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Summary

Background Climate change is likely to affect transmission
of vector-borne diseases such as malaria. We quantitatively
estimated current malaria exposure and assessed the
potential effect of projected climate scenarios on malaria
transmission.

Methods We produced a spatiotemporally validated (against
3791 parasite surveys) model of Plasmodium falciparum
malaria transmission in Africa. Using different climate
scenarios from the Hadley Centre global climate model (HAD
CM3) climate experiments, we projected the potential effect
of climate change on transmission patterns. 

Findings Our model showed sensitivity and specificity of 63%
and 96%, respectively (within 1 month temporal accuracy),
when compared with the parasite surveys. We estimate that
on average there are 3·1 billion person-months of exposure
(445 million people exposed) in Africa per year. The projected
scenarios would estimate a 5–7% potential increase (mainly
altitudinal) in malaria distribution with surprisingly little
increase in the latitudinal extents of the disease by 2100. Of
the overall potential increase (although transmission will
decrease in some countries) of 16–28% in person-months of
exposure (assuming a constant population), a large
proportion will be seen in areas of existing transmission.

Interpretation The effect of projected climate change
indicates that a prolonged transmission season is as
important as geographical expansion in correct assessment
of the effect of changes in transmission patterns. Our model
constitutes a valid baseline against which climate scenarios
can be assessed and interventions planned.

Lancet 2003; 362: 1792–98
See Commentary page 1775

Introduction
90% of malaria cases occur in Africa.1 In the past decade,
the incidence of malaria has been escalating at an
alarming rate. There is an increasing interest in the
mapping and predictive modelling of the distribution,
intensity, and seasonality of malaria transmission.2–6

Climate change is likely to have various effects on health,
including changes in distribution and seasonal
transmission of vector-borne diseases.7 The extent of
these effects, however, continues to generate intense
debate,8,9 especially in the projected effect of climate
change on the global distribution of malaria, in which
different approaches have resulted in widely varying
estimates. A general issue facing all researchers has,
however, been the absence of comprehensive, good-
quality empirical data to validate the models used. The
link between climate and malaria distribution has long
been established. Sustained transmission depends on
favourable environmental conditions for both vector and
parasite. The effect of temperature on the duration of the
sporogonic cycle of the malaria parasite and vector
survival10,11 is particularly important. 

Several methods have been used to estimate changes in
the worldwide distribution of malaria in scenarios of
global climate change. One approach relies on a
biological model that predicts a large increase in global
malaria potential.12,13 Some have criticised biological
models on the basis that crucial parameters and their
relations with environmental factors have not yet been
quantified.14 Thus, biological models have used only a
limited number of covariates, and doubts have been
raised about the qualitative validity of some results.15 An
alternative approach, based on a statistical model derived
from the current malaria distribution projects little
change in distribution.14 The use of current malaria
distribution to derive the model resulted in areas that are
climatically suitable for transmission but in which malaria
has been eradicated (eg, northern parts of Australia),
skewing the results. Generic disadvantages of worldwide
or continent-wide statistically-driven models are that data
sets used to statistically develop the models are often of
uncertain accuracy, models are not easily reproducible
(ie, results vary with training data and methods used),
and the results are often applicable only to national or
subregional scales. We use a large set of parasite surveys
done throughout Africa to produce a spatiotemporally
validated model of malaria transmission and project the
effect of three climate scenarios by Hadley Centre global
climate model (HadCM3) climate experiments.

Methods
Data
We used mean long-term monthly rainfall and
temperature data as the basis for the seasonality model.16

The gridded surfaces were based on weather station data
from 1920 to 1980 and have a spatial resolution of 0·05º.
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The temperature data have SEs of 0·5°C and monthly
mean precipitation data have errors of 10–30%.

The population data we used was an interpolated
gridded surface17 of resolution 0·042° with 1995
population estimates. Data were interpolated with a
spatial interaction model that incorporated information
about the location and size of major towns, transport
infrastructures, and uninhabited areas. Overall,
uncertainty in these population estimates is likely to be
large, but remains within the usual range of error that is
associated with census figures for developing countries. 

