
Abstract

Malaria case statistics were analysed for the period 1926 to 1960 to
identify inter-annual variations in malaria cases for the Uganda
Protectorate. The analysis shows the mid-to-late 1930s to be a period
of increased reported cases. After World War II, malaria cases trend
down to a relative minimum in the early 1950s, before increasing rap-
idly after 1953 to the end of the decade. Data for the Western Province
confirm these national trends, which at the time were attributed to a
wide range of causes, including land development and management
schemes, population mobility, interventions and misdiagnosis.
Climate was occasionally proposed as a contributor to enhanced case
numbers, and unusual precipitation patterns were held responsible;
temperature was rarely, if ever, considered. In this study, a dynamical
malaria model was driven with available precipitation and temperature

data from the period for five stations located across a range of environ-
ments in Uganda. In line with the historical data, the simulations pro-
duced relatively enhanced transmission in the 1930s, although there is
considerable variability between locations. In all locations, malaria
transmission was low in the late 1940s and early 1950s, steeply
increasing after 1954. Results indicate that past climate variability
explains some of the variations in numbers of reported malaria cases.
The impact of multiannual variability in temperature, while only on
the order of 0.5°C, was sufficient to drive some of the trends observed
in the statistics and thus the role of climate was likely underestimated
in the contemporary reports. As the elimination campaigns of the
1960s followed this partly climate-driven increase in malaria, this
emphasises the need to account for climate when planning and evalu-
ating intervention strategies.

Introduction

As a major vector borne disease, malaria has distinct climate driv-
ers, with the transmission season defined by the occurrence of rains,
and temperature clearly demarking where transmission is possible
(Craig et al., 1999). As a consequence, year-to-year climate variability
has the potential to cause anomalous transmission while longer term
climate trends may cause the regions subject to epidemic and endemic
transmission to shift in time (Pascual et al., 2006, 2008). At the same
time, social vulnerability to the disease is shaped by a myriad of other
environmental and socio-economic factors that are often difficult to
separate (Kienberger and Hagenlocher, 2014). Population movements,
conflict, health service breakdown, famine, land use change, drug
resistance and mass interventions all impact interannual variability in
transmission as well as interannual to multidecadal trends.
Attributing malaria variations to climatic and diverse non-climatic

effects is complex. As an example, the resurgence of malaria in the
eastern Africa highlands has been variously attributed to both climatic
(Patz et al., 2005; Pascual et al., 2006; Omumbo et al., 2011) and non-
climatic factors (Lindblade et al., 2000; Bødker et al., 2000; Carter and
Mendis, 2002; Nkurunziza et al., 2011). Part of the difficulty of discern-
ing malaria drivers lies with the brevity of modern digital health
records, which on a country scale generally cover less than a decade
(and are often subject to discontinuities as newer diagnostic and
archiving technologies were introduced), although multi-decadal
records are available from isolated clinics and highland plantations
(Shanks et al., 2005; Thomson et al., 2006). Such short or isolated
records confound effective statistical analysis tools or study with lat-
est-generation dynamical malaria models. 
Many countries have national archival records, which, while in non-
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digital form, represent a rich source of information on malaria trans-
mission patterns, despite their qualitative and sometimes subjective
nature. Using historical records to supplement the modern health
records has a number of advantages in addition to extending the record
length. While local drainage and land use management schemes have
been used for global vector control since the 1900s (Kitron and
Spielman, 1989; Konradsen et al., 2004; Walker and Lynch, 2007), the
record prior to the late 1950s is unaffected by mass interventions with
dichlorodiphenyltrichloroethane (DDT). Moreover, while mass popula-
tion movements have always occurred, general population mobility was
far below today’s unprecedented levels Tatem et al. (2012). Historical
records have been used in Africa to understand how socio-economic
factors, such as population movements and urbanisation, have affected
disease transmission (Lindsay and Martens, 1998; Shanks et al., 2005;
Talisuna et al., 2015).
The attribution of disease drivers is often necessarily qualitative and

frequently fails to consider environmental and particularly climate fac-
tors as drivers of transmission. This situation could possibly be
improved if analysis of data and written accounts of malaria could be
combined with efforts to model the expected transmission trends and
variations driven by climate and/or other boundary conditions. Such
efforts are hampered by the fact that many malaria models do not
account for climate factors. For example, many models are based on the
compartmentalised susceptible, exposed, infectious, recovered (SEIR)
approaches that model the disease progression in humans and either
neglect climate or incorporate it through ad-hoc adjustments of model
parameters, with the aim of fitting a particular site’s historical case
record. For more details of the approaches employed, the reader is
referred to the comprehensive review of Mandal et al. (2011).
More recently, models for malaria have been developed that aim to

incorporate further details of the climate-driven parasite and vector life
cycles (Depinay et al., 2004; Eckhoff, 2011; Lunde et al., 2013), and in
some cases combine this with a SEI-type compartmental model of the
disease progression in humans (Hoshen and Morse, 2004; Tompkins
and Ermert, 2013). These models have been used to assess transmis-
sion variations for the seasons ahead (Jones and Morse, 2010, 2012;
Tompkins and Di Giuseppe, 2015; MacLeod et al., 2015), or over longer
multi-decadal timescales (Caminade et al., 2014; Piontek et al., 2014). 
Using historical climate records to drive a malaria model could pro-

