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Population at risk of dengue virus
transmission has increased due
to coupled climate factors and

population growth
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Dengue virus transmission has increased over the last four decades seemingly due to changes in
climate, urbanization and population growth. Using estimates of dengue transmission suitability
based on historical temperature and humidity data, we examined how shifts in these climatic variables
and human population growth have contributed to the change in the geographical distribution and size
of the global population living in areas with high climate suitability from 1979 to 2022. We found an
expansion in climate suitability in North America, East Asia and the Mediterranean basin, where with
few exceptions, endemicity is not yet established. Globally, we estimated that the population in areas
with high climate suitability has grown by approximately 2.5 billion. In the Global South, this increase
was largely driven by population growth in areas with historically favorable climate suitability, while in
the Global North this increase predominantly occurred in previously unfavorable areas with limited

population growth.

Dengue is the most common mosquito-borne viral disease globally, with an
estimated 60 million symptomatic cases per year across 130 countries"’. The
dengue virus (DENV) is transmitted by Aedes spp. mosquitoes, which
typically inhabit urban environments in tropical and subtropical regions.
Disease burden in affected countries has greatly increased over the past few
decades with Southeast Asia, South America, and the Western Pacific
accounting for the majority of reported cases'. Dengue transmission is also
suspected across much of Africa, where limited surveillance and the co-
circulation of multiple mosquito-borne viruses make it difficult to estimate
the true disease burden. Globally, the health and economic impact of dengue
is substantial, with over 2 million disability adjusted life years worldwide’
and an estimated annual total cost of US$2.1 billion and US$950 million in
the Americas’ and South-east Asia®, respectively. In the last decade, the
geographical range of dengue has also expanded to more temperate climates
with the establishment of epidemic activity in parts of North America and a
rise in autochthonous transmission in southern Europe™. Dengue has also
become the leading cause of febrile illness among travelers returning from
Southeast Asia’, which has contributed towards the global spread of dengue

into previously disease-free areas’. These recent trends are thought to be
driven by changes in climate, land use, urbanization and human movement
that increase proximity between vectors and humans and favor the spread of
vector species”.

The geographical range, timing and intensity of dengue transmission
are influenced by the interaction between environmental factors such as
temperature”'’, humidity'' and the presence of water sources’, and
anthropogenic factors such as urbanization'*"* and population growth'.
Climate strongly influences dengue transmission because it modulates
several physical and behavioral traits of mosquitoes such as adult lifespan,
aquatic developmental rates, viral incubation period and biting rate, thereby
altering a mosquito’s physiological potential to transmit the virus to new
hosts'>'®. In experimental studies of Ae. aegypti mosquitoes, higher tem-
perature increased transmission potential through, for example, increases in
mosquito lifespan'® and decreases in viral incubation period". At extreme
temperatures, however, some mosquito traits such as survival are adversely
affected’. At the same time, higher relative humidity has been shown to
increase mosquito lifespan'” and enhance virus propagation' in several
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settings. Ae. albopictus mosquitoes, which has historically played a minor
role in dengue transmission compared to Ae. aegypti mosquitoes, are better
adapted to survive in more temperate climates’. Collectively, these climate-
dependent variables have favored dengue transmission in warm and humid
tropical regions and limited expansion into more temperate climates
beyond the equatorial zone.

Using this accumulated experimental data on Aedes spp.
mosquitoes'>'*'*, several studies have developed DENV suitability measures
that mechanistically model the interactions between climate and mosquito-
viral traits™'***. Mechanistic suitability measures vary in methodology and
interpretation, but virtually all proposed approaches aim at quantifying
transmission potential, often without resorting to epidemiological data
which can be subject to reporting bias or have limited spatiotemporal
resolution. Since climate imposes major constraints in mosquito survival
and viral propagation, these mechanistic models can be useful in defining
the geographical limits of transmission across both endemic and emerging
areas. Additionally, these models can be easily designed to include non-
linear relationships among mosquito-viral traits over various time scales
and thus capture intra-annual fluctuations in transmission potential. Across
diverse climate conditions, such models have been shown to accurately
capture the timing and spatial distribution of reported dengue
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infections™****. Many mechanistic modeling approaches, however, estimate
dengue transmission potential on temperature-based relationships alone’ or
lack sufficient validation over diverse geographical areas. In contrast, sta-
tistical approaches including species distribution modeling that estimate
associations between climate variables and dengue or vector observations
are sometimes restricted in their ability to define the changing geographical
limits or temporal dynamics of DENV transmission””. This can be
attributed to spare reporting in areas where transmission is low* and dif-
ficulty capturing the nonlinear interactions between variables that
mechanistically drive transmission”’. Moreover, these statistical approaches
often rely on a single minimum or maximum value to define climate-based
limits, which may fail to account for more complex seasonal variation in
transmission potential. Prior modeling efforts have also been developed on
locally-specific parameter estimates with applications limited to specific
regions” . Mechanistic dengue transmission suitability measures thus
offer an effective way of examining how climate modulates the ecological
constraints on dengue virus transmission at a higher spatial and temporal
resolution. While improvements have been made in the estimation of future
dengue risk with modeling techniques™”*”, the extent to which past
environmental changes may have influenced the current geographical limits
and epidemic activity of DENV has received less attention.
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Fig. 1 | Climate suitability for dengue virus transmission. a Average climate
suitability for dengue virus transmission between 1979 and 2022, presented on
the Index P scale. b, ¢ Mean yearly incidence (cases per 100,000 population; left
panel) and mean annual climate suitability for dengue virus transmission (right
panel) across municipalities in Brazil (n =5570; 2000-2014) and Colombia
(n=1119; 2007-2017), respectively. Climate suitability is categorized into low

