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Executive Summary 

 

The impacts of extreme climate warming have adverse impacts on bio-physical systems that support 

livelihoods and economic welfare of the communities of Northern Hemisphere Sub-Sahara Africa (NHSSA) 

region extending from West Africa to East Africa. Recent climate observations which reveal increasing 

temperatures and HELIX modeling results suggest that observed temperature will be within the range of 

1.5oC warming during the late 2010s/ early 2020s. This is a strong basis for informing of adaptation to avert 

reduced productivity of bio-physical systems for sustainable ecosystem productivity and climate sensitive 

resources and services across the region.  There is a remarkable difference in timing of the warming levels 

following the low and high sensitivity scenarios, with the high sensitivity warming attaining specific 

warming levels (SWLs) 1.5oC, 2oC, 4oC and 6oC during the early-2020s, 2030s, 2060s and 2080s in that 

order. On the other hand, the low sensitivity SWL scenario attains the warming levels 1.5oC, 2oC, and 4oC 

during the mid-2020s, 2040s, and 2070s. Notably, low sensitivity projections do not attain the 6oC warming. 

High sensitivity SWL impacts are nearly a decade ahead of the low sensitivity and this has significant 

implications on how the possible future NHSSA region can look like in terms of bio-physical processes and 

impacts of higher-end climate warming scenarios.  

Although climate change modeling suggests an increase rainfall especially over Eastern Africa on the long 

run, this indication is quite contrary to the observed decreasing rainfall in some areas of the region, the East 

Africa climate change paradox. This is consistent with results like revelations of decreasing Lake Victoria 

levels and therefore less yielding fresh water river system catchments (including the White Nile upstream 

source rivers including the Nzoia river from Western Kenya highlands; and the Kagera river from Burundi, 

draining most of Rwanda, parts of Uganda before entering Lake Victoria on the Tanzania section of the lake) 

which support livelihoods and provides fresh water within and across the national boundaries.  

On food productivity, most of NSSA relies on rain fed agriculture, and maize is one of the most stable food 

crops for the whole region. The region does not produce enough maize for its own food security. Using the 

fast track ISIMIP crop models for maize, the model patterns for rain fed and irrigated maize over the whole 

of NHSSA indicate significant decline, in some cases decrease of more than 50%, found to be severest over 

West Africa sub-region and moderate over the East Africa sub-region. Both East and West Africa are food 

insecure sub-regions. None of the warming thresholds suggests good potential for increased productivity of 

maize, nor is the potential for increased food productivity indicated to be positive anywhere in the region for 

any of the HELIX specific warming levels 2oC and 4oC which are plausible SWL during the future time 

windows 2021-2050 and 2057 – 2086 under high sensitivity RCP8.5 global warming pathway. Negative 

impacts on food and water resources are feasible over the region and are likely to get worse during the early 

years of 2020s as the 2oC SWL takes effect. The Great Lakes sub-region of East Africa is an area where 

population increase and urbanization are taking place rapidly. Population increase and urbanization can only 

mean decrease in land resources available for biophysical productivity. This implies huge stress on land use 

and consequently has negative impacts of bio-physical systems productivity.  

Public health concerns in the region like the Malaria problem does not show prospects of easing under the 

future SWL indications of increased warming a regional problem as early as during the 2020s, which is just 

a few years from now. Similar situation applies for other sectors and resources of livelihoods as evidenced in 

the ISI-MIP impacts captured in this report. 
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Introduction 

 

Northern Hemisphere Sub-Sahara Africa (NHSSA) region is anticipated to be adversely affected by the 

negative impacts of extreme warming and climate change. Consequently societies, decision makers, 

business, and researchers among other stakeholders should take and implement informed adaptation choices 

to ensure well managed and sustainable bio-physical systems services to sustain the needs of current and 

future generations of the region. The two sub-regions, namely East and West Africa, including the Great 

Lakes regions of Africa, which is home to one of the important fresh water resources of trans-boundary 

importance, the Lake Victoria; and also source of the White Nile are climatically vulnerable sub-regions of 

Africa with strategic importance not only to the national and regional authorities, but international 

development partners including the European Union (EU). 

 

HELIX research work is informed by the knowledge that there is a wide source of climate change 

information available, for example current generation of climate change projections from CMIP5 models and 

CORDEX regional models, driven by the Representative Concentration Pathways (RCPs)  over Africa have 

conflicting messages on the extend and timing of levels of warming. Planners and decision makers should be 

empowered with well synthesized robust information on how the future will be like. This information 

product should have well authenticated level of certainty, and with demonstrated implications on how 

essential ecosystems services can respond under the specific warming levels (SWLs) attained at different 

times and paths ways into the future. Clear information on food productivity for the future worlds at 

warming levels 1.5oC, 2oC, 4oC, and 6oC above pre-industrial temperature supported by the rate at which 

change warming levels can occur can be aligned with long term socio-economic development plans, for 

example the attainment of millennium development goals, regional and national visions towards attainment 

of certain socio-economic status including food, water and health conditions for a secure future. These things 

must be informed by sound climate change products being availed through HELIX research and deliverables 

therein. Figure 1 shows projected level of warming and approximate timing of temperature exceeding 

regional (as opposed to global) warming thresholds 1.5oC, 2oC, 4oC and 6oC and the approximate timing 

over East Africa focus area of HELIX from bias-corrected models. This result is area average warming from 

the bias-corrected CORDEX model temperature (which is model variable tasmin) over 1 degree longitude-

latitude area centred at 35.28E, 0.53N which is highland Western Kenya).  

 



 
 

Project 603864    7 

1960 1980 2000 2020 2040 2060 2080 2100

-1

0

1

2

3

4

5

6

7

8

Temperature Change To Year 2100 From Bias Corrected CORDEX Regional Model "SMHI RCA4" Driven By

Two GCMs: CCCA & GFDL over HELIX Focus Area of East Africa within the larger Sub-Sahara Africa
T

e
m

p
e
ra

tu
re

 C
h
a
n
g
e
 (

D
e
g
re

e
 C

)

Years

withgcmCCCA

withgcmGFDL

OBStempVariability

+1.5C Warming

+2.0C Warming

+4.0C Warming

+6.0C Warming

 

Figure 1: Temperature change and Regional Warming Levels over HELIX focus areas in East Africa 
(Western Kenya example) with linkage to biophysical systems response to warming thresholds (Result is 
area average of bias-corrected CORDEX Regional Model SMHI-RCA4 temperature “tasmin” over 1 degree 
longitude-latitude area centred at 35.28E, 0.53N which is highland western Kenya) run with two CMIP5 
global models CCCA and GFDL. 
 

From this results, it is can be concluded that: 

 Increasing temperatures over the region are not only a reality, but of concern to biophysical systems 

including rain fed crop productivity (e.g. maize), water resources, and public health among other 

concerns. 

 That even though modelled projections can be higher than observations, the Regional Warming 

Level (RWL) indications under both low and high sensitivity pathways are plausible assumptions. 

This is revealed by similarity in the linear trend and therefore variability of both observed and 

modelled warming in the region is a challenge to societal welfare now and in the future foreseeable 

future. 

  High sensitivity RWL leads Low sensitivity RWL by nearly ten years, with the region indicated to 

be under impacts of high sensitivity warming, with impacts of 1.5oC warming during the late 2010s 
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to early-2020s, impacts of 2oC warming during the 2030s, 4oC warming during the 2060s and 6oC 

during the later decades of the 21st century. On the other hand, Low sensitivity RWL attains 1.5oC, 

2oC and 4oC nearly a decade later, i.e., during the mid-2020s, 2050s and 2070s.  

 Therefore a timing difference of a decade is a powerful indicator for generating information for 

adaptation choices over the NHSSA region. 

 These results suggest adaption decisions during the current decade, that is, as early as during the rest 

of the 2010s to early 2020s to strategize and implement polices to build resilience against higher-end 

climate change extremes as illustrated in this report. 

This deliverable, which is deliverable 8.3 under HELIX description of work (DoW) report has been 

completed with analysis and results inputs on aspects of bio-physical impacts and sensitivity undertaken by 

three HELIX partners, namely:  

 AGENCE NATIONALE DE LA METEOROLOGIE DU SENEGAL (ANACIM) Senegal (Partner 

Number 16). 

 CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE (CNRS) France (Partner Number 8).  

 IGAD CENTRE FOR CLIMATE PREDICTION AND APPLICATION (ICPAC) Kenya (Partner 

Number 13). 

 

The deliverable 8.3 description and Example of Lake Victoria Levels Impacts as 

Large Scale Water Resources Biophysical Impacts 

The Example of Large Scale Water Resources Impacts and Sensitivity: Lake Victoria 

Levels and Nzoia and Kagera Inflows.  

 

The deliverable has been developed following analysis described as Task CCT1b.3 (8.3) with linkage to 

implications on water resources in the East Africa part of NHSSA. From the uncertainties in biophysical 

impacts projections such as revealed in Figure 1, there is nearly a ten-year timing difference in the low and 

high sensitivity RWLs using bias-corrected Regional Climate Change Models (RCMs) under Africa 

CORDEX, the bias-correction undertaken for HELIX partner Number 12, the Technical University of Crete 

(Greece). The range of biophysical impacts and materials generated from ISI-MIP and the wider set of 

climate model outputs from CMIP5 have also been used, alongside impacts on crop productivity, done with 

a suite of CMIP5 models with global Specific Warming Levels (SWLs) attained at various rates. Results of 

the crop productivity sensitivity are captured in a raw form of a HELIX thematic paper under preparation at 

CNRS, while the hydrological and health impacts sensitivities reported below are being consolidated into a 

sub-region wide hydrological response paper under the leadership of ICPAC. 
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Over Eastern Africa one of the most notable climatic trends is the decreasing rainfall amounts during the 

March to May rainfall season. This is the so called East Africa climate change paradox. Thus whereas 

typical climate change projection models suggest a warmer and wetter future, it is quite a challenge to 

determine what exactly will lead to a reversal of the current rainfall trend and therefore provide internally 

consistent climate change information for bio-physical impacts. Figure 2 illustrates the observed trend in 

Lake Victoria levels which is a strategically important fresh water resource.  

 

The data sets considered in this case are observed rainfall in the Lake Victoria and Lake levels at Njinja (in 

Uganda, considered to be the actual source of the White Nile river) and interest here is capture the year to 

year trends in both rainfall and transboundary water resource like the Lake Victoria. The decreasing lake 

level and the current situation where Eastern Africa does not have sufficient fresh water resources is an 

additional threat of extreme climate warming. The situation is no better in the rest of Sub-Sahara Africa, for 

example Lake Chad is nearly dried up, and the there is really no evidence that he Sahel region has recovered 

from the droughts and impacts of the 1970s and 1980s. 

  

 

 

Figure 2: Observed rainfall and Lake Victoria level trends, as current climate aspects of concern to large 
scale regional water resources impacts. 
 

Of importance to Large Scale water resources within East Africa areas of focus within HELIX is the 

implications of RWLs on the river flows draining into Lake Victoria. Figure 3 shows the annual cycles of 

water yields from the upstream source areas of the two river systems most important for the water flowing 

into Lake Victoria, namely the Nzoia and Kagera rivers using the SWAT hydrological model. The list below 

provides a list of bias-corrected CORDEX regional models considered for East Africa hydrological impacts, 

and which provide future rainfall input for SWAT hydrological model for both Nzoia and Kagera basins,all 
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of them draining into Lake Victoria. The Nzoia results are driven by models 3 and 5 as indicated in blue in 

the list below, namely the RCM “SMHI-RCA4” driven two different GCMS, namely IPSL and NCC-

NorESM1. 

 

It is important to note that comprehensive impacts on this important fresh water resource has to take into 

consideration the estimates and changes of rainfall which falls over the lake itself alongside run-off from a 

set of other smaller, but important river systems. 

 

 

 

Figure 3: HELIX Modelled annual cycles of water yields for Rivers Nzoia (Kenya) and Kagera (centred over Rwanda) as 

major upstream sources of run-off into L. Victoria and therefore source if White Nile fresh water.   The Observed part 

of the SWAT hydrological water yields are driven by observed rainfall and minimum temperatures at the upper areas 

of the catchments. 

 

The year by year response, un-calibrated for the Nzoia River appears most reasonable under both Low and 

High sensitivity RWLs.  Figure 4 shows the sensitivity responses relative to the current observations for the 

Nzoia River water yields at both low and high sensitivity RWLs using SWAT hydrological model. It may be 

noted from this result that: 

List of Africa CORDEX RCMs Bias Bias 

Corrected For HELIX Work by TUC Driving Global Climate Model (GCM) GCM Institution & Country

ModelCode used in Driving SWAT 

hydrological Model

1 SMHI_RCA4 CCCma_CanESM2 CCCA, Canada MOD1

2 SMHI_RCA4 CSIRO_QCCCE_CSIRO_Mk3 CSIRO-Australia MOD2

3 SMHI_RCA4 IPSL_IPSL_CM5A_MR IPSL-France MOD3: Drive Nzoia SWAT model

4 SMHI_RCA4 MIROC_MIROC5 CCSR-Japan MOD4

5 SMHI_RCA4 NCC_NorESM1_M NCC-Norway MOD5: Drives Nzoia SWAT model

6 SMHI_RCA4 NOAA_GFDL_GFDL_ESM2M GFDL-USA MOD6
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 Figure 4: The month by month response of the Nzoia River Flow Model (centred in the Upstream Nzoia source area 

of Western Kenya area) at 2
o
C and 4

o
C RWL sensitivities. 

At high sensitivity (Left panel in Fig. 4), the peak flow is earlier by nearly two months following the 2oC 

temperature increase, while its occurrence at the low sensitivity is quite consistent with observed peak flows. 

At the 4oC SWL (Right panel on Fig. 4), the peak flows seems to re-adjust towards the normal peak, and 

magnitudes, although substantially higher, are not double. We could interpret this to mean that when these 

HELIX information products and knowledge are used to support decisions on important transboundary 

resources like large scale river flows, the RWLs of 2oC and 4oC imply the need for adaptation and 

management choices which can ensure sustainability before the 2020s. Additional considerations must take 

into account factors like rapid population growth, and urbanization over the Great Lakes region of NHSSA.  

Within the perspective of ISI-MIP, additional issues of concern with regard to sensitivity of large scale water 

resources are:  

 With future projections for less total annual rainfall and less snowpack in the mountains, this will 

make it more difficult for water managers to satisfy water demands throughout the course of the year. 

These should be issues of serious concern and attention over areas of NHSSA with rapidly increasing 

population and urbanization, like the Great Lakes region of Eastern Africa, and calls for strategic 

policy frame work for adaptation to increasing severity of extreme climate change. 

 Freshwater resources along the coasts face risks from sea level rise. This is a concern, for example 

over the Senegalese coast in the West Africa sub-region of NHSSA and other areas as show in Figure 

5 (adapted from UNEP/UN-Habitat). This may force water managers to seek other sources of fresh 

water, or increase the need for desalination (or removal of salt from the water) for some coastal 

freshwater aquifers used as drinking water supply.  

 Increase in investment and operation costs for additional wells and reservoirs which are required to 

guarantee reliable water supply under climate change. Furthermore, the impact of climate change on 

water supply costs will increase in the future, not only because of increasing climate change but also 

due to increasing demand. 
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Figure 5: Areas of NHSSA under considerable threat of sea level rise which could become more serious 
under a warming climate (Adapted from UNEP-UN-Habitat, 2008). 
 

