity	
   (CWP;	
   bottom	
  panels)	
   for	
   rain-­‐fed	
   and	
   irrigated	
  maize	
   in	
   southern	
  Africa	
   for	
   the	
  
near-­‐,	
   medium-­‐	
   and	
   long-­‐time	
   horizon.	
   CWP	
   is	
   estimated	
   as	
   the	
   ratio	
   of	
   yield	
   (Y)	
   over	
   actual	
  
evapotranspiration	
  during	
  the	
  crop	
  growing	
  period	
  (AET)	
  (CWP=100Y/AET).	
  The	
  bottom	
  and	
  top	
  of	
  the	
  
box	
  are	
   lower	
  and	
  upper	
  quartiles,	
   respectively;	
   the	
  band	
  near	
   the	
  middle	
  of	
   the	
  box	
   is	
   the	
  median	
  
value	
  across	
  each	
   set	
  of	
   simulations,	
  which	
  comprises	
  an	
  ensemble	
  of	
  30	
   impact	
   simulations4.	
  AGO:	
  
Angola;	
  BWA:	
  Botswana;	
  COD:	
  Democratic	
  Republic	
  of	
  the	
  Congo;	
  LSO:	
  Lesotho;	
  MOZ:	
  Mozambique;	
  
MWI:	
  Malawi;	
  NAM:	
  Namibia;	
  SWZ:	
  Swaziland;	
  TZA:	
  Tanzania;	
  ZAF:	
  South	
  Africa;	
  ZMB:	
  Zambia;	
  ZWE:	
  
Zimbabwe.	
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Country	
   Mean	
  annual	
  
rainfall	
  (1971-­‐

2000)	
  

Trend	
  mm/yr	
  
1901-­‐2012	
  

Trend	
  mm/yr	
  
1993-­‐2012	
  

Trend	
  mm/yr	
  1993-­‐
2012	
  expressed	
  as	
  %	
  of	
  

mean	
  

Angola	
   960	
   0.2	
   4.7	
   9.8	
  

Botswana	
   403	
   -­‐0.1	
   5.3	
   26.3	
  

DRC	
   1488	
   0.0	
   8.2	
   11.0	
  

Lesotho	
   797	
   -­‐0.7	
   3.4	
   8.5	
  

Madagascar	
   1515	
   0.7	
   -­‐7.4	
   -­‐9.8	
  

Malawi	
   1121	
   0.0	
   7.2	
   12.8	
  

Mozambique	
   1012	
   0.0	
   -­‐2.0	
   -­‐4.0	
  

Namibia	
   268	
   0.1	
   5.8	
   43.3	
  

South	
  Africa	
   503	
   0.1	
   0.7	
   2.8	
  

Swaziland	
   834	
   0.3	
   -­‐5.2	
   -­‐12.5	
  

Tanzania	
   419	
   0.3	
   -­‐4.4	
   -­‐21.0	
  

Zambia	
   966	
   0.3	
   10.1	
   20.9	
  

Zimbabwe	
   689	
   -­‐0.3	
   2	
   5.8	
  

Table S1: Long, term	
  (1901	
  to	
  2012)	
  and	
  recent	
  (1993	
  to	
  2012)	
  linear	
  trend	
  rainfall1.	
  