Mean annual incidence (per 100,000 population)

Climate suitability

ES Low EF High
(<0.5, blue) and high (=0.5, red). Municipalities without incidence data are
colored gray. d Comparison of mean annual incidence in low and high climate
suitability regions across Taiwan (districts; n = 368; 1998-2020), Vietnam
(provinces; n =63; 1997-2010), Brazil (municipalities), Colombia (munici-
palities), Costa Rica (cantons; n = 82; 2012-2013, 2015-2017) and Thailand
(provinces; n =77; 2003-2022).
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Fig. 2 | Historical changes in climate suitability for dengue virus transmission.
a Absolute change in climate suitability on the Index P scale between 1979-1983
(past) to 2018-2022 (present). b-d Estimated trend in climate suitability for dengue
virus transmission per pixel using monthly Index P time series from 1979 to 2022 for
Africa, South America and South Asia/South-East Asia [dark blue = (-00, —0.010],

medium blue = [—0.010, —0.005), light blue = [—0.005, —0.0001), white =
[—0.0001, 0.0001), light orange = [0.0001, 0.005), medium orange = [0.005, 0.010),
dark orange = [0.010, 00)]. Pixels with trends that are not significant at an false
discovery rate (FDR) < 0.10 are colored white.

In this study, we define climate-based DENV transmission suit-
ability using Index P********. Index P is a mechanistic dengue suitability
measure for Ae. aegypti mosquitoes based on temperature and relative
humidity that has been shown to characterize the spatiotemporal
dynamics of dengue transmission”. By leveraging publicly available
estimates of Index P for 186 countries and territories from 1979 to 2022,
we quantify local and global changes in climate suitability for DENV
transmission over the last four decades at a monthly time resolution and
at a spatial resolution of 360 arcseconds (approximately 11 km at the
equator). For brevity, we refer to the interplay between temperature and
relative humidity as climate, recognizing that climate is a complex phe-
nomenon that accounts for additional meteorological variables. We then
analyze how the distribution and size of human populations living in
areas with high climate suitability for DENV transmission has changed
over time and stratify these changes based on different factors including
population density, income level and climate type that are known to be
related to variation in dengue risk. We aimed to better understand how
changes in climate (in terms of temperature and relative humidity) and
population growth have contributed to the share of the global population
living in areas with favorable environmental conditions for DENV
transmission in different regions of the world.

Results
Global climate suitability for dengue virus transmission
Global variation in climate suitability for DENV transmission (hereafter
referred to as climate suitability) was summarized using recently published
spatiotemporal data for 186 countries or territories from 1979 to 2022>**
(Fig. la). In that work, a mechanistic mosquito-borne viral suitability
measure referred to as Index P was used to estimate monthly time series of
global climate suitability by Ae. aegypti mosquitoes based on satellite surface
air temperature and relative humidity data. Although Ae. albopictus also
transmits dengue virus, we focused on Ae. aegyptibecause it accounts for the
majority of vector-human transmission™, and it is the species for which
detailed empirical data exist on the relationship between meteorological
variables and vector-viral traits. These climate suitability estimates were
previously validated as a measure of DENV transmission potential using
dengue incidence data from Brazil, Thailand, Mexico and Puerto Rico”. We
refer to Index P as a climate-based transmission suitability index recog-
nizing that climate encompasses complex meteorological phenomena
beyond temperature and relative humidity.

In this study, we present the average climate suitability per pixel from
1979 to 2022 (Fig. 1a). This summary metric highlights areas that remain
suitable for transmission throughout the year and also accounts for areas
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Fig. 3 | Estimated changes in land area and population with high climate suit-
ability for dengue virus transmission. a Changes in areas classified as having high
climate suitability for dengue virus transmission (using a threshold of 0.5). Areas
that do not exceed the threshold for high climate suitability in either 1979-1983 or
2018-2022 are colored white. Estimated changes in land area (b) and population (c)

with high climate suitability from 1979-1983 (circle) to 2018-2022 (diamond) for
different regions. Mean (point), 50% (thick bar) and 90% (thin bar) credible intervals
are shown. d Increase in the population (in millions) living in areas with high climate
suitability from 1979-1983 to 2018-2022 due to climate effects (red), population
effects (blue) and both climate and population effects (gray).

that are characterized by brief periods of very high transmission potential
interspersed with periods of less favorable climate conditions. It should thus
be interpreted as the potential for epidemic activity rather than endemic
transmission. Climate suitability was highest within the tropical, subtropical
and temperate areas around the equator. Visually, the spatial distribution of
climate suitability was consistent with previous reports of global dengue
incidence’. Specifically, high climate suitability was estimated across the
western tropical zone of Africa, the Indian subcontinent, Southeast Asia, the
Western Pacific, and Latin America, where DENV is known to be largely
endemic and reported incidence is high’. Relatively high climate suitability
was also estimated in areas where DENV has shown autochthonous
transmission but is not yet known to be endemic (e.g., southern United
States and northern Australia), or where infections are suspected to be
under-reported due to limited surveillance (e.g., Central and Eastern Africa).
Climate suitability was generally low across continental Europe with areas of
non-zero suitability confined to isolated parts of Spain, France, Italy, and

Turkey, where autochthonous cases have also been on the rise over the past
decade.

