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A potential consequence of anthropogenic
climate change, foreseen for the coming
century, is a change in the distribution and
incidence of malaria (1-7). Although
malaria eradication campaigns and socioe-
conomic development have caused malaria
to disappear from many areas in which it
had previously been endemic, in many
tropical countries malaria remains a major
cause of illness and death. Approximately
I110 million clinical cases occur annually,
and more than 1 million people, mostly
children, die from malaria in tropical
Africa (8).

Malaria incidence is determined by a
variety of factors, particularly the abun-
dance of anopheline mosquito species,
human behavior, and the presence of

malaria parasites. Anthropogenic climate
change may directly affect the behavior
and geographical distribution of the malar-
ia mosquitoes and the life cycle of the para-
site, and thus change the incidence of the
disease. Indirectly, climate change could
also have an effect by influencing environ-
mental factors such as vegetation and the
availability of breeding sites.

This study assesses, by integrated math-
ematical modeling, the effects of projected
changes in temperature and precipitation
on mosquito and parasite characteristics
and their potential impact on malaria risk,
and has followed two complementary
approaches (9). One approach has sought
to estimate the possible spatial shift in
areas suitable for malaria transmission,
using the critical vector density threshold
as a comparative index. The other has con-
sidered possible changes in world malaria
disease burden due to climate changes.
Although the model only generates broad
estimates of future trends and does not
include all relevant factors which would
influence the distribution of malaria (e.g.,
vaccination, pesticide use, and the emer-
gence of drug resistance by the Plasmodium
parasite), it addresses the question: If other
things were held constant in the world,
what would be the impact of climate
change per se on the distribution and inci-
dence of malaria?

Methods

Integrated Systems Approach
If the impact of a human-induced climate
change on malaria risk is to be understood,
the entire cause-effect chain must be
described and analyzed comprehensively.
The systems approach seems to be the only
approach capable of adequately reflecting
the complexity of the interrelationships
between the climate system and mosquito
and human population dynamics. The sys-
tems analysis not only studies the compo-
nents of the various (sub)systems, but also
the interactions and processes between
them, rather than focusing on each subsys-
tem in isolation. Given the complexity of

the systems under consideration and the
relative ignorance about the basic processes
and interactions that determine their
dynamics, the systems approach can help
to foster understanding of the causal rela-
tionships between a human-induced cli-
mate change and changing malaria risks.

The model to assess the effects of cli-
mate change on malaria consists of several
linked modules (i.e., systems): the climate
system, the malaria system (divided into a
human subsystem and a mosquito subsys-
tem), and the impact system. The systems
are linked in a straightforward manner; the
output of one system serves as input to the
next. The main climate factors that have a
bearing on the malarial transmission poten-
tial of the mosquito population; are temper-
ature and precipitation; i.e., factors derived
from the climate system (Fig. 1). The inter-
action between the human system and the
mosquito system determines the transition
rates among the susceptible, the infected,
and the immune. The impact system yields
rough estimates of the health impact of cli-
mate change on malaria. This health impact
is described by the disease burden due to
malaria morbidity and mortality.
Climate Scenarios
To generate climate scenarios, we used the
Integrated Model to Assess the Greenhouse
Effect (IMAGE; Rotmans and Den Elzen,
Bilthoven, The Netherlands). IMAGE
(version 1.6) is a climate assessment model
designed to simulate the entire cause-effect
chain with respect to climate change and to
develop scenarios of greenhouse gas emis-
sions and their effect on global mean tem-
perature. The model consists of a number
of independent, but interlinked and inte-
grated, submodels, each representing a sep-
arate component of the climate system
(e.g., a world energy/economy model,
land-use change model, atmospheric chem-
istry model, halocarbon model, carbon
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Figure 1. Diagram of the main population and rate processes involved in the life cycle of th4
parasite.

cycle model, and climate model). A thor-
ough description of the IMAGE model can
be found elsewhere (10,11). Using the
method of Santer et al. (12), the simulated
global mean temperature changes are con-
verted in time-dependent series of changes
in regional seasonal temperature and pre-
cipitation by standardizing the output of a
General Circulation Model (GCM).
GCMs have been shown to simulate cur-
rent temperature reasonably well, but they
do not reproduce precipitation very accu-
rately. They also cannot reliably project
changes in climate variability, such as
changes in the frequencies of droughts,
which also could have a significant effect on
vector-borne disease transmission.
Nevertheless, GCMs currently provide the
most advanced means of predicting the
potential future climate consequences on a
grid base (13).