Tables, S1 – S4
18



Country	
   Corr	
  full	
  
record	
  –	
  GDP	
  

Growth	
  

Sliding	
  corr	
  
mean	
  –	
  GDP	
  
Growth	
  

Sliding	
  corr	
  
min	
  –	
  GDP	
  
Growth	
  

Sliding	
  corr	
  
max	
  –	
  GDP	
  
Growth	
  

Angola	
  (1986-­‐2012)	
   0.19	
   0.06	
   -­‐0.12	
   0.26	
  

Botswana	
  (1961-­‐2012)	
   -­‐0.06	
   0.04	
   -­‐0.77	
   0.62	
  

DRC	
  (1961-­‐2012)	
   0.18	
   0.10	
   -­‐0.50	
   0.44	
  

Lesotho	
  (1961-­‐2012)	
   0.17	
   0.10	
   -­‐0.29	
   0.50	
  

Madagascar	
  (1961-­‐2012)	
   -­‐0.14	
   -­‐0.12	
   -­‐0.43	
   0.25	
  

Malawi	
  (1961-­‐2012)	
   0.21	
   0.23	
   -­‐0.15	
   0.47	
  

Mozambique	
  (1981-­‐
2012)	
   0.11	
   0.22	
   -­‐0.1	
   0.63	
  

Namibia	
  (1981-­‐2012)	
   0.15	
   -­‐0.07	
   -­‐0.32	
   0.24	
  

South	
  Africa	
  (1961-­‐2012)	
   0.08	
   0.36	
   0.02	
   0.70	
  

Swaziland	
  (1971-­‐2012)	
   -­‐0.02	
   -­‐0.04	
   -­‐0.27	
   0.33	
  

Tanzania	
  (1989-­‐2012)	
   -­‐0.07	
   0.03	
   -­‐0.06	
   0.14	
  

Zambia	
  (1961-­‐2012)	
   0.09	
   0.19	
   -­‐0.31	
   0.68	
  

Zimbabwe	
  (1961-­‐2012)	
   0.01	
   0.05	
   -­‐0.46	
   0.64	
  

Table  S2:	
   National, level	
   correlation	
   coefficients	
   between	
   annual	
   GDP	
   percentage	
   growth	
   
rate	
   (calendar	
    year)	
    and	
    rainfall	
    (October	
    year, 1	
    to	
    September	
    current	
    year).	
    Mean,	
   
maximum	
    and	
   minimum	
   from	
   15, year	
   sliding	
   correlations.	
   Results	
   significant	
   at	
   the	
   1%	
   level	
   are	
  
bold,	
   and	
   at	
   the	
   5%	
   level	
   in	
   italics.	
   The	
  mean	
  of	
   the	
   sliding	
   correlations	
  was	
  not	
   tested	
   for	
   statistical	
  
significance.	
  Sources:	
  GDP	
  [15],	
  rainfall	
  [1].	
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Country	
  

Corr	
  full	
  
record	
  –	
  
total	
  
cereal	
  

Sliding	
  
corr	
  mean	
  
– total
cereal	
  

Sliding	
  corr	
  
min	
  –	
  total	
  

cereal	
  

Sliding	
  corr	
  
max	
  –	
  total	
  

cereal	
  

Corr	
  full	
  
record	
  -­‐	
  
maize	
  

Sliding	
  corr	
  
mean	
  -­‐	
  
maize	
  

Sliding	
  
corr	
  min	
  -­‐	
  
maize	
  

Sliding	
  
corr	
  
max	
  –	
  
maize	
  

Angola	
   0.39	
   0.12	
   -­‐0.52	
   0.57	
   0.38	
   0.12	
   -­‐0.56	
   0.57	
  

Botswana	
   0.29	
   0.31	
   -­‐0.30	
   0.85	
   0.20	
   0.16	
   -­‐0.28	
   0.45	
  

DRC	
   -­‐0.33	
   -­‐0.06	
   -­‐0.50	
   0.62	
   -­‐0.39	
   -­‐0.16	
   -­‐0.56	
   0.35	
  

Lesotho	
   0.21	
   0.23	
   -­‐0.10	
   0.48	
   0.18	
   0.24	
   0.01	
   0.45	
  

Madagascar	
   -­‐0.26	
   -­‐0.07	
   -­‐0.43	
   0.35	
   -­‐0.12	
   0.00	
   -­‐	
  0.66	
   0.27	
  

Malawi	
   0.13	
   0.39	
   -­‐0.09	
   0.74	
   0.12	
   0.37	
   -­‐0.6	
   0.72	
  

Mozambique	
   0.30	
   0.32	
   -­‐0.35	
   0.80	
   0.23	
   0.28	
   -­‐0.33	
   0.80	
  

Namibia	
   0.30	
   0.28	
   -­‐0.46	
   0.89	
   0.32	
   0.37	
   0.07	
   0.63	
  

South	
  Africa	
   0.16	
   0.33	
   -­‐0.19	
   0.77	
   0.18	
   0.30	
   -­‐0.20	
   0.75	
  