The Fast Track ISI-MIP Cross Sectoral Impact Models and Data Sets 

The Inter-sectoral Impact Model Intercomparison Project (ISI-MIP) are a fast track simulation of the 

potential implications of global climate warming with an objective of answering questions on the difference 

of 2oC, 3oC, and 4oC global climate warming across socio-economic sectors including agriculture and water 

resources globally. Work leading to the current versions of the data sets was carried out between January 

2012 and January 2013 and have been used in assessment and indication of climate warming impact studies 

like Warszawski et. al., (2014) and Rosenwzweig et. al., (2014). One of the major factors considered in 

implications of extreme climate warming across food productivity and crops in the ISI-MIP experiments is 

the implications of carbon-dioxide concentrations (with CO2) and its absence (without CO2) for rain-fed 

(experiment noirr) and irrigated (experiment firr) food productivity. Some of the Impact models used in the 

experiments include Environmental Policy Integrated Climate Model (EPIC), Global AgroEcological Zone 

Model in the Integrated Model to Assess the Global Environmental (GAEZ_IMAGE), Predicting Ecosystem 

Goods And Services Using Scenarios model (PEGASUS), and the Parallel Decision Support System for 

Agro-Technology Transfer (PDSSAT) among others. In this work, 6-ISI-MIP impacts model data sets have 
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been considered in assessment of the food security response over Northern Hemisphere Sub-Sahara Africa 

(NHSSA) for Maize crop. Maize is the most important food crop across the NHSSA and most of the maize 

production is rain-fed and in the arid-and-semi-arid lands (ASALs), maize productivity under irrigation can 

be very high. 6-ISIMIP maize-crop models have been used in this work, namely EPIC, IMAGE, 

PEGASUS, PDSSAT, GUESS, and LPJML. Details of the impact model characteristics are given in table 

1 in appendix.  

 

ISIMIP Maize Crop Model Baseline Patterns 

 

Maize a cereal crop that is grown widely throughout the world in a range of agroecological environments, 

generally rain fed in most regions including sub-Sahara Africa (SSA). In SSA, maize is the most important 

stable food crop for more than 1.2 billion people and notably Africa as a whole imports 28% of its maize 

requirements from outside the continent (IITA, 2016). It is against these facts that this section starts with an 

overview of kind of baseline mean patterns of regional maize productivity patterns as simulated by the fast 

track ISIMIP impact models. Figure 6 shows the mean patterns over baseline period 1980-2010. The ISIMIP 

model baseline mean pattern for maize yield across Africa appear to be consistent with the actual 

productivity across the Northern Hemisphere Sub-Sahara Africa for both rain-fed and irrigated, maize, 

productivity being better in  better in East than West Africa as show in Figure 6a. Some models indicate 

minimal productivity, for example PEGASUS as noticed from Figure 6b, but the patterns seem consistent 

with overall climatic conditions for rain-fed agriculture. Irrigation as means of increasing productivity due to 

conditions like low rainfall has great potential of increasing productivity across the whole region, a good 

example is the indication from ISIMIP model PDSSAT on Figure 6c. It is important to note that some of the 

indications from the ISIMIP models have to considered with caution and can be unrealistic, for example the 

suggestion of irrigation option potential to productive the same levels of maize yield in Africa’s desert areas 

as well as in the arable areas like East and West Africa could be just a model result. This is the kind of 

caution needed when result in the last panel on Figure 6d is considered. While these baseline patterns are 

reasonable for most ISIMIP Maize crop models over the region, they also strongly indicate that approaches 

summarizing impacts by direct model averaging is not good. It is for this reason that this work is based on 

assessment of impacts and uncertainties across the individual models following the Specific warming levels. 

The mean productivity patterns for the other models are given in Appendix. 
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Figure 6: The baseline mean patterns of maize yield over HELIX focus areas of Northern Sub-Sahara Africa (NHSSA) 

from ISIMIP maize crop models over period 1980-2010. 

 

 

The Basis of Maize Yield Changes Following the global Specific Warming Levels 

 

 

Figure 7 below illustrates the case of ISIMIP model EPIC baseline maize yield mean patterns over the 

period 1980-2010 for both rain fed and irrigated, with inclusion and exclusion of effects of carbon dioxide in 

the maize crop model and the corresponding percentage change indicated by the same model at the 2oC 

specific warming level following RCP4.5. 

All the patterns percentage change patterns on Figure 7b are generally the same (Figure 7a is include to 

show mean patterns for comparison), indicating sever decrease in maize productivity. It could be expected to 

be worse under high sensitivity RCP8.5 as illustrated in Figure 8. 
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It is important to note that maize productivity over East and West Africa is different due to difference in the 

basic climatological conditions, and projected rates change should be different for both sub-regions.  Figure 

(7c) and (7d) show time series of percentage change indicated by each of the models considered over East 

Africa (Figure 7c) and West Africa (Figure 7d).  

There is a notable difference in the response, for example the model indicating possible increase under 

warming climate for East Africa, which is LPJML (black curve in Figure 7c) is opposite trend over West 

Africa (Black curve on Figure 7d). The result indicated by PEGASUS ISIMIP model is a consistent 

decrease in maize yield across the whole Sub-Sahara Africa, and this is nearly the case in most of the other 

models as revealed by the comparative curves in Figures 7(c) and (d).  

 

 

 

 

 

 

 



 
 

Project 603864    16 

 

Figure 7: The mean pattern and percentage change in NHSSA maize yield following RCP4.5 in EPIC model at present-

day (panels a), 2
o
C Specific warming level (panel b) and percentage time series over East Africa (panel c) and West 

Africa (panel d). 
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Timing of SWLs for Informing of Food Security Impacts across NHSSA 

 

The implications of SWLs to maize productivity and its timing is the focus of HELIX work for purposes of 

informing the type of adaptation choices and strategies which should be put in place to ensure sustainable 

food security for future Sub-Sahara Africa. In most global and regional climate change models, the signal of 

global and regional warming is evident in projections during the 2020s and is clearest towards the later 

decades of the 21st century. Table 2 shows the timing of the SWLs following RCP4.5 and RCP 8.5 in 

HadGEM2-ES CMIP5 global climate model, used to drive the ISIMIP crop models here. The 2o
C warming 

threshold following RCP 8.5 occurs much earlier than that following RCP 4.5.  The global SWL of 4oC is 

not attained under RCP4.5. 

 

Table 2: The timing of SWLs following both RCP 4.5 and 8.5 with linkage to implications on NHSSA food and water 

resources impacts. 

 

 Timing of Specific Warming levels in terms of future 

decades  

(Years centred for ISIMIP impact results) 

 2
o
C 4

o
C 6

o
C 

RCP 4.5 2050s 

(2037-2065) 

Not attained 

 

Not attained 

RCP 8.5 2030s 

(2021 – 2050) 

2070s 

(2057-2086) 

Later 2080s 

 

Notably: 

 There is a nearly 20 year difference in timing of  2oC SWL, being a plausible scenario during the 

2030s following the RCP 8.5 while following RCP 4.5, such impacts could be concern during the 

2050s.   

 Following this indication, it is plausible to expect distinctly different and strong indications of 

impacts on food and overall environmental productivity across the whole Sub-Sahara Africa region. 

 

Figure 8 shows the percentage changes in maize year from ISIMIP model EPIC, comparing the indicated 

patterns at 2oC SWL for each of the two RCPs, and 4oC SWL for RCP8.5. These results reveal that the high 

sensitivity RCP 8.5 impacts at 2oC SWL indicate a decrease in maize productivity of 10%-20% (Figure 8b), 

while RCP 4.5 suggests decrease of 40% - 50% (Figure 8a).  Figure (8c) shows the patterns and extent of 

percentage reduction in maize productivity is indicated to be nearly the same irrespective of the scenario. 

From table 2 above, the timing of the 4oC SWL level is suggested to be in the final climatological decades of 

the 21st century if the high-end scenario RCP8.5 is followed. We would see implications of higher-end 

climate change extremes and impacts to be clearest and strongest at those future projection periods. 
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Indications of bleak future as implied in these knowledge products and evidence are sufficient basis of 

international climate action plans and climate treaties to translate into measurable societal action 

programmes on adaptation and mitigation as a means of ensuring the earth resources will be able to support 

the needs of future generations of Sub-Sahara Africa and international community at large. In many parts of 

Sub-Sahara Africa, this is currently the situation, with food and water crisis a serious problem, often leading 

to humanitarian concern to the region and its development partners including the European community. 