We used B1 (low greenhouse gas emissions), A2a
(medium-high emissions), and A1FI (high emissions)
Intergovernmental Panel for Climate Change (IPCC)
climate scenarios18 generated with the HadCM3 model.
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Variable Threshold

Simulated effect
Parasite development Moving average �(19·5ºC+yearly SD of 
and vector survival temperature mean monthly temperature)
Frost Minimum yearly �5ºC

temperature
Availability of vector Moving average �60 mm
breeding sites rainfall
Catalyst month Moving average rainfall At least 1 month �80 mm
Parasite reservoir 1 month interruption Automatically assigned 
(also simulated by in transmission (as transmission status
the differential predicted by 
temperature climate thresholds)
threshold imposed) 

Table 1: Criteria used to calculate months suitable for
P falciparum malaria transmission in Africa
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Figure 1: Distribution of parasite survey sites in Africa 
Surveys n=6284, total number of people tested n=1105596.
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Figure 2: Estimated number of months suitable for Plasmodium falciparum malaria transmission, and change in person-months of
exposure by country at present and by 2100 using three HadCM3 scenarios (B1, A2a, A1FI)
The scenarios project overall potential increases in person-months exposure by 2100 to be 16% (B1), 23% (A2a), and 28% (A1FI), respectively (constant
population assumed).
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The climate scenarios differ in the concomitant increase
in global mean temperature (under HadCM3) as a result
of possible future political, economic, technical, and social
developments affecting greenhouse gas emissions. For
example, between 1990 and 2100, B1, A2a, and A1F1,
project global increases of atmospheric CO2 of 47%, 98%,
and 126%, respectively. 

The data have a resolution of 3·75°�2·5° for three 
30-year mean periods: 2020s, 2050s, and 2080s.19 The
scenarios are presented in storylines, which represent
mutually consistent characterisations of future states of
the world during the 21st century, including demographic
and economic development and associated changes in
climate and sea level.18 The associated population and
gross domestic product scenarios were not incorporated
into the model. The settings are neither predictions nor
forecasts of future conditions. Rather, they describe
alternative plausible futures that conform to sets of
circumstances or constraints within which they arise.20

The true purpose of scenarios is to remove uncertainty by
determining the possible ramifications of climate change
along one or more plausible (but indeterminate) paths.21

Model
To derive the suitability criteria for the model, we
extracted climatic data from 15 sites (in transmission
settings ranging from holoendmic to malaria-free) for
which published malaria seasonal profiles existed.2 We
systematically analysed site-specific climatic data to
identify climatic thresholds to explain the observed
seasonal profiles. All thresholds used were derived from
published biological ranges affecting both vector and
parasite development. The thresholds were refined with
area-specific expert knowledge of the distribution and
seasonality of the disease in Africa and historical
published and unpublished maps for Kenya, Tanzania,
Zimbabwe, Namibia, and South Africa, and clinical-case
data for South Africa and Botswana.

Two monthly variables (moving average temperature and
rainfall) and three yearly variables (minimum temperature,
standard deviation of average monthly temperature, and
existence of a catalyst month) constituted the basis of our
model (table 1). Since a sporadic month of suitable climatic
conditions is not adequate for malaria transmission, we
used a 3-month moving average for variables such as
rainfall and temperature. Thus, for March, values used
were the average of January, February, and March. Once
minimum temperatures approach freezing, African
anopheline vector populations are radically reduced. 22 At a
consistent temperature of 19·5°C, the duration of the
sporogonic cycle of the Plasmodium falciparum parasite is

32 days with 4% of the total vector cohort surviving.11 We
analysed stable and seasonal climatic profiles and showed
that lower monthly temperatures can sustain transmission
of malaria in stable malarious areas. These differences are a
function of the annual variations in temperature. In
seasonal areas (higher latitudes and altitudes) vector and
parasite populations need to be fully regenerated after the
cold winter months to facilitate transmission. In stable areas
(lower latitudes and altitudes) temperatures hover around
the threshold mark for much of the year, therefore lower
temperatures can sustain transmission on account of the
existing parasite reservoir. 