Next, we used reported dengue case counts for several countries with
dengue surveillance data to characterize the relationship between estimated
climate suitability and observed dengue incidence (Fig. 1b-d). Using a
threshold of 0.5 to define high climate suitability (see Technical validation of
suitability index for details), areas of high climate suitability generally had
higher dengue incidence than areas of low climate suitability across muni-
cipalities in Brazil (Fig. 1b) and Colombia (Fig. 1c). There were several
municipalities in the Northwest of Brazil and the Southeast of Colombia
where reported dengue case counts were lower than expected from the
estimated climate suitability. It has been previously noted” that these
municipalities form part of the Amazon rainforest, which may have lower
reported dengue cases due to factors such as low population density, poor
surveillance and limited connectivity between communities. Similar results
were observed across Costa Rica, Vietnam and Taiwan, with higher dengue
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incidence in high suitability areas than low suitability areas (Fig. 1d, Sup-
plementary Fig. 1). There was notable variation in the absolute magnitude of
dengue incidence across countries (Fig. 1d), which may reflect local dif-
ferences in non-climatic factors that contribute to dengue transmission,
including the levels of existing local herd-immunity.

To quantify the effect of climate suitability on dengue incidence, we fita
censored linear regression model for each country (except Thailand where
all provinces had high climate suitability) with mean annual incidence as the
outcome, climate suitability as a binary independent variable (high vs. low
suitability), and population density and population size as covariates
(Supplementary Fig. 2). Across 5566 municipalities in Brazil, we found that
high suitability areas had a 37-fold (95% confidence interval = 33-42)
greater incidence than low suitability areas. In Colombia, we observed a
smaller effect with a 3-fold (95% confidence interval = 2-5) greater inci-
dence in high vs. low suitability areas. We then meta-analyzed the results for
each country using a random-effects model. Across the five countries, high
climate suitability was associated with a 11-fold (95% confidence
interval = 4-36) greater dengue incidence compared to low climate suit-
ability (Supplementary Fig. 2).

Global changes in climate suitability for dengue virus
transmission

We examined how climate suitability for DENV transmission has changed
from 1979 to 2022. First, we defined past climate suitability as the average
suitability from 1979 to 1983 and present climate suitability as the average
suitability from 2018 to 2022 (Supplementary Fig. 3). We estimated the
absolute change in climate suitability over the last 40 years by calculating the
difference between the estimates of past (1979-1983) and present
(2018-2022) suitability (Fig. 2a). Globally, we observed increases in climate
suitability in the southern United States (Supplementary Fig. 4), north-
eastern Brazil, western and southern Africa, the Indian subcontinent,
Southeast Asia and coastal areas of continental Europe (Supplementary
Fig. 5). Decreases in climate suitability were observed in northern Australia
(Supplementary Fig. 6), parts of South America and the northeast of Africa.

To account for transient climate variability and identify areas where
climate suitability is exhibiting sustained changes over time, we quantified
long-term trends in monthly time series of suitability per pixel using a
seasonal Mann-Kendall test (Fig. 2b—d, Supplementary Fig. 7). Globally, we
estimated that 28.5% of total land area (38.2 million km?) exhibited long-
term changes in climate suitability (FDR g <0.1). Trends towards both
higher and lower climate suitability were concentrated within the equatorial
tropical and subtropical zones, coinciding with regions that have historically
exhibited high climate suitability (Supplementary Fig. 8). In South America,
Africa and Asia, we found that 37.4% (6.6 million km?), 51.4% (15.3 million
km?) and 26.5% (11.8 million km?) of total land area have shown sustained
long-term changes in climate suitability from 1979 to 2022.

We then identified areas that transitioned from low to high suitability
(ie., expansion) and from high to low suitability (i.e., contraction) to
understand how and where the geographical limits of high climate suit-
ability (defined using a threshold of 0.5) have changed over the last 40 years
(Fig. 3a). These estimates were based on the absolute change in suitability
from 1979-1983 to 2018-2022 (Fig. 2a), and thus reflect the combined
effects of short-term fluctuations and long-term trends in climate suitability.
Globally, the proportion of land area with high climate suitability increased
from 38.4% to 39.5% (A = 1.1 percentage points (pp), 90% credible interval
(CI) = 0.9-1.4), corresponding to an expansion of approximately 1.5 million
km”. Similarly, the land area with favorable climatic conditions increased by
0.8 million km” from 24.4% to 26.2% (A = 1.8 pp, 90% CI = 1.4-2.2) in Asia
and by 0.6 million km’ from 12.2% to 14.8% (A = 2.6 pp, 90% CI = 1.5-3.1)
in North America (Fig. 3b).

In Africa, expansion in climate suitability in Southern and Central
Africa was accompanied by contraction in climate suitability in Northern
and Western Africa (Supplementary Fig. 9), resulting in relatively little
change in the total high-risk land area (A =0.1 pp, 90% CI = —1.2-2.6).
Locally, we observed large increases in climate suitability in Angola

(A =17.1 pp, +220,000 km?), Namibia (A = 16.0 pp, +130,000 km?) and the
Democratic Republic of the Congo (A =4.6 pp, +110,000 km? Supple-
mentary Fig. 10a, Supplementary Table 1). Conversely, we estimated large
decreases in climate suitability in Algeria (A = —14.8 pp, -350,000 km®),
Sudan (A=-9.0 pp, —170,000km’) and Mauritania (A=—15.0 pp,
—160,000 km®). In South America, Europe and Oceania, there was marginal
change in the geographical limits of climate suitability with expansion
confined to coastal areas of Spain, southern Turkey and southeastern Brazil.

Global change in human populations in high-risk areas

Next, we examined how human population growth coincided with the
changes in the land area with high climate suitability by geographically
overlaying global climate suitability with the population data and calculating
the total population living in high-risk areas (ie., pixels with climate
suitability greater than 0.5) in 1979-1983 and 2018-2022 (Fig. 3¢, Supple-
mentary Fig. 10b). We estimated that the proportion of the global popu-
lation living in high-risk areas increased from 48.8% to 60.0% (A = 10.8 pp,
90% CI = 10.0-11.8) from 1979-1983 to 2018-2022, resulting in 2.5 billion
more people living in areas with high climate suitability for dengue trans-
mission (Fig. 3d).