 

 

 

8c) 

 
Figure 8: The contrasts in ISIMIP maize yield percentage change in NHSSA maize at SWLs 2

o
C following RCP4.5 and 

RCP 8.5 over the whole Sub-Sahara Africa, and 4
o
C for RCP8.5. 
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Sensitivity of NHSSA Maize Yield Changes by different ISIMIP models at SWLs  

 

Figure 9 below shows the percentage changes in Maize yield across the HNSSA from two ISIMIP models, 

EPIC which is an average sensitivity model and PEGASUS, an extreme sensitivity model indicating 

strongest decrease, for example as reductions of 20-30 % during the 2oC SWL 20-2050s, and reduction in 

productivity by more than 50% upon attainment of 4oC SWL within the period 2057-2086 as noticed in 

Figures 9 (c) and 9(d). These two impacts models are chosen on the basis of sensitivity of projected (their 

baseline mean patterns are shown in Figure (6a) and Figure (6b)). The most important message from these 

ISIMIP results is that NHSSA regional food security on the long term can only get worse than present. For 

NHSSA, it is essential that outcomes of ongoing climate change action plans result into measurable positive 

impacts. These results are further strengthened by food stress and drought conditions afflicting parts of 

Eastern Africa reported elsewhere in this work. These results are a strong indication that under high 

sensitivity change warming and attainment of SWLs as soon as the early 2020s, rain fed and irrigated maize 

and in general all agricultural productivity in NHSSA can only get worse and adaptation choices are 

mandatory for sustainable food resources in the region. Similar sensitivity is valid for water resources over 

the region. 
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Figure 9: Percentage changes in Maize yield across the HNSSA from two ISIMIP models EPIC and PEGASUS.  

 

 

Successive Maize failure and the severity of SWL Implications of NHSSA food security 

 

Figure 10 illustrate results of Maize crop impact modeling using GLAM crop model following RCP8.5 for 

which SWLs 2oC and 4oC are attained much rapidly as indicated above. The decrease in Maize yield per 

hectare can fall from more than 1000Kgs/ha to about 500kg/ha (Figure 10a), and frequency of successive 

years of maize failure on rain fed production system can fall from average of 8 years to every 2 years 

(Figure 10b) and implications carbon dioxide (CO2) inclusion into the crop modeling results indicate similar 

results as illustrated in Figure (10c) and (10d). These results are for West Africa sub-region of NHSSA and 

given the non-local nature and impact of extreme global warming, similar results hold for East Africa. 

Current food stress conditions including frequent droughts and consequent crop failure in East Africa and 

Kenya in particular, reported in the following sections are sufficient evidence for adaptation choices within 

the frame work of SWL impacts on NHSSA food security. 
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Additional high-end climate warming extreme impacts over NHSSA 

 

Impacts on Livestock Resources and Productivity under SWLs 

High temperatures are adverse for livestock productivity. Heat waves, which are projected to increase under 

the SWLs of climate change, could directly threaten livestock. Heat stress affects animals both directly and 

indirectly. Over time, heat stress can increase vulnerability of livestock to disease, reduce fertility, and 

reduce milk production. Livestock is a vital livelihood resource for large parts of NHSSA and has in-country 

and transboundary attributes of concern, for example fatal community conflicts over pasture and water 

resources. Good example is the sub-region encompassing northern Kenya-Southern Ethiopia and northern 

Uganda where cross-boundary community conflicts often arise decreasing pasture and water, and these 

communities are poised to be worse off under higher-end climate change extremes and impacts given that 

parts of the region, temperature increase and trends are quite close to the SWLs thresholds.  Drought is a 

serious problem in NHSSA, especially arid-and-semi-arid lands (ASALs) of Eastern Africa. Drought always 
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leads to depletion of pasture and water, leading to massive deaths of livestock. Drought reduces the amount 

of quality forage available to grazing livestock. Some areas could experience longer and more intense 

droughts. East Africa is one of the drought prone areas, with hardly 2-years going without drought and 

famine crisis. At the time of this report from October 2016 to January 2017, parts of Kenya were under 

drought-induced food, water scarcity and famine crisis nearing catastrophic levels (Plates 1 and 2). Given the 

frequent recurrence of droughts in parts of the NHSSA, especially Eastern Africa with massive crop failure, 

famine, pasture and vegetation deficit and water scarcity over the arid-and-semi-arid lands (ASALs), it is 

prudent to take it that attainment of the SWLs is catastrophic to the national, regional and international 

welfare. Adaptation choices including those informed by determination of how communities can survive 

sustainably under increasing severity of higher-end climate warming is an urgent concern requiring policy 

interventions. 

 

 

 

 

Plates 1 and 2: Drought induced food and famine crisis in HELIX focus areas of East Africa. Northern Kenya, depleted 

pasture and water leading to livestock loss and communities facing starvation during October 2016. East Africa 

droughts crisis, a focus within HELIX Biophysical impacts and adaptation choices for the region. 
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Other impacted noted within the framework of ISI-MIP include the following: 

 Climate change may increase the prevalence of parasites and diseases that affect livestock.  

 Increases in carbon dioxide (CO2) may increase the productivity of pastures, but may also decrease 

their quality. Increases in atmospheric CO2 can increase the productivity of plants on which livestock 

feed. However, studies indicate that the quality of some of the forage found in pasturelands decreases 

with higher CO2. As a result, cattle would need to eat more to get the same nutritional benefits. 

 

Fisheries within the perspective of ISI-MIP Impacts 

Fisheries are probably important livelihood resources for the Atlantic part of Western Africa, and therefore 

within the frame work of ISI-MIP impacts within the perspective bio-physical and sensitivity with Northern 

Hemisphere Sub-Sahara Africa, it is noted that: 

 The ranges of many fish and shellfish species may change under the SWLs. Many marine species 

have certain temperature ranges at which they can survive.  

 Many aquatic species can find colder areas of streams and lakes or move northward along the coast 

or in the ocean. However, moving into new areas may put these species into competition with other 

species over food and other resources.  

 Some diseases that affect aquatic life may become more prevalent in warm water. A temperature-

sensitive bacterial shell disease likely caused the large die-off events that led to the decline.  

 Changes in temperature and seasons could affect the timing of reproduction and migration. Many 

steps within an aquatic animal's lifecycle are controlled by temperature and the changing of the 

seasons. Combined with other climate impacts, these effects are projected to lead to large declines 

species of fish, for example salmon populations.  

 

Under the SWLs, it is likely that temperature increase in the NHSSA region will exceed the 1.5oC threshold 

within the next one decade or so. It is therefore important that these earliest indications of unfavourable 

marine resources trigger the need for adaptation choices supported by strong policy frameworks.   

 

Public Health and the Malaria Problem in the context of SWLs 

Malaria is probably one of the most serious health concerns over the whole of NHSSA which is also 

sensitive to climate extremes, especially temperature changes, due to linkage with conditions ideal for 

mosquito breading. Figure 11 below summarizes some observational linkage between climate and malaria 

cases in Western Kenya areas of NHSSA. 
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Figure 11: Some temporal associations between climate and malaria in parts of NHSSA (W. Kenya) as 
SWLs sensitive health concern in the region. 
 

Notably, there is strong correlation between temperature increase and malaria cases, and therefore it is 

plausible to expect SWLs to increase this problem across the region as revealed by these results. Following 

the timing of the SWLs shown in Figure 1, it is apparent SWLs indicate increased conditions for malaria 

prevalence. Within the perspective of ISI-MIP health impacts, additional issues noted include the following. 

 Climate change affects the social and environmental determinants of health – clean air, safe drinking 

water, sufficient food and secure shelter which have direct bearing on health status of communities. 

 From IPCC, it is estimated that between 2030 and 2050, climate change is expected to cause 

approximately 250 000 additional deaths per year, from malnutrition, malaria, diarrhoea and heat 

stress.  

 The direct damage costs to health (i.e. excluding costs in health-determining sectors such as 

agriculture and water and sanitation), is estimated to be between US$ 2-4 billion/year by 2030. 

 Areas with weak health infrastructure – mostly in developing countries, which is typical of NHSSA 

countries – will be the least able to cope without assistance to prepare and respond. 

 Reducing emissions of greenhouse gases through better transport, food and energy-use choices can 

result in improved health, particularly through reduced air pollution.  

 

Forests and natural resources sensitivity 

 

 Carbon dioxide is required for photosynthesis, the process by which green plants use sunlight to 

grow. Given sufficient water and nutrients, increases in atmospheric CO2 may enable trees to be 

more productive. Higher future CO2 levels could benefit forests with fertile soils in the long run. 
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Issue of concern is the counteracting implications of vegetative productivity if increasing 

temperatures exceed the thresholds for photosynthesis, in already hot and semi-arid climate regions 

like the NHSSA in general. 