Studies of anopheline mosquitoes have shown a close
association between breeding site availability and
precipitation.23 Additionally, rainfall is closely related to
soil moisture status, an important factor in mosquito
survival.11 However, a substantial lag can exist between a
precipitation event and suitable soil moisture status being
attained.3 Suitable vector breeding sites could occur in an
area that has recorded a low (or no) rainfall for the current
month on the strength of preceding precipitation events.
Conversely, latent moisture values are likely to be reduced
during a month of average rainfall but preceded by low
rainfall conditions. For these reasons a 3-month moving
average was also used for the rainfall data. This approach
allows rainfall from the previous 2 months to contribute to
a more accurate moisture-status estimate in the current
month.

Our analysis of climatic profiles in both seasonal and
stable malaria areas has shown the need for a catalyst
month (unpublished data)—ie, a month of highly suitable
rainfall conditions to provide adequate vector breeding
sites and regenerate the vector population.

A predicted 1-month transmission interruption (eg,
between two malaria seasons) was assigned transmission
status on the strength of the climatic suitability of the
bordering months and the existing parasite reservoir. The
thresholds are designed to delimit high-probability
malarious areas because the use of long-term mean data
precludes the delimitation of occasional epidemic areas.
All criteria had to be met for a pixel to be classed as
malarious in a particular month. 

Model validation
To independently validate the model both spatially and
temporally, we analysed 6284 laboratory-confirmed
parasite-ratio surveys, consisting of 1 105 596 people
tested, across Africa24 obtained between 1929 and 1994
(figure 1). We selected surveys that were undertaken
during 1 month and excluded those done in the same
location during the same month to minimise potential

Change in annual Change in average Area (km2)‡ Population exposure PME Proportion of increase in PME in 
rainfall (mm)† temperature (°C)† (millions) (millions) areas of existing transmission (%)

Current ·· ·· 15·24 444·722 3082·027 ··
2010–39

B1 –35·8 (77) 1·1 (0·3) 15·70 (3·0%) 471·61 (6·0%) 3220·51 (4·5%) 32·3%
A2a 2·0 (71) 1·3 (0·3) 15·80 (3·7%) 477·51 (7·4%) 3450·75 (12·0%) 65·8%
A1FI –16·8 (72) 1·3 (0·3) 15·52 (1·8%) 476·18 (7·1%) 3343·062 (8·5%) 51·7%

2040–69
B1 –55·3 (94) 1·9 (0·5) 15·62 (2·5%) 483·72 (8·8%) 3325·30 (7·9%) 22·3%
A2a 2·9 (101) 2·2 (0·5) 16·02 (5·1%) 495·15 (11·3%) 3626·50 (17·7%) 53·0%
A1FI –36·0 (139) 3·0 (0·7) 15·93 (4·5%) 507·13 (14·0%) 3619·00 (17·4%) 33·7%

2070–99
B1 –32·6 (99) 2·6 (0·6) 15·96 (4·7%) 502·67 (13·0%) 3559·42 (15·5%) 35·0%
A2a –18·0 (146) 3·3 (0·7) 16·20 (6·3%) 513·32 (15·4%) 3797·91 (23·2%) 41·5%
A1FI –38·2 (225) 5·3 (1·1) 16·33 (7·2%) 528·71 (18·9%) 3949·98 (28·2%) 27·6%

PME=person-months of exposure. *Constant population assumed. †Mean (SD). ‡% increase shown in parentheses.