The majority of this trend was driven by changes in Africa where the
proportion of the population in high-risk settings increased from 59.6% to
64.2% (A =4.6 pp, 90% CI=4.2-5.9) and in Asia where the proportion
increased from 63.1% to 72.3% (A = 9.3 pp, 90% CI = 7.2-12.0; Fig. 3¢). In
absolute terms, these changes represent 569 million and 1.68 billion more
people living in high-risk areas in Africa and Asia, respectively. In Asia, five
countries (India, China, Pakistan, Indonesia, and Bangladesh) contributed
over 80% of the estimated increase (Supplementary Table 2). In Africa,
changes in Western Africa, especially Nigeria, were responsible for the
greatest share of this increase (Supplementary Table 2).

The absolute change in the population living in high-risk areas was
comparatively smaller across the Americas with an increase from 25.6% to
34.9% (A=9.1 pp, 90% CI=5.3-11.2) in North America (roughly 113
million more people), and from 38.6% to 42.1% (A=3.5 pp, 90%
CI = 3.1-3.8) in South America (roughly 94 million more people; Fig. 3¢, d).
In South America, we estimated that Brazil, Venezuela, Columbia, Ecuador
and Bolivia had the largest increases in the population living in high-risk
areas (Supplementary Table 2). Substantial changes were also estimated for
countries across Central America and the Caribbean, including Haiti,
Honduras, and the Dominican Republic, where the share of the population
in highly favorable climate conditions increased by over 5 percentage points.
(Supplementary Table 2).

To estimate the independent contribution of climate change and
population growth to the observed increase in the population living in high-
risk areas, we considered hypothetical scenarios in which climate and
population effects were each held constant over the four decades (Fig. 3d).
Globally, we found that population and climate effects independently
contributed 2.16 billion and 182 million more people in high-risk areas,
respectively. This observation held across continents (except Europe), with
population growth responsible for at least 4-fold more people living in high-
risk areas than that estimated for the effects of climate alone. Interestingly,
when countries were divided into the Global North and Global South
(Supplementary Table 3), we found that climate effects contributed more
to the increase in the population in high-risk areas than population growth
(59 million vs. 45 million) in the Global North (Fig. 3d).

When we accounted for the combined effects of climate change and
population growth, we observed that the summation of the independent
effect of each factor was marginally less than their combined effects (2.34
billion vs. 2.46 billion; Fig. 3d). This suggests that population growth fre-
quently occurred in locations which have only recently exceeded the high
suitability threshold. Furthermore, the greater increase in the proportion of
the global population living in high-risk areas (from 48.8% to 60.0%; Fig. 3c)
compared to the increase in the total high-risk land area (from 38.4% to
39.5%; Fig. 3d), indicates that population growth has also disproportionately
occurred in areas with historically high climate suitability.
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Fig. 4 | Shifts in the land area with high climate suitability for dengue virus
transmission stratified by different variables. The proportion of land area with
high climate suitability (using a threshold of 0.5) stratified by population density (a),
economic income group (b), and climate zone (c) in 1979-1983 (circle) and
2017-2022 (diamond). The population density was categorized into low density
(<100 people/km?, gray), medium density (101-300 people/km’, light brown), high
density (301-1500 people/km?, dark brown) and very high density (> 1501 people/

km’, red). Income group was categorized into low (dark blue), lower middle (light
blue), upper middle (light red) and high income (dark red) according to the World
Bank classification of economies. Climate zone was defined according to the Képpen
climate classification: tropical (orange), dry (yellow), temperature (green) and
continental (blue). The polar zone was not included because it does not encompass
any areas of high suitability. Mean (point), 50% (thick bar) and 90% (thin bar)
credible intervals are shown.

Shifts in climate suitability stratified by different factors

Since Ae. aegypti prospers within densely-populated urban environ-
ments, we examined how climate suitability changed in areas with dif-
ferent human population density over the past 40 years (Fig. 4a).
Globally, the proportion of high and very high density areas with high
climate suitability for DENV transmission increased from 58.5% to
66.2% (A =7.7 pp, 90% CI = 4.7-13.0) and from 48.1% t0 63.6% (A = 15.5
pp> 90% CI = 14.1--17.0), respectively. In contrast, the proportion of low
and medium density areas with climate suitability were roughly
unchanged over the last 40 years. Regionally, we estimated increases in
the proportion of both high and very high density areas with high climate
suitability across Asia, North America, South America and Oceania
(Supplementary Fig. 11). Conversely, we estimated decreases in the
proportion of high and very high density areas with high climate suit-
ability across Africa, with increases limited to medium density areas.

To examine how the identified global shifts in climate suitability have
been shared among different economies, we stratified the changes in climate
suitability according to the World Bank income groups (Fig. 4b). Although
lower income economies were estimated to have a greater proportion of
favorable climate conditions, larger relative increases in climate suitability
were observed for upper-middle and high income economies. Over the last
four decades, the proportion of land area with high climate suitability
increased from 31.6% to 32.9% (A =1.3 pp, 90% CI=0.2-2.4) and from
20.5% t0 22.2% (A = 1.6 pp, 90% CI = 0.3-2.5) in upper-middle income and
high income economies, respectively.