vide an indication of whether some past periods of elevated transmis-
sion are attributable, at least in part, to climate variability and change.
If the periods of modelled and observed malaria anomalies coincide,
and the model only accounts for climate variations, it is reasonable to
hypothesise that climate played a role in driving that observed anomaly,
in addition to other factors at play. However, the qualitative nature of
the written reports and the considerable uncertainty in the statistics
dictate that the hypothesis may not be proven, nor the amount of malar-
ia case variability explained by climate quantified. In contrast, no cor-
respondence between the climate-driven model runs and the historic
health reports might be adequate to discount climate as a significant
driver of malaria variability in the studied locations.
Here we examine the statistics presented in national historical

reports for malaria in Uganda and identify broad periods when the
number of cases reported appears to be enhanced. Evidence in the
associated written reports was examined to determine contemporary
explanations of variations in numbers of reported malaria cases, and
where possible, compared to provincial and district-scale reporting
relating to malaria outbreaks in Uganda and neighbouring Kenya. A
mathematical model for malaria driven by historical climate records
was then employed to simulate potential climate-driven malaria varia-
tions at a range of locations in Uganda, in an attempt to improve our
understanding of the extent to which historical malaria variations in
Uganda may be explained by climate.

Materials and Methods

Location of study
Uganda was chosen due to the availability of comprehensive annual

national health summaries and digitised climate information from the
1920s onward (Figure 1). Uganda largely comprises a plateau of
between 1000 and 1500 m, with higher altitude land to the east, south-
west and west. Topography underlies the spatial variations of mean
annual temperatures, which range from 16°C in the southwestern
highlands to 25°C in the northwest and over 30°C in parts of the north-
east. The country experiences the main rainy season between March
and May, with a second occurring between October and December.
Current climate conditions facilitate stable transmission of the
Plasmodium falciparum malaria parasite all year round in most of the
country. Malaria is absent, or low and unstable with the potential for
epidemics in the remaining part of the country.

Archival health and socio-economic data
British colonial rule of the Uganda Protectorate required the estab-

lishment of an administrative network. The administration included a
Medical Department, which submitted an annual report based on a col-
lation of information from provincial and district levels (Morris, 1978).
Statistics and accounts of malaria in the Uganda Protectorate appeared
frequently in the annual administrative reports, although systematic
long-term analysis of the data was limited.

                                                                                                                                Article
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Figure 1. Map of Uganda showing the location of the five key sta-
tions at which daily precipitation data were available. The
Western Administration district boundary is also highlighted. 
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Medical department reports are the primary information source used
here to reconstruct a timeseries history of malaria in Uganda. A num-
ber of difficulties are generally encountered when using historical doc-
umentary sources to examine past disease trends in this manner,
including variations in detail, lack of certainty regarding diagnoses,
and the changing methods in which quantitative data were recorded,
such as frequent and in some cases undocumented variations in the
locations and names of the reporting health centres. In particular, the
method and categories in which the malaria statistics were recorded
can vary over time, hampering their analysis in a temporally coherent
manner. The data in the reports were therefore collated for the total
malaria cases for the entire country. The southwestern part of the
country was a particular focus (Figure 1) as its high altitude implies
increased sensitivity to variations in temperature. As a consequence,
this area of the country in particular has received much attention in
the past, including recent debate on the potential impact of climate
change on malaria in eastern Africa (Steyn, 1946; Garnham et al., 1948;
De Zulueta et al., 1961, 1964; Lindsay and Martens, 1998; Mouchet et
al., 1998; Kilian et al., 1999; Lindblade et al., 1999, 2000; Cox et al.,
2007; Wandiga et al., 2010; Himeidan and Kweka, 2012).
Case counts were presented either in appendices and/or in tables

embedded within the reports, with national totals available directly
and/or as a sum total of the province values. The statistics in this work
use the sum of the province values from 1912 until 1939, since the
direct country totals provided for 1936-1939 show a strong discontinuity
with the prior period, with case figures far smaller than the value
obtained by summing the province values. Values for the period 1935 to
1939 are still likely to be slightly underestimated as Karamoja province
data were unavailable. Years during World War II (WWII) (1940-1943)
are excluded as they show a strong drop in cases and are likely to have
been affected by the conflict (reports are very sparse during this peri-
od) and no numbers are available for 1944. After WWII, the direct coun-
try totals of in and outpatients values are used, due to the longer and
more complete record (only 1951 is missing). The numbers closely
match the province-derived cases total for the period 1945-1949 where
both are available.
Concerning the interpretation of the statistics and the contemporary

attribution of variations in numbers of reported cases, again there is
considerable uncertainty, with report content and detail depending on
the political and social context of the report writer. During the earlier
years of the Protectorate, references to and concerns over the severity
of malaria were predominantly related to the health of the European
and official populations, in line with the priorities of the medical offi-
cers at the time (Beck, 1970; Doyal and Pennell, 1979). Government
expenditure on the medical services was increased after World War 1
and the rural dispensary system in Uganda was established in 1924.
The scope of the reports widened to encompass the whole population
during the mid-1920s, which coincided with a growing confidence of
Africans in western medical treatment and the expanding medical serv-

ices. The analysis thus focuses on the period from the 1920s, which is
also coincident with the start year of the available historical climate
data (see below), to 1960, which is when the colonial annual medical
report collection in the national archives ends and large-scale interven-
tion efforts started.
National population estimates used to normalise the national case

data were obtained from http://www.populstat.info. These are based on
10 yearly census data and an early version of the HYDE land use model
(Goldewijk and Battjes, 1997; Goldewijk et al., 2010).