Table 2: Estimated P falciparum malaria exposure and transmission in Africa with the HadCM3 B1, A2a, and A1FI scenarios*
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bias caused by excessive spatiotemporal clustering. We
superimposed the remaining 3791 surveys on the
resulting seasonality maps (derived from the model) and
calculated the sensitivity and specificity of the model (to
within a month’s temporal accuracy). Respective
sensitivity/specificity was defined as the proportion of
surveys in which malaria occurrence/non-occurrence is
correctly predicted by the model to within a month.

Projecting the effect of climate change 
Following standard practice, we interpolated the future
climate scenario surfaces19 to the resolution of the long-
term mean data (1920–80) using a bilinear interpolation.
We superimposed the change data from the HadCM3
experiments onto the long-term mean data to calculate
projections for future periods. We also superimposed
gridded population data17 on the resulting maps to
calculate potential person-months of exposure under
current and future climatic conditions. To isolate the
effects of climate change we assumed a constant
population over the century and did not attempt to
incorporate population projections into the future
estimates. We used person-months of risk as the main

outcome measure for assessment of the overall potential
effects of the climate scenarios on malaria transmission.
The measure combines both spatial and temporal aspects
of population exposure.

Role of the funding source
The sponsors of the study had no role in study design,
data collection, data analysis, writing of the manuscript,
or interpretation of results.

Results
Our seasonality model estimates that on average there are
3·1 billion person-months of exposure to malaria
(445 million people exposed) in Africa every year 
(table 2). The spatial and temporal validation of the
predicted current malaria distribution (figure 2) was
undertaken with positive (n=3199) and negative (n=592)
parasite surveys of 1 month duration. The model showed
a sensitivity (ie, the ability of the model to accurately
predict areas of transmission to within a month) of 63%
(95% CI 61–65) and a temporal sensitivity (the ability to
accurately predict malaria occurrence in any month) of
90% (89–91). A specificity within 1-month temporal

Person-months of exposure (millions) Population exposure (millions)

Current B1 (%) A2a (%) A1FI (%) Current B1 (%) A2a (%) A1FI (%)

Country
Algeria 0 ·· ·· �* 0 ·· ·· �†
Angola 42·791 35·4 31·2 16·4 8·049 11·2 5·8 0·8
Benin 44·906 –12·9 7·8 –10·9 5·409 0 0 0
Botswana 1·360 –28·6 –28·9 36 0·382 –21·5 –15·7 58·6
Burkina Faso 56·592 –1·6 5 –3·7 10·479 0 0 0
Burundi 24·194 93·6 97·3 117·5 3·738 51·3 56·5 62
Cameroon 103·665 8·9 17·6 16·8 12·682 2·5 3·2 3·6
Central African Republic 28·091 1·1 17·5 15·8 3·273 0 0 0
Chad 29·314 4·5 9·9 16·9 5·958 2·3 3·9 4·5
Congo 22·603 –9·5 –19·4 –54·6 2·593 0 0 –29·2
Democratic Republic of Congo 374·974 8·3 10·4 7·2 40·464 7·7 8·3 9·1
Equatorial Guinea 4·597 –5·1 –3·8 –12·7 0·391 1·8 1·8 1·8
Eritrea 5·462 53 59·3 64 1·921 22·7 23·1 26·2
Ethiopia 85·807 149·3 231·1 349·3 22·551 78·1 92·1 122·3
Gabon 10·424 –2·3 –3·8 –8 1·032 0·1 0·1 –1·9
Gambia 5·555 0 0 –0·3 1·111 0 0 0
Ghana 157·591 –2·6 2·1 –4·8 17·338 0 0 0
Guinea 56·524 2·9 6·4 4·7 7·346 0 0 0
Guinea Bissau 6·469 –0·7 –2·3 –10·7 1·064 0 0 0
Ivory Coast 132·988 8·3 9·4 –5·1 13·692 0 0 0
Kenya 111·214 69·7 93·6 124·1 14·496 49·1 58·8 73·1
Lesotho 0 ·· ·· �‡ 0 ·· ·· �§
Liberia 23·835 6·9 6·9 6·8 2·123 0 0 0
Malawi 36·616 42 40·7 52·8 8·323 15·7 15·9 16·2
Mali 48·971 –5·4 –5·4 –14·2 9·968 0·2 0·6 –1·1
Mauritania 2·431 –45·4 –56·2 –87·1 0·791 –44 –54·7 –86·6
Mauritius 59·341 35·8 47·9 60·1 9·179 36 42·4 52·6
Mozambique 99·075 –7·3 –7·9 –4·7 16·968 1·4 1·5 1·6
Namibia 3·485 –43·8 –81 –81·9 0·919 –40·8 –79·2 –81·2
Niger 33·352 2 5·6 3·3 8·787 0·5 0·6 0·7
Nigeria 834·941 0·5 6 6·4 111·710 0 0 0
Rwanda 18·333 103·8 122·5 171·3 2·435 70·8 86·5 107·3
Senegal 34·885 –6·6 –10·2 –24·7 8·306 –3·8 –4·9 –10·5
Sierra Leone 38·206 6 8·2 8·5 4·194 0 0 0
Somalia 2·036 –43·3 90·2 78·6 0·553 –14·1 76·5 54·1
South Africa 28·296 164·7 237 377 7·606 124·3 188·6 247
Sudan 80·011 4·8 6·6 8·2 17·908 5·1 0·5 1·7
Swaziland 2·441 56 68·2 99·6 0·583 31·6 37 47
Tanzania 178·642 11·6 12·9 19·2 26·501 9·1 10·7 12·7
Togo 33·000 –19·9 3·7 –16·1 4·085 0 0 0
Uganda 174·167 14·2 20·1 28·8 17·302 8·1 9·4 13
Zambia 24·827 81·1 77·2 82·9 7·190 12·4 12·4 12·4
Zimbabwe 20·015 152·2 149·2 156·8 5·322 106·8 108·9 109·3
Total 3·082·027 15·5 23·2 28·2 444·722 13·0 15·4 18·9