The GCM used in this study is that of
the UK Meteorological Office (14), using a
grid resolution of 50 latitude by 7.50 longi-
tude, with a climate sensitivity of 5.2. This
equilibrium mean global temperature

change of 5.20C that would eventua
if the CO2 level were doubled falls
the current uncertainty range (1.5 '

jected by the Intergovernmental I
Climate Change (IPCC) (11,15). 1
our projected changes in malaria t
sion will be more pronounced comr
experiments using less sensitive GC
direction of these changes will not
enced significantly. The baseline clir
relies on precipitation and temperat
for the period 1951-1980.

New regional climate condition,
culated using two widely used gre
gas standard scenarios: the business
(BaU) scenario and the accelerated
(AP) scenario of the IPCC (16). Ba
sents an ongoing trend of increasi
fuel-based energy use, agricultural
industrial growth, while AP entails
ing usage of renewable energy.

Epidemic Potential
Malaria is caused by species of th
Plasmodium (of which P. vivax
broadest geographic range and

parum is the most dangerous clinically),
and the vector responsible for malaria
transmission is the mosquito of the genus
Anopheles. The life cycle of the malaria par-
asite involves transmission both from mos-
quito to man and from man to mosquito,
effected by the bite of a female mosquito.
Inside the mosquito, the extrinsic develop-
ment of the parasites takes several days.

A measure that summarizes many
important processes in transmission of infec-
tious diseases is the basic reproduction rate
(RO). For the malaria microparasite, R1 is
more precisely defined as the average num-
ber of secondary infections produced when
one infected individual is introduced into a
host population where everyone is suscepti-
ble (17). The basic reproduction rate is mea-
sure of an individual parasite's reproductive
potential, and enables us to simplify the epi-
demiology of malaria. Basically, if Ro >1, the
disease will spread indefinitely; if Po <1, the
disease will die out.

The vector density is one parameter in
the basic reproduction rate that is strongly
related to local environmental conditions.
Change in the number of existing malaria
vectors with time varies greatly between
species, being determined by numerous
biological and physical factors such as the
availability of species-specific breeding
sites, the presence of predacious fish or
other natural enemies, the hydraulics of
bodies of water, and the type of vegetation
present. It is impossible to estimate the
change in vector abundance over large
areas as a result of temperature, precipita-
tion, and humidity changes using an aggre-

emalaria gated model such as ours (18). However,
the basic reproduction rate allows calcula-

Ily occur tion of the critical density threshold of
beyond hosts necessary to maintain parasite trans-

4.5) pro- mission. The critical density for malaria
Panel on transmission can be expressed as:
klthough
:ransmis- N F -log(p)
pared to N kkI
'Ms, the N1 L a2pn]
be influ-
matology where N2/N, is the number of malaria mos-
ture data quitoes (N2) per human (Nj), p is the sur-

vival probability of the mosquito, a is the
s are cal- frequency of taking human blood, and n is
enhouse the incubation period of the parasite in the
;-as-usual vector. The constant k incorporates vari-
policies ables assumed to be temperature indepen-

LU repre- dent (including the efficiency with which a
ng fossil mosquito infects a susceptible human and a
use, and human infects a susceptible mosquito; the
increas- propensity of the mosquito population to

feed on humans; and the recovery rate in
humans). We defined the epidemic poten-
tial of malaria as the reciprocal of the vectors

ie genus population's critical density. This epidemic
has the potential is a key summary parameter and is
P. falci- used as a comparative index to estimate the
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effect on malaria risk of a change in ambient
temperature and precipitation patterns, as
simulated with the climate model. A high
epidemic potential indicates that a smaller
number of vectors or a less potent vector
population may maintain a state of
endemicity or give rise to occasionally epi-
demics in a given area.