Historical climate data
The historical climate data also presented a number of challenges.

Although data were collected at numerous stations by the British East
African Meteorological Service (BEAMS) during the early 20th century,
many records remain in paper form and are yet to be digitised, and not
all digitised data are freely available for research. Nevertheless, daily
rainfall data for five stations are available from 1926 onward from the
Global Historical Climatology Network (GHNC) database. The stations
are distributed across the country from the humid highlands in the
southwest to the semi-arid north of the country, with altitudes ranging
from 1105 to 1869 m (Figure 1 and Table 1). The data are complete for
the period of interest (1926-1960) with the exception of Masindi sta-
tion (see Appendix for data gap filling methods).
Daily temperature data were not available for these stations in the

GHNC database. However, monthly data are available from 1900 from
the National Oceanic Atmospheric Administration (NOAA) global data
bank for 31 stations in Uganda, including the five stations for which
daily rainfall is available. Unfortunately there are many gaps in these
data, sometimes spanning several years. Thus a methodology was
devised to replace missing monthly temperature values and then con-
vert to daily values (Appendix).

Malaria model
The historical climate and temperature data have been used to drive

a dynamical malaria model for the five locations in Uganda. The model
was used to identify those periods in the past when climatic conditions
could have potentially been more suitable for malaria transmission.
The malaria model used in this study is the Vector-borne disease com-
munity model of the International Centre for Theoretical Physics,
Trieste (Tompkins and Ermert, 2013) and has been applied to seasonal
forecasting and climate change simulations (Caminade et al., 2014;
Piontek et al., 2014; Tompkins and Di Giuseppe, 2015). Vector borne
disease community model of ICTP, Trieste is a mathematical biological
model that represents the climate-sensitive, key life cycle processes of
both the Anopheles gambiae vector and the P. falciparum parasite.
Rainfall drives a simple representation of the surface hydrology of
small temporary ponds (Asare et al., 2016a, 2016b). Temperature has
multiple impacts, affecting the growth and mortality rates of Anopheles
larvae, in addition to the length of the gonotrophic and sporogonic

                   Article

Table 1. Daily rainfall station data from Global Historical Climatology Network of the National Oceanic Atmospheric Administration
database.

Station                         ID                             Altitude (m)                   Latitude                    Longitude                                   Start

Gulu                                       63630                                            1105                                        2.75                                     32.33                                                     1926
Kabale                                   63726                                            1869                                        -1.25                                     29.98                                                     1926
Masindi                                 63654                                            1147                                        1.68                                     31.71                                                     1926
Mbarara                                63702                                            1413                                        -0.62                                     30.62                                                     1926
Tororo                                   63684                                            1171                                        0.68                                     34.17                                                     1928
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cycles and the mortality of adult vectors. The larvae growth and mortal-
ity rates have been modified, with the growth rates now given by Craig
et al. (1999) and the mortality rate inferred from the data of Bayoh and
Lindsay (2003, 2004).
Population density impacts the biting rate and transmission proba-

bilities, and the model simulates lower transmission in peri-urban
environments relative to rural areas, as observed by Kelly-Hope and
McKenzie (2009). Population changes due to migration and population
growth over time would therefore lead to transmission changes, but
these cannot be explicitly modelled as accurate population data on sub-
national and interannual scales are unavailable. This will not greatly
impact the results, however, since population growth occurs over long
timescales compared with interannual climate fluctuations, and thus
does not impact fluctuations in year-to-year malaria cases. A caveat is
the necessary neglect of sudden, large-scale population movements due
to conflict, environment disasters or forced resettlement schemes, for
example. The approach used here is thus to perform a series of integra-
tions for each climate station location to simulate a range of typical
population density values, ranging from rural to urban settings. For
brevity, only the experiments with the lowest and highest population-
density values of 100 and 1000 persons km2 are discussed.
Model uncertainty was accounted for by conducting an ensemble of

58 integrations for each location and population density setting. In
each of these integrations, one of the key model parameter settings
was perturbed by increasing/decreasing its value by 20% (and addition-
ally by 40% for poorly constrained parameters). The model output used
in the study is the parasite ratio (PR, sometimes referred to as the par-
asite ratio).