Numbers are derived from present climate conditions and increase projected to the end of the 21st century (2070–2099), assuming a constant population. *19 000
person-months of exposure. †19 000 people exposed to malaria. ‡902 000 person-months of exposure. §321 000 people exposed to malaria. �Represents those
countries that are predicted to have no malaria exposure at present, but in the A1FI scenario contain some areas that are suitable for transmission—% increase is
thus infinite.

Table 3: Estimated P falciparum malaria population exposure in Africa with the HadCM3 B1, A2a, and A1FI climate scenarios*
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accuracy of 96% (91–100) was obtained. The specificity is
remarkable because malaria surveys are usually done in
areas and during times of the year when malaria cases are
expected or have been recorded previously. Similarly, the
sensitivity is derived using some surveys done during
epidemic years and in areas with permanent breeding
sites. When interannual and small area variation and
effect of vector control and resolution of data used is
taken into account, the overall accuracy of the model is
good. 

By 2100, the model estimates a potential continental
increase of 16–28% in person-months of exposure across
all three scenarios (table 2). This rise is coupled with a
5–7% (mainly altitudinal) increase in distribution with
surprisingly little change in the latitudinal extents of the
disease. The only substantial latitudinal extension (across
all scenarios) is seen in a region in the Limpopo Province
of South Africa, which is prone to occasional epidemics
(figure 2). The potential effect of climate change in areas
of existing transmission is noticeable, with 28–42% of new
person-months of exposure towards the end of the 21st
century arising in areas presently suitable for the disease
(table 2). This result is due to the increase in the length of
transmission season in these areas. The B1 scenario shows
the least increase in person-months of exposure across all
periods because of reductions in rainfall and smallest rises
in average temperature. The highest increase in person-
months of exposure during the 2020s and 2050s shown by
the A2a scenario is a result of the combined effect of slight
increase in rainfall and large rise in temperature, and
emphasises the importance of rainfall in malaria
transmission. The A1FI scenario shows the highest
increase in person-months of exposure by 2100, in which
the largest rise in temperature is coupled with a moderate
reduction in rainfall. This scenario shows the smallest
increase in distribution in the 2020s as a result of most of
the projected changes in transmission taking place in
populous areas of existing transmission, as an extension of
the malaria season. 