Climate Effects
The distribution and population dynamics
of malaria are probably more governed by
abiotic than biotic factors (19). Of the pos-
sible abiotic influences on the transmission
cycle of malaria, temperature and rainfall
are the most important. Rainfall influences
transmission by its role in the mosquito life
cycle, while temperature acts as a regulatory
force. Table 1 presents temperatures that are
critical to malarial transmission.

The incubation period of the parasite
in the vector must have elapsed before the
infected vector can transmit the parasite.
The relation between ambient temperature
and latent period for different parasite
species was calculated by using a thermal
temperature sum as described by Detinova
(20). The number of blood meals a mos-
quito takes from humans is the product of
the frequency with which the vector takes a
blood meal and the proportion of these
blood meals that are taken from humans
(the human blood index). The frequency
of feeding depends mainly on the rapidity
with which a blood meal is digested, which
can be calculated by means of a thermal
temperature sum, increasing as tempera-
ture rises (see Table 1).

The female mosquito has to live long
enough for the parasite to complete its
development. Between certain limits,
longevity of a mosquito decreases with ris-
ing temperature and increases with increas-
ing relative humidity (21). Mosquitoes
prefer humidities above 60%, and opti-
mum temperature for mosquito survival is
in the range of 20-25°C. Excessive tem-
peratures will increase mortality, and there
is a threshold temperature above which
death ensues. Similarly, there is a mini-
mum temperature for the mosquito to
become active. Based on data reported by
Boyd (22) and Horsfall (23), we assumed a
daily survival probability of 0.82, 0.90,
and 0.04 at a temperature of 9, 20, and
400C, respectively.

Rainfall plays a crucial role in malaria
epidemiology because it provides the medi-
um for the aquatic stages of the mosquito
life cycle. Rain may prove beneficial to
mosquito breeding if moderate, but if
excessive it may flush out the mosquito lar-
vae. Rainfall may also increase the relative
humidity and hence the longevity of the
adult mosquito. The relationships among
changing temperatures, precipitation, and

relative humidity, however, are complicat-
ed and the processes affecting atmospheric
humidity suggest only a small change in
relative humidity as the atmosphere gets
warmer (24). The introduction of large-
scale irrigation schemes has also reduced
the significance of local rainfall in the epi-
demiology of vector-borne diseases to some
extent (25). However, because rainfall may
be a limiting factor in vector breeding, we
imposed a minimum amount of precipita-
tion needed for mosquito development.
Using a minimum value of 1.5 mm per
day allows us to exclude dry areas from
malaria transmission, roughly coinciding
with the present distribution limits of
endemic malaria areas.

Uncertainties
Our estimate of the epidemic malarial
potential, using A. macullipennis data on
blood-digestion and a universal relation-
ship between temperature and daily sur-
vival probability, contains many uncertain-
ties. Ideally it should be calculated sepa-
rately for each mosquito species in a given
location. The epidemic potential of malaria
is most sensitive to changes in mean sur-
vival probability and development time of
the parasite. The effects of different values
of maximum mosquito longevity and min-
imum temperature requirements for para-
site development on epidemic malaria
potential are illustrated in Figure 2. As
temperature increases, epidemic potential
increases until a maximum is reached. At
high temperatures, the accelerated develop-
ment of the parasite and the increased bit-
ing rate can no longer compensate for the
decreasing mean life expectancy among the
mosquitoes. The distributions shown in
Figure 2 indicate that, in temperate cli-
mates, small increases in temperature can
result in large increases in epidemic malaria
potential, irrespective of the values chosen
for the maximum daily survival probability
(Pma) or minimum temperature for para-
site development (Tmin). Although the
maximum values for the epidemic poten-
tial are found in the range 29-33°C, the
actual transmission intensity also depends
on vector abundance. Optimal tempera-
ture for the rapid expansion of a popula-
tion of malarial mosquitoes is found

between 20 and 30°C, which may increase
transmission potential. Therefore, within
this temperature range and with rainfall
and humidity being optimal for mosquito
breeding, our results will underestimate the
change in transmission potential of mos-
quito populations due to climate changes.
On the other hand, if the amount of rain-
fall (above the threshold limit of 1.5 mm
day) is not optimal for mosquito breeding
and development, our results are likely to
overrate the changes in malaria risks.