 Warming temperatures could increase the length of the growing season. However, warming could 

also shift the geographic ranges of some tree species. Habitats of some types of trees are likely to 

move northward or to higher altitudes. Other species may be at risk locally or regionally if conditions 

in their current geographic range are no longer suitable. For example, species that currently exist only 

on mountaintops in some regions may die out as the climate warms since they cannot shift to a higher 

altitude. 

 Climate change could alter the frequency and intensity of forest disturbances such as insect 

outbreaks, invasive species, wildfires, and storms. These disturbances can reduce forest productivity 

and change the distribution of tree species. In some cases, forests can recover from a disturbance. In 

other cases, existing species may either shift or get extinct. In these cases, the new species of 

vegetation that colonize the area create a new type of forest and it is not given that new vegetative 

species are always useful to man and animals. A good example is a shrub like tree locally called 

“mathenge” introduced in parts of arid-and semi-arid areas of Kenya during the 1980 and 1990s 

(Plate 3). It seems to thrive well in harsh climatic conditions and attractive feed for goats, but its 

thorns are quite harmful to both livestock and humans. 

Plate 3: A new tree species introduced in parts of arid-and semi-arid areas of Kenya, thriving well 
under semi-arid hot-climate conditions, but quite harmful to livestock and humans (Adaption choices 
have to consider safety and welfare of societies). 
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 Insect outbreaks like locusts, aphids among others often defoliate, weaken, and kill trees. A lack of 

natural controls, such as predators, or pathogens, or inadequate defenses in trees, can allow insects to 

spread across NHSSA. Climate change could contribute to an increase in the severity of future insect 

outbreaks. Rising temperatures may enable some insect species to develop faster and spread to new 

areas. Invasive plant species can displace important native vegetation because the invasive species 

often lack natural predators. 

 

Marine, Coastal and Inland Ecosystems in the perspective of ISI-MIP Impacts 

 

Best example biophysical impacts on marine and inland ecosystems comes from terrestrial ecosystems, 

suggesting significant differences in projected risk between 1.5°C and 2°C, especially in high mountain 

areas, and the Tropics including Northern hemisphere Sub-Sahara Africa. As for coral reefs, a temperature 

rise capped at <1.5°C would be needed to protect at least 50% of all existing coral reefs. Of particular 

importance is how these impacts reflected in inland water bodies of Sub-Sahara Africa like Lake Victoria, 

which is an economically important fresh water resource for Eastern Africa, and also source of the White 

Nile, again a resource of strategic importance in the technical cooperation between Eastern Africa and 

European Union (EU). 

Supplementary Modelling Results using GLAM Maize Model Over West Africa 

 

Introduction to the region wide maize model 

 
Maize is one of the staple crops of West Africa and contributes heavily to meeting the food requirements of 

the region [Lobell and Gourdji, 2012]. With the population of West Africa expected to reach 1 billion 

between 2060 and 2070 [United Nations Department of Economic and Social Affairs/Population Division, 

2015] the need for stable and reliable food sources is critical. With these two pieces of information it is clear 

that the production of maize needs to increase to prevent food shortages and possible famines across West 

Africa. Population change is not the only issue facing West Africa, climate change is expected to alter 

rainfall patterns and increase temperatures across the region. Much of the rainfall in West Africa is provided 

by the annual monsoon which precludes the dry season. Under climate change the monsoon may arrive later 

in the year, requiring the crops to grow in the hotter summer months [Biasutti and Sobel, 2009, Sultan et al., 

2014]. 

 

The impact of climate change on crops is key for food security. As temperatures increase and rainfall 

patterns become more unstable the yield is expected to fall in many regions, which in turn increases the 
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number of people at risk of starvation [Rosenzweig and Parry, 1994]. Decreasing yields will hit the poorest 

hardest as food prices will increase with scarcity [Rosenzweig and Parry, 1994, Parry et al., 2004]. Previous 

studies have shown that the changes in climate are likely to lead to a reduction in crop yields [Tubiello et al., 

2002, Lobell et al., 2008, Jones and Thornton, 2003, Schlenker and Lobell, 2010]. Crop yields are expected 

to fall in richer nations such as the United States and China, however they can respond with expensive 

mitigation systems [Tubiello et al., 2002, Lobell et al., 2008]. West Africa is somewhat poorer and is 

therefore less able to respond to yield reductions. The yield reductions are expected to be up to 22% for 

maize [Schlenker and Lobell, 2010] while Jones and Thornton [2003] highlight that an increase in variability 

accompanies these changes. This combination of erratic and falling yields is dangerous for the population of 

West Africa. This study investigated the impact of climate change on maize yields in Africa using the bias 

corrected CORDEX Africa simulations for the first time. Instead of fixed times, such as decadal chunks the 

approach of focusing on time slices of the same temperatures was used, this removes uncertainty about 

climate sensitivity in the GCMs. In addition to yield changes this study also investigated the frequency of 

crop failures to assess how variability changes in future climates. 

 

Methods and data sources for Maize Productivity Model Under Extreme Warming Levels  

The General Large Area Model for annual crops (GLAM) is a process based model designed for use with 

large scale inputs such as those from climate models [Challinor et al., 2004]. GLAM uses daily 

meteorological data as inputs. GLAM uses the same grid spacing at the meteorological inputs (50 km x 50 

km, see details below). In addition to the meteorological inputs GLAM also uses, soil data, a planting 

window and a dedicated parameter set for West African maize. The planting window data was sourced from 

the Ag-GRID GGCMI harmonization [Elliott et al., 2015] and the soil inputs, namely the drained upper and 

lower limits and the saturation limit, were taken from the Digital Soil Map of the World using methods 

described in Vermeulen et al. [2013]. The parameter set used for the simulation of the maize crop was the 

same as used in Challinor et al. [2015] and the simulations were performed using Revision 417 of GLAM 

V3. To ensure that only regions which contribute to national production were analyzed, the results are 

limited to grid cells at least 1% of the area is used to cultivate maize. The national level yield data was 

provided by the Food and Agriculture Organization of the United Nations (FAO) [FAOSTAT, 2014]. 

Gridding the national level yield data onto the meteorological grid does introduce uncertainties and is a 

recognized limitation of the study. To define the 1% limit the maize mask from Monfreda et al. [2008] was 

used. To ensure that the study only focuses on regions where GLAM performs well, it was also required that 

the observed and simulated yields of the historic period have differences smaller than 10%. A map of the 

grid cells analysed is shown in SI Figure 1. 
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Climate change can introduce or exacerbate stresses on a crop, one potential response is to simulate crops 

adapted to heat stress or water stress. To simulate heat stress adapted crops in GLAM the high temperature 

stress (HTS) routine is disabled [Challinor et al., 2005]. The HTS routine reduces yield as a response to high 

temperatures during flowering which reduce the ability of the crop to produce grain. The HTS routine 

reduces the yield if daily mean temperatures are above a critical temperature (TCrit = 37◦C). The HTS 

routine sets the yield to zero if the daily mean temperature is above the limit of TSetzero = 45◦. In water 

stress adapted crops the irrigation routine is enabled, this removes any water limitation on biomass 

accumulation or leaf growth. The carbon dioxide fertilisation effect was modelled using an increase in 

transpiration efficiency following methods from Challinor and Wheeler [2008] and physiological responses 

for maize from Leakey et al. [2009], Leakey [2009], Ghannoum et al. [2000] with final parameters from a 

detailed data analysis Ramirez-Villegas [2016]. GLAM is calibrated for each input model against yield data 

collected from the UN FAO [FAOSTAT, 2014], these yield maps are not as accurate as sub national ones 

and instead show national yield distributed uniformly over the harvested area. The national level yields were 

linearly detrended to remove technological changes before being used to calibrate GLAM. This was done to 

remove technological trends and changes in fertilizer which GLAM does not simulate. The calibration uses 

the yield gap parameter (YGP) to account for differences between the ideal crop and the real crop which is 

influenced by management practices, pests and diseases. The YGP which minimises the root mean square 

error between GLAM and the observed yield is selected for the rest of the analysis. 