Countries with large areas that are close to the climatic
thresholds needed for transmission show large potential
increases across all scenarios. Ethiopia, Zimbabwe, and
South Africa are projected by all scenarios to show
increases of more than 100% in person-months of exposure
towards the end of the 21st century (table 3). This effect
would result from the projected potential increase in
highland malaria in Zimbabwe and Ethiopia, and the rises
in distribution and season length for South Africa. A host of
countries in West Africa (eg, Mali, Ghana, and Burkina
Faso), and Namibia and Mozambique in southern Africa
are projected by all settings to show a fall in person-months
of exposure because of the drier climate in these areas.
Regions where rainfall is the limiting factor are especially
prone to epidemics. The catastrophic malaria epidemic in
Ethiopia in 1958, for example, was largely associated with
unusually high rainfall over a long time. 

Discussion
We have produced a spatiotemporally validated malaria
transmission model for Africa and projected changes in
transmission patterns in differing climate scenarios. Our
findings have important implications for malaria control
in Africa since both the duration and timing of malaria
transmission season are important to inform efforts in
malaria control. The duration of the season will affect the
dynamics of transmission, with longer seasons allowing
heightened transmission and high levels of infection in the
population. Short periods of exposure are linked with a
waning immune response and fatal outcomes. 

The potential increase of 16–28% in person-months of
exposure in Africa by 2100 (on the assumption that future
climates fall within simulated ranges) should be of
concern because social conditions are likely to facilitate
this rise in most countries in view of the inadequate health
infrastructure, deteriorating malaria control programmes,
possible link between the HIV/AIDS and malaria,25 and
overall human landscape of the continent.

The basis for our model is climatic, and thus has some
limitations. For example, areas such as the Limpopo valley
(the border between South Africa and Zimbabwe) that are
adjacent to perennial water reservoirs might fail to meet
the necessary monthly rainfall threshold, but could still
provide good breeding grounds for vectors. We did not
take local demographic and socioeconomic circumstances
into account nor make provision for the effect of malaria
control on transmission. The inability of global circulation
models to accurately predict the current climate from
retrospective data,26 has led to a debate about their
application. As our understanding of global climate
dynamics increases and models are increasingly able to
handle this complexity, projections of the probable
response of the climate system to any scenario are likely to
improve and the model will constitute a valid baseline for
assessment.

The resurgence of highland malaria cannot necessarily
be attributed to recent climate change. Malaria is a
complex disease that is affected by a range of factors in
addition to climate—a recent analysis of four highland sites
in Africa where large increases in malaria cases were noted
showed no large climatic change during resurgence or the
last century.27 Some of these cases were attributed to
factors such as drug resistance, breakdown of control
programmes, and land-use change (although doubts have
been raised about the suitability of the data used in the
analysis28). However, climate provides the framework
within which transmission is possible and other factors
(except those that determine the availability of breeding
sites—irrigation, construction of dams, or removal of
potential breeding sites) can affect malaria transmission
only in spatio-temporal zones that are climatically suitable.

With adequate funding, technology, and commitment,
WHO’s Roll-Back Malaria campaign will endeavour to
halve deaths related to Plasmodium falciparum by 2010.29

The organisation recognised the need to improve
understanding of how climate-related and other ecological
factors affect the spread and severity of malaria.30 We
believe that transmission maps generated by our model
could form an integral component of this strategy. Our
model has achieved a good accuracy and is validated
against empirical data. Our work is an important first step
towards a model of intensity of transmission and
constitutes a valid baseline against which interventions can
be planned and climate change projections evaluated.
Such a baseline is essential if we are to put the theory of the
effect of climate change on vector-borne diseases into
practice.
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