Results

Historical records
The number of documented malaria cases from the national reports

reveals a strong upward trend during the study period (Figure 2A). This
is to be expected due to population growth, although normalising by
population estimates still leaves a positive trend (Figure 2C), and high-
lights the increased access to and use of medical facilities by the gen-
eral population and thus does not necessary reflect an increase of
malaria burden over time.
The departure from a best-fit, linear relationship (Figure 2B) identi-

fies periods when the number of cases was higher or lower than
expected, emphasising year-to-year variability that could be driven by
both climatic and non-climatic factors. This simple analysis reveals the
period in the late 1930s as one in which cases appear to be somewhat
enhanced (recalling the caveat that the direct case totals given for this
period were much lower and discarded as unreliable). The post-war
period also exhibits stronger interannual variability, with decreases
immediately after the war until the early 1950s, followed by steeper
than average rises in the late 1950s. The interannual trends of the
cases per 1000 population (Figure 2C) also show the same behaviour,
with the caveat that these population data are largely based on interpo-
lations between censuses and are thus unlikely to be able to reflect
sharp population changes due to international migration or other rea-
sons.
Data for the Western Province are available for a shorter period, but

in general show similar trends to the national figures (Figure 3). The
period 1930-1932 stands out as one of greater than expected cases in
particular, while the four years of data available after the war hint at
the downward trend seen in the national data.

The written reports corroborate the statistics to a fair degree,
although it is difficult to conclude a clear picture concerning the early
1930s, and it should be noted that these were also years of recession,
and government expenditure on the medical services declined after
1931, possibly affecting treatment and subsequent reporting (Beck,
1970). That said, the Annual Medical and Sanitary Report for 1932 con-
tains the first real attempt at a deep exploration of malaria trends in
Uganda, looking beyond the number of cases treated and determining
the number of cases of malaria who sought treatment at hospitals and
sub-dispensaries in terms of the total number of cases of all diseases who
sought treatment (Annual Medical and Sanitary Reports, 1932). It
reported that a decrease in the (total) number of cases was observed this
year (1932), while at the same time the report revealed a contrasting
definite and considerable increase in the incidence of the disease in the
Western Province, in agreement with the statistics. This would seem to

                                                                                                                                Article
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Figure 2. National statistics for reported malaria cases derived
from the Ugandan annual reports. A) Total case counts for all dis-
tricts (the dashed line gives the least-squares, best-fit linear rela-
tion); B) departure of cases from best-fit linear relationship; and
C) cases normalised by population estimates. 
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corroborate reports in Roberts (1964) and Shanks et al. (2005), that
identify highland outbreaks in western Kenya in 1931 and 1932 (along
with 1934, 1937 and 1940). Shanks et al. (2005) also cite the report of
a severe outbreak in Kericho, Kenya during 1928 in Matson (1957). For
the years 1933-1934, unusually high numbers of malaria cases in
Mbarara were described with one account reflecting that It is surprising
to find that Mbarara, a reputedly healthy station, returned an equal or
even greater number of cases of malaria than any other place except
Kampala for each of these three years (Annual Medical and Sanitary
Reports, 1934).
Following this, the reports generally lack detail during WWII, during

which time the national statistics were deemed unreliable for analysis.
Perhaps one of the most striking references to malaria is that from
1944 when malaria was described to have occurred in epidemic propor-
tions throughout the Protectorate (Annual Medical and Sanitary
Reports, 1944). 1944 was also a notable year in neighbouring Kenya
when a severe outbreak occurred in Nandi with over 600 known deaths
(Roberts, 1956). At the Protectorate level the 1949 medical report
described little variation in the total number of patients treated for the
years 1945-1949, although unusual amounts of malaria (cases) in
Kigezi district (located in southwest Uganda) were reported during
1948-1949 (Annual Medical and Sanitary Reports, 1949), while the
number of reported cases were identified as falling after 1949.
During the first half of the 1950s there is little to note on malaria in

Uganda from the archival reports, although towards the end of 1951
sharp outbreaks occurred in some towns described as normally free of
the disease. The number of reported cases appears to have been low in
1952 in the Protectorate overall, as well as in Kigezi district, Western
Province, where by 1952 malaria had been declared no longer a grave
problem (Annual Medical and Sanitary Reports, 1952). By the mid-
1950s it was evident that malaria was rebounding and continued to be
a problem in parts of Kigezi district and in 1958 a local outbreak of
malaria occurred in an area of north Kigezi normally free of the disease
(Annual Medical and Sanitary Reports,1958), coinciding with the year
of a large outbreak in the Ethiopian highlands (Fontaine et al., 1961).
Apart from a decrease in Kigezi due to the instigation of a DDT spray-
ing pilot project (McCrae, 1975), the rest of the Protectorate experi-
enced notably higher prevalence during the late 1950s. The 1958 med-
ical report reflected that it must be assumed that there has been a real
rise in the incidence of malaria over the past four years (and still more
over the last two) which cannot be accounted for by the general increase
in numbers attending hospital for all types of illness (Annual Medical
and Sanitary Reports, 1958). The reports thus tend to confirm the
observed general reductions in the early 1950s followed by a steep
increase in the late 1950s.