 

The meteorological inputs for the simulations were produced by bias correcting the Coordinated Regional 

Climate Downscaling Experiment (CORDEX) Africa simulations. The bias correction method used was 

multisegment statistical bias correction [Grillakis et al., 2013, Papadimitriou et al., 2016] and used the WFD-

WFDEI dataset between 1981 and 2010 as a reference. The CORDEX simulations use the CMIP5 model 

simulations as inputs to regional climate models with the aim of improving understanding of regional scale 

systems [Nikulin et al., 2012]. The bias-corrected CORDEX-Africa data has a horizontal resolution of 50km 

x 50km and a temporal resolution of one day. A GCM- RCM combination refers the outputs of one of the 

global climate models (GCMs) being used to as input to one of the regional climate models (RCMs). For a 

GCM- RCM combination to be used it was required that the driving GCM have global mean temperatures of 

4K above the IPCC baseline (1870-1899) for 30 years before 2100. The requirement of temperature and use 

within CORDEX-Africa resulted in the seven combinations shown in Table 1. 
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 For each GCM the 30 years where the mean temperature was closest to +2K and +4K were used as inputs 

for the crop model. The calibration was performed for each combination using the unadapted crop from 

1986- 2005. The calibration was then used for all other simulations for each combination. The input data are 

grouped by temperature and not by time, the time slices and carbon dioxide fractions are shown in Table 2.  

 

 

The regional climate pattern corresponding to a global temperature change of +2K or +4K is not evenly 

distributed nor is it consistent throughout the year, the meteorological changes experienced by the maize 

crops in the different simulations are detailed in SI Table 1. A mild crop failure is defined as a yield one 

standard deviation below the mean for that grid cell over the 20 years of the control simulation, while a 

severe crop failure is one and half standard deviations below the mean. Using these definitions several 

countries in West Africa experienced crop failures during the 1980s, with the Ivory Coast and Burkina Faso 

experiencing seven mild failures and Benin suffering three severe crop failures. 

 

Results for NHSSA W-Africa Maize Yields Under Extreme Climate Warming 
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GLAM simulates the historic yield using the calibrated yield gap parameter and produces a mean yield of 

1449 ± 45 kg/ha, which is very close to the detrended observed yield of 1454.3 kg/ha. The range of yields in 

the grid cells which were selected for analysis is 926.7 kg/ha to 1906.2 kg/ha. The results in Figures 12 and 

13 show how yields change for temperatures 2K and 4K above the control. For both future projections the 

yield reduction is centred in the Sahel however near the North of Nigeria there is an increase in yield. The 

impacts of adaptation methods are shown in SI Figures 4 - 6. The coastal regions have their temperatures and 

precipitation moderated by the sea which leads to smaller reductions in yield however this does not continue 

inland.  

 

The yield results for each model were recorded and the means and standard deviation over the simulation 

length calculated to give a single value (1449 ± 45 kg/ha) shown in the bottom left of Figure 14, the 

uncertainty value presented is the standard deviation of the results over the seven GCM-RCM combinations. 

The results in Figure 19 show the impact of climate change and crop adaptation methods on yields with the 

black circles showing the relative yield. As can be seen on the left of Figure 14, climate change reduces the 

average yield from 1449 ± 45 kg/ha to 1135 ± 222 kg/ha for RCP8.5 +2K and to 869 ± 189 kg/ha in the case 

of RCP8.5 +4K. The adaptation impacts of a heat stress resistant crop are minimal with very few days 

experiencing high temperatures during flowering. The water stress adapted crops respond strongly in the 

control simulations and more so in the future climate where carbon dioxide fertilisation has a positive 

impact. Mean yields however are not the only response to measure crops by, the variability in yields can 

easily lead to economic crisis or even famine. The standard deviation results in Figure 15 show that climate 

change exacerbates the variability. The standard deviation increases despite lower yields when using an 

unadapted or heat stress adapted crop in future climates. The coefficicent of variation of the yield increases 

from 0.0310 to 0.1954 and 0.2174 in the control and RCP8.5 +2K and RCP8.5 +4K simulations respectively. 

The yield increase seen with water stress adapted crops in accompanied with a significant increase in 

variability which shows the extremes that farmers will be faced with. The water adapted crop in the control 

simulation has a yield of 1800 ± 99 kg/ha with WA RCP8.5 +2K producing 2148 ± 391 kg/ha and WA 

RCP8.5 +4K at 2587 ± 450 kg/ha.  

 

The results in Figure 16 show the percentage change in mild crop failure rate in comparison with the control 

climate with unadapted crops. The climate change results show an increase of 160% +2K and more than 

280% increase in mild failure rate for +4K. With water adapted the failure rate drops in the control climate 

but this trend is reversed in future climates. The crop failure rates are presented as a percentage change 

however their frequency is also a useful metric. The control crop is expected to fail once every 6.0 years per 

grid cell, this compares with once every 2.3 years for RCP8.5 +2K and 1.54 years for RCP8.5 +4K. The 

results for severe crop failures are shown in Figure 17 and mirror those from Figure 16.  In the control 
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simulation the severe crop failure rate is once per 18.7 years per grid cell, this rate drops to once every 4.2 

years for RCP8.5 +2K and once every 2.3 years per cell for the RCP8.5 +4K simulation, more than eight 

times more frequently. The frequency of crop failures for heatstress adapted crops is similar to the unadapted 

crops, this reflects the small differences caused by heat stress. For water stress adapted crops there is a 

reduction in failure rate relative to an unadapted crop, however climate change still dominates the signal. A 

water adapted crop in RCP8.5 +2K fails mildly once in 5.5 years and a WA RCP8.5 +4K crop fails once 

every 3.1 years whereas the control WA crop fails only once every 62.7 years. 

 

It is worthwhile to investigate the impacts of carbon dioxide fertilisation on maize yields. Maize as a C4 crop 

does not respond as strongly as wheat or rice (C3 crops) to an increase in atmospheric carbon dioxide. Two 

further simulation sets were completed, one where the historical carbon dioxide levels were maintained at 

the present day level of 354 ppm and the meteorology was taken from the future climate simulations and one 

where the meteorology was fixed and the carbon dioxide levels increased. In the absence of carbon dioxide 

fertilisation RCP8.5 +2K has a yield of 943 ± 196 kg/ha and RCP8.5 +4K produces 606 ± 148 kg/ha. The 

difference in yields between these results and the control yield of 1440 ± 45 kg/ha highlights how unsuitable 

the future climate is likely to be for maize growth and the importance of positive carbon dioxide effects in 

GLAM. With a fixed control meteorology and future carbon dioxide levels the projected yields increase to 

1693 ± 66 kg/ha and 1878 ± 78 kg/ha for RCP8.5 +2K and RCP8.5 +4K respectively. Figures showing the 

results of the carbon dioxide fertilization experiments are shown in SI Figures 7-10. The results show only 

first order changes, any interactions between the meteorology and carbon dioxide levels are lost in this 

analysis. When comparing the fixed historic carbon dioxide simulations with the dynamic carbon dioxide 

ones, it can be seen that carbon dioxide fertilisation reduces yield losses from 34% to 21% for RCP8.5 +2K 

and from 57% to 40% for RCP8.5 +4K. 

 

Discussion  

The results shown in Figure 14 show that climate change of +2K is likely to cause a reduction in maize 

yields in West Africa of approximately 21%. In the case of climate change resulting in a global average 

temperature change of +4K then the maize yields are projected to reduce by 40%. The yield reductions 

produced in GLAM are greater than the average found in the meta analysis in Challinor et al. [2014] but are 

within the 6 range of studies therein. In addition to the marked reduction in yield, the variability in the yields 

is projected to increase, making it difficult to plan for the future. The increase in variability will also impact 

food prices and reduce food security across West Africa. 
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The +2K results show that even if the Paris Accord comes to fruition and climate change is limited to two 

degrees above the IPCC baseline there will still be significant problems in Africa. Increasing yields would 

require significant changes to the hydrology of the region allowing irrigation large distances from rivers. 

However careful consideration of deployment is needed as drawing water from rivers or aquifers will affect 

those downstream.  