Finally, we asked whether the estimated changes in climate suitability
were restricted to specific climate types using the Koppen-Geiger climate
classification system (Fig. 4¢). Interestingly, we found that temperate climate
zones had the largest net change, with an increase in the proportion of land
area with high climate suitability from 25.2% to 30.5% (A =5.3 pp, 90%
CI =3.2-6.2). The tropical climate zones, which were estimated to have the
greatest share of high climate suitability, had a smaller increase from 87.5%
t0 90.1% (A = 2.6 pp, 90% CI = 1.3-3.5).

Discussion
In this study, we used a dengue suitability measure that incorporates the
effects of temperature and relative humidity on mosquito-viral traits to

evaluate changes in climate suitability for DENV transmission at a global
scale. We found that the equatorial tropical and subtropical zones spanning
much of Sub-Saharan Africa, Southeast Asia, and northern South America
experienced the largest increases in climate suitability over the past 40 years.
We also observed an expansion in climate suitability to more temperate
environments in North America, East Asia and the Mediterranean Basin.
Critically, we found that the relative contribution of population growth and
climate change to the share of the population living in areas with climate
conditions favorable to DENV transmission was different in the Global
South compared to the Global North. While the Global South experienced
substantial population growth in historically high-suitability areas with
comparatively minor changes in the total land area with high climate
suitability, the Global North experienced a major expansion in the total land
area with high climate suitability accompanied by relatively modest popu-
lation growth. Together, these results highlight important differences in the
potential drivers of increased dengue risk across different regions.

Globally, increases in climate suitability were found to be pre-
dominantly concentrated in areas that have historically exhibited both high
climate suitability and epidemic activity, resulting in only marginal changes
to the geographical limits of suitability. Several of the areas with marked
increases in suitability have recently reported increased local transmission
(e.g., southern United States”” and Central Africa™) or larger and longer
seasonal outbreaks (e.g., Central America™). In contrast to some future
predictions of increased dengue risk in continental Europe™, we found that
climate suitability for DENV transmission has remained relatively low
across Europe over the last 40 years, with increases in suitability confined to
coastal areas in Spain, France, Italy and Turkey (Supplementary Fig. 5).
Some of these areas, specifically Southern Spain, France and Northern Italy
have seen a rise in short-term autochthonous transmission of dengue,
chikungunya and West Nile virus over the past 5 years™*.

Interestingly, some regions, most notably Northern and Eastern Africa,
were estimated to be decreasing in climate suitability. This suggests that the
increasingly dry and warm conditions within and around this region may be
negatively affecting mosquito-viral traits, resulting in decreased overall
climate suitability for DENV transmission. These results point to a poten-
tially ongoing, long-term shift in the geographical distribution of dengue
risk with the emergence of DENV in new areas and its disappearance from
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classically suitable areas in the future. This observation is consistent with
future projections of dengue risk’® and may follow the expected climate-
driven decline in the transmission of malaria by the Anopheles gambiae
mosquitoes, which are adapted to cooler conditions, in Africa’"*. However,
many of these areas with decreasing suitability remain highly favorable for
dengue transmission, emphasizing that climate-driven constraints on
dengue transmission may not materialize for many years and are still subject
to future climate change®.

Additionally, we found that population growth has preferentially
occurred in areas with historically high suitability, resulting in substantial
increases in the population living in favorable climatic conditions.
Assuming favorable conditions for the establishment of vector populations
(e.g., suitable reproduction habitat), approximately 70% of the populations
in Africa and Asia are currently living in areas with a high risk of infection—
a roughly 15% increase relative to four decades earlier. Therefore, despite
relatively small changes in the geographic limits of climate suitability, par-
allel population growth has resulted in millions of additional people living in
areas with high climate suitability. This rapid growth in the available host
population in climate-suitable areas emphasizes the increasing public health
burden that the Global South will face as DENV continues to spread to
new areas.

The increase in the proportion of high and very high human density
areas with high climate suitability has implications for how we understand
the recent increase in global dengue incidence. In a study on future dengue
risk in Southeast Asia, it was found that high density areas, relative to both
low and very high density areas, confer the highest risk of infection™. Taken
together with their findings, our results point to the emergence of high
density population centers as a potential contributor to the currently high
risk of DENV transmission in many parts of the world. Additionally, many
epidemiological studies from dengue-endemic areas in Southeast Asia
have identified an association between poor urban planning (i.e., limited
water infrastructure and waste management) and increased dengue
transmission’*"’. Hence, there is a need to more closely examine the link
between urban development in high density areas and climate-based dengue
risk. These links are likely to become increasingly important as the Global
South, particularly Africa and South America, continues to undergo rapid
urbanization and industrial development while facing higher climate suit-
ability for DENV transmission.

There are several limitations as well as potential future opportunities
of this study. Our model considers the empirical effects of temperature
and humidity on transmission suitability, but other factors including
precipitation'®", altitude®, urbanization*, and vegetation' could either
constrain or favor local transmission. Furthermore, our suitability index
does not provide any assurance that the mosquito vector, human host, or
the virus are present. Although we have previously demonstrated that the
index robustly reproduces spatiotemporal patterns of dengue incidence™,
high climate-based transmission suitability (i.e., Index P) should not be
interpreted as a guarantee of dengue epidemic activity, but rather as the
fulfillment of one of several criteria necessary for DENV transmission.
For areas without reported dengue cases, our estimates of climate suit-
ability can help identify hotspots where there is climate-based potential
for introduction or where incidence might be under-reported due to
insufficient surveillance. For example, we estimated high transmission
suitability in Central Africa where Ae. aegypti is predicted to be widely
disseminated'’ but reported cases remain low”’. We also identify areas in
Europe and North America with estimated increases in climate suitability
that have recently witnessed viral introductions albeit with short-term
transmission success. Conversely, large differences in estimated climate
suitability and reported cases were observed in arid environments such as
central Australia where suitable mosquito breeding habitats may be
scarce (e.g., due to low precipitation). Similarly, differences between
dengue reporting and climate suitability may arise in sparsely populated
areas such as the Amazon in South America where barriers to human
and viral mobility, as well as necessary human density for sustained
transmission, likely limit the occurrence of chains of transmission.