Contemporary attribution of anomalies
In addition to documenting anomalies in numbers of reported cases,

the annual reports often attempted to attribute these anomalies to one
or more of a wide range of potential causes, including land use change,

migration, misdiagnosis and other data uncertainties, population vul-
nerability, for example through lack of immunity, and climate (sum-
marised in Table 2). This highlights that already by the 1930s, medical
officers had a comprehensive appreciation of both the entomology and
epidemiology of the disease.
Often in the reports, emphasis was placed on the entomological

aspects of disease transmission, with the attribution of outbreaks or
anomalies connected with surface hydrology providing availability of
breeding sites and the related land use or management. For example,
in the early 1940s the colonial administration had begun to encourage
the drainage of swamps in the southwestern highlands to expand the
amount of land available for cultivation, and investigations at the time
of the 1944 outbreak suggested that cases of malaria from this area
were a result of this partial drainage and cultivation of swamps (Steyn,
1946; Garnham et al., 1948), reasons that were discussed in the Annual
Medical and Sanitary Reports (1947). Sometimes the attribution of

                   Article

Figure 3. National statistics for reported malaria cases for the
Western Province derived from the Ugandan annual reports. A)
Total case counts for all districts (the dashed line gives the least-
squares best linear fit relation); B) fractional departure of cases
from best-fit linear relationship.

Table 2. Summary of annual reports and literature.

Period                                    Malaria notes                                                                    Reason attributed at time

Early 1930s                                    Higher transmission                                               Increased access to health systems, land use, migration, misdiagnosis
1944                                                          Outbreaks                                                                                      Unusual rains, population movements
1945-1955                                   Decreasing transmission                                                                    Improved drainage and water management
1951                                                   Isolated outbreak                                                                                                      Unusual rains
1955-1960                                 Strongly increasing malaria                                     Lack of control, land use, poor land management in development schemes
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B
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malaria outbreaks could be very local in scale, with a fishpond incrim-
inated as the cause of the 1958 outbreak in north Kigezi (Annual
Medical and Sanitary Reports,1958). More generally, the rise in cases
in the late 1950s was ascribed to the creation and proliferation of mos-
quito breeding sites associated with development projects, such as the
digging of borrow-pits for the construction of new roads, irrigation proj-
ects, and the building of dams and fish ponds. A similar account was
given in the Medical Department report for 1960 when it was thought
almost certain that rising malaria was the result of an increase in
breeding places associated with human activity (Annual Medical and
Sanitary Reports, 1960).
Migration, both cyclic and permanent, has received much attention

in the recent literature for its role in transporting the malaria parasite
(Sevilla-Casas, 1993; Martens and Hall, 2000; Tatem and Smith, 2010;
Wesolowski et al., 2012; Tatem, 2014; Tompkins and McCreesh, 2016),
but the role of human migration in transporting the agent between
areas of low transmission was already appreciated during the historical
period (Findlay, 1946; Prothero, 1961) and often identified as the mech-
anism behind transmission anomalies. For example, increased cases in
Mbarara in the 1930s were attributed to a large number of
Banyaruanda workers passing through the district, and Western
province cases in the 1950s were also associated with movement from
lower altitude regions in Buganda. In neighbouring Kenya, Garnham
(1945) speculated the carriers of the parasite to higher altitudes during
the 1944 outbreak were itinerant agricultural workers and their fami-
lies originating in malarious lowland parts of the country. Population
movements were again highlighted as a likely contributing factor to the
incidence of malaria in Kigezi district. During the mid-to-late 1940s,
and in response to concerns regarding the over cultivation and over-
population of parts of Kigezi district, the British administration devised
a resettlement scheme that entailed the relocation of people from the
more densely populated highlands to designated areas of more sparsely
populated lower altitude land elsewhere in Uganda (Carswell, 2007). It
was considered likely that malaria cases had predominantly occurred
among the non-immune settlers who had moved from the highlands.
The reports also demonstrate a good appreciation of socio-economic

and environmental issues. For example, the report for 1929 described
the role of housing improvements in reducing malaria. It is interesting
to note that, despite recent evidence of the effectiveness and cost effi-
ciency of housing improvements (Ault, 1993; Lindsay et al., 2002; Atieli
et al., 2009; Lwetoijera et al., 2013), they are no longer considered a
front-line intervention strategy for control in Uganda. Several reports
highlight the role of host immunity in determining the profile of popu-
lation vulnerability. In tandem, the reports also show awareness of the
uncertainties in the data themselves. The sharp increases in the late
1920s were thought to be due more to improved diagnosis and to the
greater resort on the part of the native to treatment than to an actual
increase in the incidence of the disease Annual Medical and Sanitary
Reports (1929), while high malaria transmission reported in the
Western Province in the early 1930s may instead have reflected the
introduction of typhus fever into the district, which may have been
recorded as clinical malaria (Annual Medical and Sanitary Reports,
1932). The 1949 report conceded that information on malaria incidence
among the general African population was less precise than that on the
European and Asian populations (Annual Medical and Sanitary
Reports, 1949).
What of the perceived role of climate in malaria transmission? The

reports were certainly aware of climate as a driver of interannual
malaria variability. When discussing the 1944 outbreak, the medical
report for the year cited the unusual rains which were described to con-
sist of light showers at frequent intervals creating circumstances