 

The use of water stress adapted or heat stress adapted crops is a response to climate change. For maize the 

heat stress resistant crops do not show a significant difference from the control simulations. This indicates 

that heat stress during flowering is not the cause of lower yields and instead points to other changes such as 

rainfall frequency and higher temperatures later in the season. Even with the water adaptation, which would 

require enormous changes in West African hydrology, there are still more crop failures in future climate than 

the current one. Therefore mitigation of climate change and efforts to retain the current climate are likely to 

be very important to reduce the risk of adverse impacts since adaptation shows here its limits. The water 

stress adapted crops show a large increase with yields however the adaptation method in GLAM requires 

significant irrigation and the water required may be difficult if not impossible to source. 

 

The increase in variability translates to an increase in the crop failure rate, the mild crop failure rate 

increases from once every eight years to once every three at +2K and nearly every other year at +4K. Severe 

crop failures instead of being a once a generation problem (18.7 years) arrive with distressing frequency at 

+2K (4.2 years) and at +4K they are every 2.3 years. With crop failures of this frequency it is a forgone 

conclusion that without significant changes West Africa will not be able to feed its current population, let 

alone the projected one. The results decoupling the meteorology and carbon dioxide fertilisation break down 

how the future climate will affect maize yields. The higher levels of atmospheric carbon dioxide are able to 

mitigate some of the damage incurred by the meteorological changes. However the overwhelming signal is 

of a reduction in yields and this is further reason to mitigate climate change and work towards maintaining 

the current climate. These results are in agreement with Roudier et al. [2011], Sultan et al. [2014] which both 

show that carbon dioxide fertilisation moderates yield losses for C4 crops but does not fully counteract 

climate change. This work focuses on maize which is a C4 crop and therefore is resilient to high 

temperatures. For the cases of C3 crops such as wheat or rice the response to climate change is expected to 

be stronger which will lead to further food shortages. 
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Figure 12: The change in yield for between the control simulation and RCP8.5 +2K with unadapted crop. 
The mask of grid cells used in the analysis show is in SI. 
 

 
Figure 13: The change in yield between the control simulation and RCP8.5 +4K with unadapted crops. 
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Figure 14: Heatmap showing the difference in yields for three climate conditions and four crop adaptation 
methods. Where the colourbar shows yield in Kg/ha. HS indicates heat stress adapted crops, WS indicated 
water stress adapted crops. RCPs are the representative climate pathways and are grouped by temperature to 
2K and 4K. The size of black circles show the yield value for each simulation and can be compared with 
current yield value in the lowermost left corner. 
 
 

 
Figure 115: Heatmap showing the difference in standard deviation in the yields for three climate conditions 
to the area of the circle. All other features as in Figure 8. 
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Figure 16: Heatmap showing the difference in mild crop failure rate for three climate conditions and four 
adaption methods. Where colourbar shows the percentage change in failure rate. All other features as in 
Figure 8. 
 
 

 
Figure 17: Heatmap showing the difference in severe crop failure rate for three climate conditions and four 

crop adaptation methods. Where the colourbar shows the percentage change in failure rate. All other features 

as in Figure 8. 

 

Supplementary information on Crop productivity 
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1. Analysed grid cells 

 

Maize is not grown uniformly across Africa and therefore it is necessary to focus only on regions where 
the crop is grown. This limit is 1% and is defined using the maize cultivated area from Monfreda et al. 
[2008]. A secondary condition for inclusion in the study is that GLAM must be able to simulate the 
observed crop yield within a 10% accuracy. The remaining grid cells are selected for further analysis and 
are shown in green in SI Figure 1. The fractional error in yields across all actualisations is shown in SI 
Figure 2. 

 

 

SI Figure 1: A map of the grid cells selected for analysis. 
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SI Figure 2: A map showing the fractional difference between the simulated and observed yields in cells selected for 
further analysis. 

 

2. Yield change 

 

The results in SI Figures 3, 4 and 5 show the impact of three different adaptation schemes on maize yields in the control 

simulations. There are no significant differences in yields between heat stress adapted crops and the control and this is 

likely due to the temperature range in the historical record not being high enough to cause sufficient stress in maize. This 

is in contrast to the water stress adapted crops which show a significant increase in crop yields. The impact of irrigation is 

stronger in the drier regions away from the coast indicating that they are more limited by water. 
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SI Figure 3: Map showing the change in yield between the control simulation and control with heat stress adapted 

crops. 

 

 

SI Figure 4: Map showing the change in yield between the control simulation and control with water stress adapted 

crops. 
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SI Figure 5: Map showing the change in yield between the control simulation and control with water and heat stress 

adapted crops. 

 

3. Seasonal meteorology 

 

The RCP8.5 +2K and RCP8.5 +4K experiments are defined by global mean temperatures which are not the same as daily 
temperatures experienced by the crops. 

 

The results in SI table 1 show the average meteorological changes experienced by the future climate 

simulations. The heatmap in SI Figure 6 show the fraction of grid cells which are outside 1 standard 

deviation of the control precipitation rate. The increase in the fractions in the right and left columns shows 

that climate change increases the variability significantly. 

 
SI Table 1: Growing season temperatures (T) and precipitation (P).   

    

 

GCM RCM RCP8.5 +2K RCP8.5 +4K 

  T (K) P (cm) T (K) P (cm) 
  

      

CCCma-CanESM2 SMHI-RCA4 1.1 -3.2 3.9 -5.4 

MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 1.9 0.2 4.1 -6.4 

MOHC-HadGEM2-ES KNMI-RACMO22T 1.2 -4.9 3.9 -8.8 

MOHC-HadGEM2-ES SMHI-RCA4 1.6 -0.2 4.2 -1.6 
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IPSL-CM5A-MR SMHI-RCA4 1.5 -9.9 4.5 -13.1 

MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 2.1 -1.9 5.2 -10.7 

MPI-M-MPI-ESM-LR SMHI-RCA4 1.4 -0.8 4.9 -5.8 

      

 

 

 

SI Figure 6: Fraction of analysed grid cells which are wetter or drier than the control simulation. 
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SI Figure 7: As Figure 1 except for fixed historic carbon dioxide levels. Where Con is Control and Met is Meteorology. 
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SI Figure 8: As Figure 1 except for fixed historic meteorology. Where Con is Control and Met is Meteorology. 

 

 

SI Figure 9: As Figure 3 except for fixed historic carbon dioxide levels. Where Con is Control and Met is Meteorology. 
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SI Figure 10: As Figure 3 except for fixed historic meteorology. Where Con is Control and Met is Meteorology. 

 

 

 

4. Carbon dioxide fertilisation 

 

One factor of the change in future yields which is often discussed is the impact of carbon dioxide 
fertilisation. Using GLAM it is possible to decouple the increase in carbon dioxide from the meteorology and 
analyse the two separately. 

 

Summary, conclusions and recommendations. 

 

The impacts of extreme climate warming have adverse impacts on bio-physical systems that support 

livelihoods and economic welfare of the communities of Northern Hemisphere Sub-Sahara Africa (NHSSA) 

region extending from West Africa to East Africa. Recent climate observations which reveal increasing 

temperatures and HELIX modeling results suggest that observed temperature will be within the range of 

1.5oC warming during the late 2010s/ early 2020s. This is a strong basis for informing of adaptation to avert 

reduced productivity of bio-physical systems for sustainable ecosystem productivity and climate sensitive 

resources and services across the region.  There is a remarkable difference in timing of the warming levels 

following the low and high sensitivity scenarios, with the high sensitivity warming attaining specific 
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warming levels (SWLs) Notably, low sensitivity projections do not attain the 6oC warming. Following the 

RCP8.5 as plausible planning extreme sensitivity global warming scenario, SWLs 2oC is used for impacts 

during the 2021-2050 period while 4oC is used to inform the future period 2057 – 2086. Considering maize 

as most important food crop across the region, indications are a severe decrease and increased frequency of 

crop failure under the SWLs. These results extend to include general environmental productivity and have 

significant implications on how the possible future NHSSA region can look like in terms of bio-physical 

processes and impacts of higher-end climate warming scenarios and adaptation measures should be initiated 

and enhanced with urgency over the region. 