Health Impact
We estimated the effect of anthropogenic
climate change on malaria incidence and
disease burden for highly endemic areas,
mainly found in tropical Africa, and for
areas of lower endemicity found in other
parts of Africa, South America, and
Southeast Asia. In tropical Africa attention
has been restricted to P. falciparum, the
predominant species responsible for most
malaria mortality. In areas of lower
endemicity, we have simulated changes in
numbers of healthy years lost for both P.
vivax and P. falciparum. Most developed
countries will be in a position to take miti-
gating measures as malaria transmission
potential increases; here the numbers of
healthy life lost due to malaria infection
will remain negligible compared with the
endemic areas in the world.

The model framework used to
describe the malaria transmission dynam-
ics in the human population is based on a
standard population model (26) com-
bined with an epidemiological model for
infectious diseases (27). The population
model calculates future population figures
on the basis of United Nations projec-
tions (28), including those for fertility.
The human population at risk to malaria
is defined for a younger age class from 0
to 4 years old, and an older age class of 5
years and older to account for age-specific
differences in fatality rates (29). This pop-
ulation is divided into the three categories
of the epidemiological model: susceptible,
infected, and immune (see Fig. 1). The
rate at which people become infected
depends on the basic reproduction rate,
which changes with climatic conditions.
After entering the infected state a person

Table 1. Some important temperatures in malaria transmissiona

Degree-days (°C day)
Threshold temperature (0C)

Extrinsic incubation cycle
(Plasmodium species)

P. vivax P. falciparum
105 111
14.5-15 16-19

Digestion of blood meal
(Anopheles species)
A. maculipennis

36.5
9.9

aThe time needed to complete the parasite's extrinsic development and for the digestion of a blood meal
by the mosquito can be expressed in formula by DD/(T-Tm,n), where degree-days (DD) represent the
accumulation of temperature units over time, and threshold temperatures (TTm,n) are those below which
the process does not occur.
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runs a standard risk of contracting malar-
ia, since the general level of prophylaxis
is, and probably will remain, low in the
populations concerned.

Malarial morbidity and mortality, as
modeled here, show the epidemiological
features of an infectious disease leading to
immunity. In areas with stable, highly
endemic malaria, morbidity and mortality
in the economically active age groups are
expected to be relatively lower than in the
younger persons because of the acquisition
of long-term immunity by survivors. In
areas of low to moderate endemicity the
health impact is the same for practically all
age groups. The social and economic con-
sequences of malaria are directly related to

its severity, mainly due to anemia and pre-
mature death.

Our simulation includes the concept of
disability-adjusted life years (DALY) (30)
to arrive at a single measure of the health
impact of malaria. For each death, the
number of years of life lost is defined as the
difference between the actual age at death
and the present upper life expectancy for
humans as a reference. In the case of dis-
ability due to malaria, the incidence of the
disease is multiplied with the expected
duration of the condition and the severity
of the disability. An average disability
weight of 0.6 has been added to the peri-
ods spent with malaria (we assumed that a
clinical attack lasts for 7 days, occurring

1
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*_
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Temperature (TC)
Figure 2. Epidemic potential (value 1 at maximum) as a function of temperature. The left-har
shows the epidemic potential for P. vivax with Pmax = 0.8 and Tmin = 14.5°C; for the central estii
values are: P.ax= 0.9 and Tmin = 14.5°C; and for the right-hand curve: Pmax = 0.95. Tmin = 15'C. Foi
parum the left-hand curve uses Pmax= 0.8 and Tmin = 16°C; central estimate: Pmax= 0.9, Tmin = 16'
hand curve: Pmax = 0.95, Tmin = 19°C. For the central estimate the third-order polynomial coefficie
are: a= -4.40,1 = 1.31 and y= -0.03.

twice a year), accounting for only a partial
loss of functional independence. The death
and disability losses are combined and
allowance is made for an annual discount
of3% for future losses and for age weights.