favourable not only for large scale breeding of An. Gambiae but for
increased longevity of the mosquito itself (Annual Medical and Sanitary
Reports, 1944). Rainfall was also very low in 1943 resulting in food
shortages across much of Uganda (Carswell, 2003), which was likely a
contributing factor in facilitating the epidemic through increased
social vulnerability. Unusual rainfall conditions were also highlighted
when discussing the malaria outbreaks in the latter half of 1951, attrib-
uted to unusually prolonged rain in the later part of the year, following
the lighter than normal rains during the earlier part of 1951 when
malaria incidence was low (Annual Medical and Sanitary Reports,
1951). This would agree with observations in Kenya, where unusual
rainfall conditions produced a highland epidemic with shifted season-
ality despite ongoing control measures (Shanks et al., 2005). Overall, it
is particularly noteworthy that climate variability is only considered in
terms of rainfall; in no report was a mention of anomalous tempera-
tures found. This is despite the fact that it was already well established
that high altitudes with lower temperatures were associated with lower
or no malaria transmission. This could be due to the fact that interan-
nual variability in rainfall is likely more striking to the observer than
anomalies in temperature and the fact that relatively minor perturba-
tions of temperature in a highland region can have a significant impact
on transmission was presumably poorly appreciated.

Climate summary
The climate during the study period 1926-1960 shows no tempera-

ture trends for the mean of the five stations (Figure 4A). This agrees
with Christy (2013), who reported no strong evidence of temperature
trends during the period 1920-1960 in either maximum or minimum
temperature for a larger dataset of 31 stations. Christy (2013) recon-
structed a Uganda-wide temperature index for minimum and maxi-
mum temperatures. The poor correlation between these two variables
in the historical period compared with the modern highlighted the data
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Figure 4. Temperature (A), rainfall (B), and number of rainy days
(C), averaged for the five stations in Uganda used in this study.
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uncertainties at the time. Nevertheless, merging the data to produce a
Uganda-wide mean index showed that the years 1926-1930, 1942 and
1959 appeared particularly warm during the period 1920-1960, although
these warm years are now frequently exceeded due to the warming
trend that started around 1970 in the record. For the five stations in
question here, it is clear that the years 1928-1934, 1941 and 1957-1960
are almost 0.5°C warmer than the long-term average over the period.
Rainfall likewise exhibited no long-term trend (Figure 4B), with the

wettest four years identified as 1931, 1937, 1941 and 1951. As the his-
torical reports also attribute years of anomalous levels of reported
malaria cases to conditions of frequent light rain, the daily rainfall data
have been analysed to count the total number of days for which rain
exceeds an arbitrarily small threshold of 0.5 mm. Relative peaks of high
numbers of rainy days occur in 1937, 1940, 1944, 1951 and 1960. The
origin of the upward trend in the initial decade and whether this is real
or an artifact of the measurement method changing during the period
is unclear.
Rainfall in eastern Africa is influenced by both the tropical Pacific

and Indian Ocean temperatures (Birkett et al., 1999; Goddard and
Graham, 1999; Latif et al., 1999). Pacific variability is manifested in the
El Niño-southern oscillation (ENSO) (Bradley et al., 1987), with rain-
fall, especially during the short rains, tending to be increased during
warm ENSO events. The impact of the western Indian ocean is partic-
ularly strong and Black et al. (2003) suggest that the documented link
of ENSO variability with east Africa acts mainly via its impact on the
Indian ocean (Venzke et al., 2000). The effect of ENSO on temperature
is tropics-wide, with the whole tropics on the order of 1°C warmer dur-
ing warm El Niño events (Bradley et al., 1987).
The sea surface temperature (SST) anomaly in the region 5S to 5N

and 170W to 120W is commonly used as an index for ENSO (referred to
as the Niño3.4 index), which is shown for the period 1926 to 1960 in
Figure 5, using the data of Kaplan et al. (1998). There are strong El
Niño events occurring in 1925/1926 and 1930/1931 (as a benchmark,
the exceptional event of 1997/1998 slightly exceeded 2.5°C). An unusu-
ally long event is maintained through 1940 to 1942, but the post-war
years show little ENSO variance, with the next event occurring during
1957/1958. Verdon and Franks (2005) shows the SST anomaly index for
the western Indian Ocean region (10S to 10N and 50E to 70E; panel TWI
in their Figure 3), and there is a close association with ENSO variabil-
ity, as expected. All the warm ENSO events highlighted above corre-
spond to a warm western Indian ocean, with the exception of the late
1950s, during which the Indian Ocean region remains cool.
The station-mean climate summary shows some correspondence

with the historical malaria data. The relatively warm 1930s and late
1950s, for example, which would be expected to increase malaria trans-
mission, especially in the higher altitude provinces, coincides with
periods of anomalously high levels of malaria, in particular the upwards
trend of 1957-60. Moreover, 1944 and 1951 were both identified as out-
break years with rainfall conditions attributed as the cause in the
annual reports, and these years are both identified as anomalous in
terms of rainfall amount and/or rainy days total in the station data,
although the values are not unique, with 1937 also very wet but not
highlighted in the malaria statistics or written reports.
The climate data also highlight the potential uncertainty in the

malaria statistics and reports. For example, 1941 was shown to be both
a relatively warm and wet year, both expected due to the warm ENSO
event and warm Indian Ocean and one might expect this to reflect in
high numbers of malaria cases. Indeed, the 1941/42 years were identi-
fied as years of intense highland epidemics in both Kenya (Githeko and
Shiff, 2005) and the Usambara mountains on Tanzania (Bødker et al.,
2000), but no mention is made of anomalous case numbers in Uganda.