 

Although climate change modeling suggests an increase rainfall especially over Eastern Africa on the long 

run, this indication is quite contrary to the observed decreasing rainfall in some areas of the region during 

some months/ seasons (the East  Africa climate change paradox). This is consistent with results like 

revelations  of decreasing Lake Victoria levels and therefore less yielding fresh water resources like the 

(including the White Nile upstream source rivers including the Nzoia river in Western Kenya and Kagera 

river from Burundi and Rwanda) which support livelihoods and provides fresh water within and across the 

national boundaries.  The low and high sensitivity responses of the stream flow into regionally important 

fresh water resource like Lake Victoria coupled with decreasing levels of the lake is good indicator that 

future water situation under SWLs does not promise high yielding water resources. It should be noted that 

Lake Chad is nearly dried out. Water scarcity is currently and problem and with increased population and 

changing land use, the situation can only get worse unless adaptation choices are addressed with priority 

before the end of 2010s.  

 

On food productivity, most of NSSA relies on rainfed agriculture, and maize is one of the most stable food 

crops for the whole region. The region does not produce enough maize for its own food security. None of the 

warming thresholds suggests good potential for increased productivity of maize, nor is the potential for 

increased food productivity indicated to be positive anywhere in the region following the 2oC warming. The 

Great Lakes sub-region of East Africa is an example of a region where population increase and urbanization 

are taking place rapidly. Population increase and urbanization can only mean decrease in land resources 

available for biophysical productivity. This implies huge changes in land use and consequently has negative 

impacts of bio-physical systems productivity. Adaption choices informed by the response of bio-physical 

systems response under low and high sensitivity should be given priority at regional and national levels for 

sustainable development and welfare of the current and future generations. 

 

Public health concerns in the region like the Malaria problem does not show prospects of easing under the 

future SWL indications of increased warming a regional problem as early as during the 2020s, which is just 
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a few years from now. Similar situation applies for other sectors and resources of livelihoods as evidenced in 

the ISI-MIP impacts captured in these results.   

 

ISI-MIP impacts indicate likelihood of adverse impacts cutting across many sectors ranging from reduced 

vegetative productivity, possibility of invasive vegetation species and migrations harmful to both man and 

animals to problems like fresh water resources in coastal areas like West Africa being threatened by sea level 

rise. The high sensitivity SWLs which have been used in these results are consistent with observed climate 

trends trend, especially increasing temperatures cross the region, water scarcity, frequent droughts and 

famine crisis. These indications are good basis for initiation and implementation of adaptation decisions to 

build resilience and ensure the needs of future generations will be sustainably met by climatically sensitive 

bio-physical resources and systems. 

 

There is an urgent need for increased-technical cooperation to address climate change vulnerabilities across 

the whole of NHSSA. This will ensure that the regional and national development agencies are informed by 

these type of SWLs to implement strategic developmental plans whose long term outcomes will indicate that 

current generations prepared well and managed resources for a better future, to the benefit and sustainability 

of the next generations of NHSSA, a climatically vulnerable region. 

Appendix 

Table 1: The ISI-MIP Impact Models and Data sets used for assessment of Agricultural Response to Specific warming levels across 

Northern Hemisphere Sub-Sahara Africa   

 

GGCM GCMs/RCP/CO2 Temporal 

scale 

Climate 

input 

variable 

CO2 CO2 

Effects 

Irrigation rules  Stresses Water 

stress 

Evapo-

trans-

piration 

Outputs  

EPIC  HADGEM2-ES + 

4RCPs-CO2 + 

4RCPs-noCO2  

 IPSL-CM5A-LR + 

4RCPs-CO2 + 

RCP8.5-noCO2  

 MIROC-ESM-

CHEM + 4RCPs-

CO2 + RCP8.5-

noCO2  

 GFDL-ESM2M + 

4RCPs-CO2 + 

RCP8.5-noCO2  

 NorESM1-M + 

4RCPs-CO2 + 

RCP8.5-noCO2 

D, H Tmn, Tmx, 

P, Rad, RH, 

WS 

380 

ppm 

(2005) 

RUE, TE 90/100/50 

0/50/208 

maximum 

applied 

irrigation: 500 

mm yr-1 

W, T, H, A, 

N, P, BD, 

AL 

E PM Actual 

yield & 

yield gap 

 

IMAGE  HADGEM2-ES + 

4RCPs-CO2 + 

4RCPs-noCO2 

 IPSL-CM5A-LR + 

4RCPs-CO2 

 MIROC-ESM-

M, WG Ta,P 370 

ppm 

(2000) 

RUE NA W, T E PT Potential 

yield 
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GGCM GCMs/RCP/CO2 Temporal 

scale 

Climate 

input 

variable 

CO2 CO2 

Effects 

Irrigation rules  Stresses Water 

stress 

Evapo-

trans-

piration 

Outputs  

CHEM + 4RCPs-

CO2 

 GFDL-ESM2M + 

4RCPs-CO2 

 NorESM1-M + 

4RCPs-CO2 

LPJ-

GUESS 

 HADGEM2-ES + 

4RCPs-CO2 + 

4RCPs-noCO2 

 IPSL-CM5A-LR + 

4RCPs-CO2 

 MIROC-ESM-

CHEM + 4RCPs-

CO2 

 GFDL-ESM2M + 

4RCPs-CO2 

 NorESM1-M + 

4RCPs-CO2 

D Ta, P, cld 

(or Rad) 

379 

ppm 

(2005) 

LF, SC 200/90/10 

0/100 

W, T S PT Potential 

yield 

 

LPJmL  HADGEM2-ES + 

4RCPs-CO2 + 

4RCPs-noCO2 

 IPSL-CM5A-LR + 

4RCPs-CO2 + 

4RCPs-noCO2 

 MIROC-ESM-

CHEM + 4RCPs-

CO2 + 4RCPs-

noCO2 

 GFDL-ESM2M + 

4RCPs-CO2 + 

4RCPs-noCO2 

 NorESM1-M + 

4RCPs-CO2 + 

4RCPs-noCO2 

D Ta, P, cld 

(or Rad) 

370 

ppm 

(2000) 

LF, SC 300/90/10 

0/varies 

W, T S PT Actual 

yield 

 

pDSSAT  HADGEM2-ES + 

4RCPs-CO2 + 

4RCPs-noCO2 

 IPSL-CM5A-LR + 

4RCPs-CO2 + 

4RCPs-noCO2 

 MIROC-ESM-

CHEM + 4RCPs-

CO2 + 4RCPs-

noCO2 

 GFDL-ESM2M + 

4RCPs-CO2 + 

4RCPs-noCO2 

 NorESM1-M + 

4RCPs-CO2 + 

4RCPs-noCO2 

D Tmn, Tmx, 

P, Rad 

330 

ppm 

(1975) 

RUE 

(Maize)  

40/80/100 /75 

ric: 30/50/100 

/100 

W, T, H, A, 

N 

E PT Actual 

yield 

 

PEGASUS  HADGEM2-ES + 

4RCPs-CO2 + 

4RCPs-noCO2 

 IPSL-CM5A-LR + 

4RCPs-CO2 + 

RCP8.5-noCO2 

 MIROC-ESM-

CHEM + 4RCPs-

CO2 + RCP8.5-

noCO2 

 GFDL-ESM2M + 

4RCPs-CO2 + 

RCP8.5-noCO2 

 NorESM1-M + 

4RCPs-CO2 + 

RCP8.5-noCO2 

D Ta, Tmn, 

Tmx, P, cld 

(or sun) 

369 

ppm 

(2000) 

RUE, TE 40/90/100 /100 W, T, H, 

N, P, K 

E PT Actual 

yield 
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KEY  

Agricultural Models Applied for Maize Impacts to SWLs across Northern Hemisphere Sub-Sahara Africa (NHSSA): EPIC 

(Environmental Policy Integrated Climate Model), GEPIC (Geographic Information System (GIS)-based Environmental Policy 

Integrated Climate Model), GAEZ-IMAGE (Global AgroEcological Zone Model in the Integrated Model to Assess the Global 

Environment), LPJmL (Lund-Potsdam-Jena managed Land Dynamic Global Vegetation and Water Balance Model), LPJ-GUESS 

(Lund-Potsdam-Jena General Ecosystem Simulator with Managed Land), pDSSAT (parallel Decision Support System for Agro-

technology Transfer), PEGASUS (Predicting Ecosystem Goods And Services Using Scenarios model). The spatial scale for all the 

GGCMs is 0.5  latitude  0.5  longitude. Data used HELIX deliverable 8.3 is annual. 