Although actual prevalence and inci-
dence figures are not very reliable in most
endemic regions, a good estimate of the
infection rate can be obtained from the rate
of increase of prevalence with age in young
children. In our calculations, the initial
force of infection is 2.0 per annum for the
year 1990 in highly endemic regions and
0.1 in areas of lower endemicity (31,3).

In the estimates of the excess disease
burden in endemic areas, the malaria con-
ditions are assumed to be in equilibrium in
the year 1990 (equilibrium values for dis-
ease burden, calculated for the year 1990,
are: highly endemic areas P. falciparum:
73.3; low endemic areas P. falciparum: 5.8
and P. vivax- 1.4 DALYs/1000 popula-
tion). For the stable, highly endemic
regions of tropical Africa, this assumption
seems to be justified. However, for the
unstable areas of lower endemicity, this
assumption will often be inappropriate.

Results
We used the epidemic potential to estimate
the effect potential of a change in average
seasonal temperature and precipitation pat-
terns on malaria transmission, as estimated
using the UKMO-GCM. Figure 3 depicts
the global distribution of the potential
malaria risk areas and the estimates of

39 absolute limits of the possible geographic
extension of malaria transmission in the
years 1990 and 2100 for the AP and BaU
scenarios. The simulated 1990 malarial
areas roughly agree with the global distrib-
ution of malaria transmission before the
introduction of large-scale antimalaria
campaigns (21). For P. vivax this includes
large parts of the United States up to the
Canadian border, southern and central
Europe, Turkey, southern Russia, China,
and Japan. P. falciparum malaria is restrict-
ed to more tropical areas because parasite
development needs a minimum tempera-
ture of at least 16°C.

Comparing the potential geographic
extent of malaria in 1990 to the actual
malaria distribution indicates that the sim-
ulation of future risk areas must be inter-
preted to take account of local conditions
and developments. In tropical and sub-

3.9 tropical regions, climatic conditions are
already favorable for mosquito breeding
and reproduction, resulting in densities
that exceed the critical value for a large

nd curve portion of the year. However, in some
mate the regions "anophelism without malaria"
rC; right- exists, a phrase referring to the absence of
nts used malaria in the presence of both Anopheles

and climate factors, in particular tempera-
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Figure 3. Potential malaria risk areas in 1990 and 2100 for P. vivax and P. falciparum, expressed as the logarithm of the epidemic potential [-l0log(EP)], based on
the climate patterns generated by the UK Meterological Office-General Circulation Model with the accelerated policies (AP) and business-as-usual (BaU)
greenhouse gas emission scenarios.

ture, that are apparently conducive to
transmission. Effective vector control mea-
sures, the treatment of infected individuals,
and the specific characteristics of the
human and/or mosquito population may
explain this phenomenon. In the Central
and South Pacific, no potential vectors are
present, establishing a malaria-free zone in
this area.

Figures 3 and 4 show that an expansion
of the geographical areas susceptible to
malaria transmission and a widespread
increase of potential malaria risk are to be
expected as the climate changes. The main
changes would occur in areas with temper-
ate climates where mosquitoes already
occur but where development of the para-
site is limited by temperature. By the year
2100 in large parts of North America,
Europe, and Asia, the potential for malaria
transmission would exist even with a mos-

quito density a hundred or more times
smaller than in 1990.

Because of their high potential recep-
tivity, the highest risks for the introduction
of malaria transmission remain in the
nonendemic regions bordering on malarial
areas. Of particular importance is the
increase of epidemic potential at higher
altitudes within malarial areas such as the
eastern highlands of Africa or the Andes
region in South America, where an
increase in temperature of several degrees
may raise the epidemic potential sufficient-
ly to change normally nonmalarial areas to
areas with seasonal epidemics.