The mathematical expressions for mosquito-viral traits used in our
suitability index are based on experimental data from Ae. aegypti mosqui-
toes and do not account for the potential contribution of Ae. albopictus
mosquitoes to DENV transmission. This would be relevant e.g., for southern
Europe, where Ae. albopictus is now established but Ae. aegypti is not.
Previous research has shown that adult Ae. albopictus have higher survival
rates than Ae. aegypti and are better adapted to persist at higher latitudes™"’.
Using these experimental results, Brady et al.” developed maps defining the
current thermal limits of persistence for these two vectors. It could be
informative to contrast the historical geographical distribution of trans-
mission suitability for these vectors while including the influence of both
temperature and humidity. However, currently available empirical data on
mosquito-viral traits as a function of climate variables do not provide suf-
ficient information to fully parameterize and robustly validate Index P
specific for Ae. albopictus. We also note that Ae. aegypti mosquitoes can
transmit other arboviruses including chikungunya®, Zika®, and yellow
fever” that may have greater public health impact than DENV in some
regions. For example, yellow fever epidemics are increasing in frequency
and intensity in southern Brazil, where DENV transmission remains low™.

In this study, we directly addressed the question of whether long-term
changes in climate suitability from 1979 to 2022 were mediated by observed
and sustained incremental changes in underlying climate conditions.
However, this is not the only way that climate suitability for transmission
may have changed in the recent past. For example, cyclic climate phe-
nomena such as the El Nifio Southern Oscillation, which is responsible for
changes in atmospheric pressure and sea-surface temperature in the Pacific
Ocean, can modulate climate variability at a large spatial scale™’. Climate
extremes associated with events such as heat waves, droughts and floods
have been shown to influence DENV transmission potential through, for
example, increases in vector abundance™*. It is also becoming clear that
DENV transmission can be affected by global teleconnections existing
between local climate phenomena and climate variability elsewhere on the
planet (e.g., local temperature anomalies are influenced by the Indian Ocean
basin-wide index™). Modeling the interaction effects between long-term
climate change trends, recurrent and extreme climate events and global
teleconnection phenomena on DENV transmission potential is an impor-
tant area of research that is only now starting to be explored™.

It is worth noting that our estimates of climate suitability reflect the
recent past and do not represent what will happen in the future. Given recent
acceleration in global warming, projections of dengue risk based on climate
change forecasts decades into the future may differ from our estimates of the
historical distribution and magnitude of changes in climate suitability.
Nevertheless, our results have implications for how current resources,
including the recently developed TAK-003 dengue vaccine™, should be
distributed globally. We found that recent increases in the global population
living in areas with high climate suitability have been concentrated in the
Global South. Hence, immediate increases in DENV activity are expected in
the Global South, especially in Asia and West Africa. This could influence
the need to focus vaccination efforts on these locations. Such vaccination
campaigns could also have an indirect effect on the Global North, by
mitigating the impact of international travel from dengue-endemic regions
as a source of viral introduction into dengue-free areas that have become
more suitable for DENV transmission in recent years.

In this study, we aimed to better understand how the current epide-
miology of dengue has been shaped by historical changes in climate suit-
ability for DENV transmission and population growth. The reported
outputs stand as a complement to a number of other studies focused on
mapping the distribution of DENV vectors'’ and forecasting future trans-
mission based on climate change projections*”. Overall, we demonstrate
that there has been a substantial increase in the global population living in
areas with high climate suitability for DENV transmission. Critically, we
showed that the processes that have facilitated this increase in the popula-
tion in high-risk settings differed between the Global South and the Global
North. In the Global South, this increase was predominantly driven by
population growth, while in the Global North, it was driven by an expansion
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in climate suitability to more temperate climates. Taken together, our results
highlight distinct climate and population effects that are increasing DENV
transmission suitability in both endemic and disease-free areas.

Methods

Dengue surveillance data

Data on yearly dengue case counts from 2000 to 2014 at administrative level-
2 (municipalities) in Brazil were obtained from the Brazilian Information
System for Notifiable Diseases (SINAN)™. SINAN collects information on
cases of compulsorily notifiable diseases across all 26 states and the Federal
District. It includes clinically suspected dengue infections without labora-
tory confirmation for 5570 municipalities. Four municipalities had
incomplete data and were excluded from the analysis: Mojui dos Campos
(Pard), Pescaria Brava (Santa Catarina), Balnedrio Rincio (Santa Catarina),
and Paraiso das Aguas (Mato Grosso do Sul). Data on yearly dengue case
counts from 1998 to 2022 at administrative level-1 (provinces) in Thailand
were obtained from the Division of Epidemiology, Ministry of Public
Health”’, which collates case notification data across all 77 provinces in a
national disease surveillance system. Dengue case data for Colombia at
administrative level-2 (municipalities) for 2007-2017 (n = 1119), Costa Rica
at administrative level-2 (cantons) for 2012-2013 and 2015-2017 (n = 82),
Taiwan at administrative level-2 (districts) for 1998-2020 (n = 368) and
Vietnam at administrative level-1 (provinces) for 1997-2010 (n = 63) were
obtained from OpenDengue**™, a database of dengue case counts from
multiple publicly available sources. Full details on case definitions and data
processing can be found in Clarke et al.*. Countries were selected for
inclusion in this analysis if there were at least five years of dengue case data at
a sufficiently high spatial resolution (administrative level-2 for larger
countries and administrative level-1 for smaller countries).