It is thus reasonable to hypothesise that similar circumstances of high
malaria cases may have existed in the Ugandan highlands but were not
identified or recorded because of the disruptions associated with WWII.

Climate driven malaria simulations
The malaria transmission varies greatly between the sites, as expect-

ed due to their wide range of altitudes and therefore mean temperatures.
For example, the highest altitude station at Kabale has a mean tempera-
ture slightly in excess of 16°C during the study period and therefore
malaria transmission is not supported in the model. This is not to say
that malaria outbreaks could not occur at this altitude, but they would
require a substantial migration of infectious population into the region
during an anomalously warm season, a process that is not included in
the model integrations. Moreover, there is substantial horizontal varia-
tion in temperature over the complex terrain in this region and the sta-
tion temperature is not likely to represent all locations. 
At the lower stations of Gulu, Tororo and Masindi, all of which are sit-

uated between 1100 and 1200 m in altitude, malaria transmission is
holoendemic or hyperendemic in rural environments, and the modelled
transmission is high in each year, as is the case for the present day cli-
mate prior to the recent scale up of interventions. For these stations,
variability in rural transmission from year to year due to climate is very
limited and noted outbreaks are unlikely to be climate-driven. However,
in higher population density settings, the transmission intensity can
reduce (Kelly-Hope and McKenzie, 2009) and increased interannual
variability can be simulated. This is demonstrated for the site of Tororo
(Figure 6). The simulation shown in Figure 6B illustrates a rural set-
ting with a population density of 100 km2. Climate drives variations in
the seasonal characteristics, but in the absence of interventions, the
PR in any case saturates each year at 60 to 80% (irrespective of model
parameter settings). Instead, Figure 6a shows transmission in a high-
density rural or peri-urban setting and reveals much stronger interan-
nual and multi-annual swings in prevalence. In this case, the PR is rel-
atively high in the early and mid 1930s, dropping to much lower levels
after 1938. With the exception of the period 1942-1944, the PR remains
low until 1953, after which PR increases and is subject to a positive
trend. It is notable that in this mesoendemic setting, the simulations
reveal a much larger sensitivity to the model parameter settings, and
perturbing a single model parameter by 20% is seen to be adequate to
suppress transmission throughout the 1950s in a number of the simu-
lations, for example. Transmission variability for the other three sta-
tions of Mbarara, Masindi and Gulu show some similarities with

                   Article

Figure 5. Monthly Niño3.4 index [sea surface temperature anom-
aly based on Kaplan et al. (1998) for the region 5S-5N and 170-
120W] during the study period. 
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Tororo, but there are also considerable inter-station disparities that are
likely associated with the horizontal variability in rainfall amounts and
daily variability (Figure 7). The simulations for Mbarbara show high PR
values for the late 1920s and the three years of 1930-1932, but then
transmission practically ceases until the war years after 1942.
Transmission trends downwards in the late 1940s and again ceases by
1954 (although a subset of the model ensemble members simulate
some transmission). Transmission resumes in the late 1950s. The
Masindi and Gulu simulations for peri-urban settings repeat this gen-
eral picture, but with considerable differences concerning the period
during the 1930s during when simulated transmission was high. Both
of these stations show a strong positive trend in malaria transmission
and prevalence setting after 1954.

Comparing the model and statistics
Although the model simulations and observed case data are measur-

ing different aspects of malaria, it is illustrative to compare the two
series to see if there is some similarity in the broad trends. The analy-
sis of annual departure from expected number of cases for the model
output for the four key stations compared with departure from expected
for the annual reported number of cases in the empirical data reveals
limited similarity between the two series (Figure 8), and there is weak
evidence for a correlation (default model: Spearman’s rho=0.39,
P=0.05, ensemble mean: Spearman’s rho=0.35, P=0.09). For the 1930s,
where the model simulated very contrasting responses at each location,
the general downward trend is not reproduced in the data. Despite
these disparities however, there is a strong correspondence in the year
in which the sharp increase begins in the 1950s.