Swaziland	
   0.45	
   0.46	
   0.23	
   0.78	
   0.46	
   0.47	
   0.24	
   0.78	
  

Tanzania	
   -­‐0.13	
   0.03	
   -­‐0.39	
   0.34	
   -­‐0.14	
   -­‐0.03	
   -­‐0.	
  44	
   0.27	
  

Zambia	
   0.04	
   0.24	
   -­‐0.38	
   0.62	
   0.05	
   0.25	
   -­‐0.32	
   0.60	
  

Zimbabwe	
   0.45	
   0.61	
   0.40	
   0.83	
   0.47	
   0.62	
   0.39	
   0.86	
  

Table S3:	
   National, level	
   correlation	
   coefficients	
   (corr)	
   between	
   rainfall1	
   (October	
   year, 1	
   to	
  
September	
  current	
   year)	
   and	
   annual	
   total	
   cereal5	
   and	
   maize	
   production5	
   (calendar	
   year)	
   (1961–	
   
2012).	
   Mean,	
   maximum	
  and	
  minimum	
   correlations	
   from	
  15, year	
   sliding	
   correlations	
   significant	
   at	
  
the	
  1%	
  level	
  are	
  bold,	
  and	
  at	
  the	
  5%	
  level	
  in	
  italics.	
  The	
  mean	
  of	
  the	
  sliding	
  correlations	
  was	
  not	
  tested	
  
for	
  statistical	
  significance.	
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Country	
   Number	
  
of	
  large	
  
dams	
  

Total	
  
reservoir	
  
capacity	
  
(million	
  
m3)	
  

Number	
  
of	
  large	
  
dams	
  

used	
  for	
  
irrigation	
  

Number	
  
of	
  large	
  
dams	
  

used	
  for	
  
water	
  
supply	
  

Number	
  of	
  large	
  
dams	
  used	
  for	
  
hydroelectricity	
  

Total	
  
hydroelectricity	
  
output	
  (MW)	
  

Angola	
   15	
   9445	
   5	
   3	
   10	
   325	
  

Botswana	
   8	
   453	
   3	
   4	
   0	
   0	
  

Democratic	
  
Republic	
   of	
  
the	
  Congo	
  

14	
   53	
   1	
   0	
   9	
   514	
  

Lesotho	
   6	
   2820	
   2	
   2	
   1	
   72	
  

Madagascar	
   12	
   493.46	
   10	
   0	
   3	
   24	
  

Malawi	
   7	
   42	
   0	
   2	
   1	
  

Mozambique	
   26	
   77473	
   11	
   5	
   16	
   2425	
  

Namibia	
   18	
   708	
   2	
   11	
   0	
   0	
  

South	
  Africa	
   303	
   30308	
   120	
   77	
   5	
  

Swaziland	
   9	
   585	
   5	
   0	
   1	
  

United	
  
Republic	
   of	
  
Tanzania*	
  

5	
   104196	
   2	
   0	
   5	
   460	
  

Zambia	
  **	
   3	
   95423	
   0	
   0	
   2	
   616	
  

Zimbabwe	
  
***	
  

113	
   99385	
   70	
   42	
   1	
   760	
  

Table  S4:	
   Statistics	
   on	
   large	
   dams16	
   (defined	
   as	
   having	
   capacity	
   over	
   1	
   million	
   m3	
   or	
   height	
   >15m15).	
  
The	
  numbers	
  should	
  be	
  considered	
  minimum	
  estimates	
  because	
  of	
  missing	
  data	
  on	
  completion	
  dates,	
  
capacities,	
  dam	
  heights	
  and	
  electricity.	
  	
  
*100000	
  million	
  m3	
   is	
   Owen	
   Falls	
   on	
   the	
  White	
  Nile.	
   **94000	
  million	
  m3	
   is	
   Kariba	
   on	
   the	
   Zambezi,
border	
  with	
  Zimbabwe.	
  ***94000	
  million	
  m3	
  is	
  Kariba	
  on	
  the	
  Zambezi,	
  border	
  with	
  Zambia	
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