Dengue transmission suitability index
We estimated climate suitability for DENV transmission using a previously
published suitability measure referred to as Index P***. Index P estimates
climate suitability for DENV transmission by Ae. aegypti mosquitoes using
monthly temperature and relative humidity time series data within a
mechanistic climate-based dengue transmission model. Spatiotemporal
Index P data for 186 countries and territories from 1979 to 2022 were
obtained from Nakase et al”*. This data is organized into global grid layers
and includes Index P time series for pixels at a time resolution of 1 month
(1979-2022) and a spatial resolution of 360 arcseconds (approximately
11 km at the equator). The methods and data for Index P estimation have
been previously described in detail for all countries and territories™*.
Briefly, Index P is derived from a mechanistic model of dengue
transmission potential (Eq. 1). It uses mathematical expressions for rela-
tionships between DENV-Ae. aegypti traits and meteorological variables
(i.e., temperature (¢) and relative humidity (#)) obtained from empirical
studies to model the transmission potential of each female mosquito under
conditions where susceptible hosts (h), the virus and its vectors (v) are
assumed to be present. Climate-dependent functions of relevant epi-
entomological parameters include extrinsic incubation period (y{,)), mos-
quito lifespan (4, ,,), mosquito biting rate (af,), transmission probability
per mosquito bite from infected human to susceptible mosquito ((/)ETW and
from infected mosquito to susceptible human (¢y,)” 1), Parameters that are
assumed to be climate-independent include intrinsic incubation period ("),
human lifespan (yh) and human infectious period (o"). Each parameter is
described by a probability distribution that is parameterized based on
knowledge of the biology of the human hosts, Ae. aegypti vectors and dengue
virus. Since the average intrinsic incubation period and infectious period are
relatively short compared to the average human lifespan (i.e., days vs. years),
variability in human lifespan has minimal effect on the magnitude of Index
P and thus it is assumed to have the same distribution over time. Similarly,
the probability distribution of each of the other climate-independent
parameters is assumed to be the same over time and space. The probability
distribution of each climate-dependent parameter varies according to the
temperature and relative humidity of each pixel at each time point. Index P

per pixel is estimated by sampling the distributions of each of the climate-
dependent and climate-independent parameters at each time point and then
using the sampled parameter values to calculate P, ;) over time. The Index P
dataset used in this study was estimated based on average monthly surface
air temperature and relative humidity data from 1979 to 2022 obtained from
Copernicus.eu” at a resolution of 360 arcseconds (approximately 11 km at
the equator).

h gh— h
P, = afy i "B VoY
) = e o+ P+ i)

1

Demographic, economic and climate zone data

Global gridded population counts and population density for 1980 and 2020
were obtained from the Socioeconomic Data and Applications Center
database™* and the WorldPop database® at a resolution of 30 arcseconds
(approximately 1km at the equator). The population count data were
aggregated to match the coarser spatial resolution of the suitability index
data (360 arcseconds) by summing the population counts over 12 x 12 grids
that match the spatial extent of the pixels of the gridded suitability index
data. Similarly, the population density data were aggregated by averaging the
population density values over the same grids. Aggregation of spatial data
was performed using the aggregate function in the raster R package®’. We
assumed that the population data for 1980 reflected that for the period from
1979 to 1983, and that the population data for 2020 reflected that for the
period from 2018 to 2022.

The economy of each country was categorized into income groups
(low, low-middle, upper-middle and high) according to 2024 World Bank
criteria®. The World Bank classifies each country into one of the four
income groups using gross national income per capita, where low income
economies are those with $1135 or less, lower middle-income are those
between $1136 and $4465, upper middle-income are those between $4466
and $13,845 and high income are those with $13,846 or more. We assumed
that the income category was uniform across the pixels within each country
and equal to the country-level categorization. Income classification was not
available for Venezuela, Western Sahara and Svalbard. The same income
groups from the 2024 World Bank criteria were used for 1979-1983 and
2018-2022. The categorization of countries and territories into the Global
South and Global North was obtained from the United Nations Finance
Center for South-South Cooperation (Supplementary Table 3).

The Koppen-Geiger system was used to categorize pixels into climate
zones®. The system aggregates global climatic variation into a simple clas-
sification scheme that reflects biome distributions around the world. The
classification is based on the maximum, minimum and seasonality of air
temperature and precipitation. There are five main climate zones: tropical,
dry, temperate, continental and polar. The Koppen-Geiger climate classi-
fication data reflects the average of the period 1980-2016 at a resolution of
30 arcseconds. The gridded Koppen—Geiger climate data was resampled to
the coarser spatial resolution of the suitability index data (i.e., 360 arcse-
conds) using a nearest neighbor technique, where the value of each pixel in
the resampled data is set to the value of the nearest pixel in the original data.
We assumed that the Koppen-Geiger climate classification was the same
between 1979-1983 and 2018-2022.

An overview of the external datasets used in this study is provided in
Supplementary Table 4.

Technical validation of suitability index

The Index P has been shown to be highly correlated with reported case data
in several previous studies”****”". Detailed technical validation that sup-
ports the application of Index P to characterize local DENV transmission
intensity and seasonality has also been performed previously for munici-
palities in Brazil (monthly from 2000-2014) and provinces in Thailand
(monthly from 2007-2017)*. In this study, we extended those analyses and
used yearly dengue case counts from Brazil (2000-2014), Colombia
(1998-2022), Costa Rica (2012-2013, 2015-2017), Taiwan (1998-2020),
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Thailand (2007-2017), and Vietnam (1997-2010). We focused on these
countries because they span diverse climate conditions across Central
America, South America and Asia, and have made publicly available high-
resolution dengue case data.