Discussion

The malaria statistics contained in the national annual reports of the
Medical Department of the Ugandan Protectorate revealed some peri-
ods when numbers of reported malaria cases were higher than usual,
as well as identifying some isolated years of anomalous levels on a
national or local scale. The number of reported cases appeared to be
somewhat higher than expected in the late 1930s, according to the sta-
tistics compiled here. A strong outbreak was noted in 1944, and after
decreases in the late 1940s and early 1950s, the number of reported

cases increased strongly in the years of the late 1950s leading up to the
introduction of the mass interventions conducted in the 1960s. The
written reports accompanying these statistics attributed these trends
to a wide variety of socioeconomic and environmental causes, although
climate was relatively rarely invoked and was discussed in terms of
anomalous rainfall conditions, neglecting temperature. This emphasis
is often reflected in more modern analyses of outbreaks, with Lindblade
et al. (1999) emphasising the role of anomalous rainfall in the 1998
outbreak in the Kenyan highlands for example, despite a considerable
warm temperature anomaly that also resulted from the strong El Niño
conditions. Although it is highly likely that the contemporary report
writers were aware of the complex and interactive nature of the drivers
of malaria, the attribution of malaria anomalies was frequently univari-
ate or bivariate, focusing on one or two principle causes. This was most
likely  due to the near impossibility of ascertaining the relative contri-
butions of drivers in this complicated system. Modelling the potential
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Figure 6. Tororo station malaria parasite ratio simulated for a
population density of 100 km2 (A) and 1000 km2 (B). The time-
series of model output therefore show the default model superim-
posed on light and dark shading that indicates the range of the
inner 90 and 50% percentiles, respectively (i.e. 90 and 50% of
the simulations lie within the indicated range). 

Figure 7. Malaria parasite ratio for: A) Mbarara (assuming popu-
lation density of 100 km2); B) Masindi (1000 km2); and C) Gulu
(1000 km2).
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influence of climatic factors on malaria transmission allows us to
examine whether the influences of climate may have been underesti-
mated at the time. 
Driving a mathematical-biological model for malaria transmission

with climate data does indeed reveal some broad tendencies that repli-
cate some features of the malaria cases records. The simulation for
four locations in Uganda indicates higher transmission in the early to
mid 1930s relative to the rest of the period, although there is consider-
able variation between the locations, and the written reports in this
period are also somewhat conflicting. Anomalously high numbers of
reported cases were, however, evident in Western Province, where an
outbreak was reported in 1932. The direct comparison of the two infor-
mation sources is challenging, but it does appear that the relatively
warm climate associated with the warm ENSO may have contributed in
increasing the occurrence of malaria during this period. Strong warm
ENSO conditions and a warm western Indian Ocean persisted during
1941/1942, and were likely to have resulted in the warm and anom-
alously wet conditions that were observed in the Ugandan climate data.
These resulted in high transmission in the model simulations, which
was not corroborated in the Uganda health records. The fact that malar-
ia outbreaks were reported independently in the highlands of neigh-
bouring Kenya and Tanzania during this period leads us to suggest that
high incidence of the disease may have been missed in Uganda, per-
haps due to the ongoing conflict. More robust conclusions can be drawn
concerning the period of the late 1950s. The statistics and descriptions
in the annual reports reveal a strong upward trend in cases, and this is
clearly reproduced in the malaria model simulations, at least in part
due to ENSO-related warming, indicating a clear role of climate in driv-
ing, at least in part, an increase in malaria.
Here we are not arguing that climate is the sole, or even the most

important, driver of interannual variations in malaria cases. Moreover,
the modelling efforts are associated with considerable caveats. The
limitations of the health, climate and population datasets used in the
analysis imply that the simulations can only provide a crude indication
of transmission variations; like-for-like simulations of cases on a catch-
ment scale are not possible. The malaria model itself is subject to
uncertainties in its mathematical formulation and parameter settings.
For example, the anomalous transmission years associated with
unusual rainfall conditions were not identified in the simulations.
While this could be partly due to errors and lack of representativeness
of the five meteorological station datasets, this could also be due to the
poor representation of the highly nonlinear relationship between rain-

fall and breeding site availability, especially in areas of complex terrain
(Lindsay and Martens, 1998).
The role of climate variability and trends relative to socio-economic

factors in driving malaria transmission variation has been the subject
of much recent debate (Hay et al., 2002a, 2002b; Gething et al., 2010;
Alonso et al., 2011; Ermert et al., 2012; Caminade et al., 2014; Siraj et
al., 2014). Here, the strong correspondence between malaria observa-
tions and climate-driven simulation in the late 1950s nevertheless
reemphasises the need to include climate in the assessment of the
impact of intervention strategies. The control efforts involving DDT
spraying of the early 1960s were likely superimposed on a climate-dri-
ven variability, and if the warming of the late 1950s was subsequently
reversed and rainfall levels were to decrease, as ENSO returned to a
cooler La Niña state, the perceived early successes of interventions
may have been exaggerated, for example. The present scaling up of
efforts to combat the disease imply that this incorporation of climate
information in planning and subsequent assessment of intervention
strategies is perhaps more pertinent now than ever. This study indi-
cates that we are beginning to develop malaria modelling systems that
may be capable of aiding this assessment.

Conclusions

This paper highlights the possible role of climate (temperature and
precipitation in particular) variability in influencing the number of
malaria cases in Uganda during the documented past, and the value of
recently developed dynamic disease models in simulating outbreaks
based on climate and other environmental data. This role is confound-
ed, however, by other factors. Climate therefore has some explanatory
value concerning variations in the number of reported cases of malaria
in the country. This ought to be taken into account when considering
the effectiveness of current interventions and the possible impacts of
projected future changes in climate.
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