Figure 5 presents the excess disease
burden as climate changes according to the
AP and BaU scenarios. Because disease
burden is influenced by the population's
demographic evolution, values for the dis-
ease burden attributable to the AP and

BaU scenarios are obtained by subtracting
the baseline projections; i.e. demographic
changes within an unchanging climate,
from the estimates obtained according to
the two climate change scenarios under
consideration. The results show that, even
for the AP scenario, in areas of lower
endemicity, a relatively small increase in
malaria transmission potential may lead to
a considerable increase in incidence of peo-
ple suffering from malaria. Where malaria
is rife, there are high levels of immunity in
the population, and the change is far less
pronounced. However, the major part of
the disease burden due to high-fatality
malaria will remain in the highly endemic
countries of tropical Africa.

Discussion
Recent research assessing malaria risk in
relation to climate changes has either been
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Figure 4. Estimated change of yearly mean epidemic potential (logarithmic scale) for P. vivax and P. falci-
parum in 2100 as compared with the year 1990 for the UK Meterological Office-General Circulation
Model output with accelerated policies (AP) and business-as-usual (BaU) greenhouse gas emission sce-
narios.
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Figure 5. Projection of additional numbers of healthy years lost (P. vivax and P. falciparum) for highly
endemic areas (HE) mainly found in tropical Africa, and areas of lower endemicity (LE) found in other
parts of Africa, South America, and Southeast Asia. A, LE areas with accelerated policies (AP) scenario,
B, LE areas with business-as-usual (BaUl) scenario; C, HE areas with AP scenario; D, HE areas with BaU
scenario]. DALY, disability-adjusted life years.

qualitative (2,3,5) or does not comprehen-
sively model the cause-effect chain
(1,4,6). In this study we combined and
integrated the present state-of-the-art
knowledge and expertise from various dis-
ciplines to obtain a global picture of
changes in malaria risk areas and health
impact, associated with the different cli-
mate scenarios. Studies such as this
explore the sensitivity of malaria transmis-
sion dynamics on a global scale, as cur-

rently understood, to projected levels of
climate change.

As climate changes in the direction pre-
dicted by the IPCC, simulation experi-
ments show a widespread increase in trans-
mission potential of the malaria mosquito
population and an extension of the areas
conducive to malaria transmission. A glob-
al mean temperature increase of several
degrees in the year 2100 increases the epi-
demic potential of the mosquito popula-

tion in tropical regions twofold and more
than 100-fold in temperate climates. There
is a real risk of reintroducing malaria into
nonmalarial areas, including parts of
Australia, the United States, and Southern
Europe, associated with imported cases of
malaria, since the former breeding sites of
several Anopheles species still exist.
However, because effective control mea-
sures are economically feasible in most
developed countries, it is unlikely that
anthropogenic climate changes would re-
create a state of endemicity in these areas.
Increased surveillance in previously malari-
al but not in Anopheles-free areas will be
necessary, however.

A different situation can be expected in
currently endemic areas and areas border-
ing on them in the subtropics, a result sup-
ported by other studies (7,33). In the high-
ly endemic malarial areas of tropical Africa,
the incidence of malaria and consequently
the number of years of healthy life lost due
to malaria may increase. In the malarial
areas of lower endemicity, the incidence of
infection is far more sensitive to climate
changes. Therefore, anthropogenic climate
change may have substantial effects on
years of life lost in such areas.

The change in malaria risk as simulated
must be interpreted within the framework
of local conditions and developments, such
as the health services, the parasite reservoir,
and mosquito densities. The large-scale
migration of populations from areas in
which malaria is endemic into receptive
areas, a movement induced by rural impov-
erishment and inevitably influenced by cli-
matic changes, will play an important role
in the dynamics of the disease. Therefore,
the extent of an increase in malaria risk will
be superimposed upon the change in
malaria transmission associated with socioe-
conomic development, population growth,
and the effectiveness of control measures.
Given that resources are insufficient to deal
adequately with malaria in the most affect-
ed regions, increased risk of malaria due to
climate change may seriously affect human
health in the next century.
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