First, we aggregated the Index P data to match the spatial resolution of
the dengue case data by averaging the Index P values over all pixels that lie
within the boundaries of each of the administrative units of each country. To
quantify the relationship between Index P and DENV transmission, we then
fit a separate tobit model for each country with log-transformed mean
annual incidence (cases per 100,000 population) as the outcome and Index P
as the binary independent variable (low vs. high suitability) with log-
transformed population density and log-transformed population count as
covariates. The Tobit model is a censored regression model that estimates a
linear relationship when there is censoring in the outcome. We used the
Tobit model to account for the left censoring of the dengue incidence data at
zero. Index P was dichotomized into low and high suitability because it was
previously shown that Index P and DENV incidence exhibit a nonlinear
relationship, where incidence increases with Index P until reaching a plateau
where incidence remains relatively constant despite increases in Index P*.
We set the threshold for high climate suitability for DENV transmission at
0.5, which is the approximate value at which the start of the plateau was
previously observed. Theoretically, an Index P of 0.5 corresponds to a mean
basic reproduction number of 1 in a population where the average number
of adult female mosquitoes per host is 2. The plateau at high Index P values is
thought to reflect non-climatic factors such as accumulated herd immunity
that constrain the size of epidemics. Finally, the country-level estimates were
meta-analyzed in a random effects model with a restricted maximum
likelihood estimator.

Summarization of suitability index

We estimated the past and present climate suitability for DENV trans-
mission by calculating the average Index P for 1979-1983 and 2018-2022,
respectively. For brevity, we refer to the time periods from 1979 to 1983 (i.e,,
the first five years of available data) and from 2018 to 2022 (i.e., last five years
of available data) as the past and present respectively, recognizing that our
dataset covers only the recent past over the last four decades. Uncertainty
estimates for past and present climate suitability were estimated by sampling
from the distribution of the spatiotemporal Index P data provided with
the dataset from Nakase et al.”>”*. We generated 1000 samples of the average
Index P and calculated the 50% and 90% credible intervals based on the
middle 50th and 90th percentiles of the estimated distribution of average
Index P for 1979-1983 and 2018-2022.

Estimation of long-term trends in suitability index

Long-term climate suitability trends were estimated using the seasonal
Mann-Kendall (MK) test* on the monthly Index P time series from 1979 to
2022. The MK test for trend detection is a non-parametric method based on
rank that tests for the existence of a monotonic continuous trend in serially
independent data. We use the seasonal extension of the MK test on the
monthly Index P time series (528 data points for each pixel) to account for
the observed seasonality in the transmission potential during a calendar
year. We then used Sen’s slope™ to estimate the linear rate of change for each
pixel. To reduce the impact of autocorrelation artifacts, we used the pre-
whitening algorithm proposed by Yue et al.”, which involves removing
autocorrelation from detrended data. Briefly, the method consists of (1)
estimating the slope on the original time series, (2) removing the estimated
trend to detrend the time series, (3) removing the lag-1 autocorrelation from
the detrended time series and (4) adding the trend back to the prewhitended
time series. This algorithm accounts for potential autocorrelation while
maintaining the power to detect significant trends. For each pixel, we
applied the seasonal MK test on the prewhitended time series with statistical
significance defined at a false discovery rate less than 0.10 across all pixels.
Examples of the monthly Index P time series and corresponding trend
estimates for two pixels are provided in Supplementary Fig. 12.

Estimation of climate and population effects on populationin high
suitability areas

The independent effect of changes in climate on the population living in
areas with high suitability was estimated by holding the global population in
1980 constant and then allowing the climate suitability to change from 1979
to 2022. Similarly, the independent effect of changes in population size was
estimated by holding the climate suitability in 1979-1983 constant and then
allowing the global population to change from 1980 to 2020. The change in
the population in high suitability areas was calculated by taking the differ-
ence between population in high suitability areas in 2020 and the population
in high suitability areas in 1980.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The gridded spatiotemporal data of climate-based dengue virus trans-
mission suitability from 1979 to 2022 at a time resolution of 1 month and
a spatial resolution of 360 arcseconds are publicly available on figshare
(https://doi.org/10.6084/m9.figshare.21502614.v5)”.  Estimated long-
term trends in climate suitability for dengue virus transmission at a
spatial resolution of 360 arcseconds in addition to Supplementary
Tables 1-3 have been made available on figshare (https://doi.org/10.
6084/m9.figshare.26129593). Global gridded population counts and
population density for 1980 and 2020 at a spatial resolution of 30 arc-
seconds were obtained from the Socioeconomic Data and Applications
Center (SEDAC; https://sedac.ciesin.columbia.edu)’** and WorldPop
(https://www.worldpop.org)®’ databases. Dengue case counts for Brazil,
Colombia, Taiwan, Costa Rica, Thailand and Vietnam were obtained
from the Brazilian Information System for Notifiable Diseases (SINAN;
http://portalsinan.saude.gov.br/)*, Ministry of Public Health in Thailand
(http://doe.moph.go.th/surdata/index.php)”” and OpenDengue (https://
opendengue.org)™*.

Code availability

All analyses were performed using R statistical software version 4.2.1. A
brief tutorial on how to access, process and visualize the spatiotemporal
maps of climate-based dengue virus transmission suitability is publicly
available on GitHub (https://github.com/TaishiNakase/Index-P-
estimation-and-applications). Code for the estimation of trends in cli-
mate suitability for dengue virus transmission and summarization of past
or present climate suitability have been made available on GitHub
(https://github.com/TaishiNakase/Global_IndexP_Trends).
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