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Abstract

Purpose of review The purpose of this review is to summarize research articles that provide risk estimates for the historical and
future impact that climate change has had upon dengue published from 2007 through 2019.

Recent findings Findings from 30 studies on historical health estimates, with the majority of the studies conducted in Asia,
emphasized the importance of temperature, precipitation, and relative humidity, as well as lag effects, when trying to understand
how climate change can impact the risk of contracting dengue. Furthermore, 35 studies presented findings on future health risk
based upon climate projection scenarios, with a third of them showcasing global level estimates and findings across the articles
emphasizing the need to understand risk at a localized level as the impacts from climate change will be experienced inequitably
across different geographies in the future.

Summary Dengue is one of the most rapidly spreading viral diseases in the world, with ~390 million people infected worldwide
annually. Several factors have contributed towards its proliferation, including climate change. Multiple studies have previously
been conducted examining the relationship between dengue and climate change, both from a historical and a future risk
perspective. We searched the U.S. National Institute of Environmental Health (NIEHS) Climate Change and Health Portal for
literature (spanning January 2007 to September 2019) providing historical and future health risk estimates of contracting dengue
infection in relation to climate variables worldwide. With an overview of the evidence of the historical and future health risk
posed by dengue from climate change across different regions of the world, this review article enables the research and policy
community to understand where the knowledge gaps are and what areas need to be addressed in order to implement localized
adaptation measures to mitigate the health risks posed by future dengue infection.

Keywords Dengue - Climate change - Global health - Vector borne disease

Introduction world’s population, are potentially at risk of infection [4], with
the main vectors for transmission to humans being the Aedes
aegypti and Aedes albopictus mosquitoes [5—7]. Caused by

four closely related dengue viral serotypes (DENV 1-4) of

According to the World Health Organization, an estimated
390 million (range 284528 million) people worldwide are

infected with dengue annually, 96 million (range 67—136 mil-
lion) of which present clinical manifestations [1-3]. People in
more than 125 countries, encompassing over 50% of the
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the genus Flavivirus, dengue infection clinically manifests
itself in many ways ranging from acute febrile illness, nausea,
vomiting, eye/muscle/joint/bone pain, rashes, life-threatening
situations (e.g., hemorrhage, known as dengue hemorrhagic
fever), and even death with a case fatality ranging from lower
than 1 to 20% [5, 8—12]. Furthermore, the global total direct
(medical care and travel) and indirect (lost time and produc-
tivity) cost of dengue illness has been estimated at $8.9 billion
(USD) annually [13]. Dengue is one of the most rapidly
spreading viral diseases in the world, with the burden of dis-
ease having increased an estimated 30-fold over the last half
century, despite increasing efforts to curb or reverse the up-
ward trend [5, 14]. Many factors have contributed towards this
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spread including globalization, trade and shipping, shifts in
demographics and urbanization patterns, inadequate domestic
water supplies, and an increase of infected travelers acting as
carriers over recent decades [5, 15, 16]. Weather or climate
variables, such as temperature, humidity, high levels of pre-
cipitation, and vapor pressure have shown strong associations
with altering the risk of contracting dengue [1, 8, 17]. Through
multiple, interrelated mechanisms, climate variables can influ-
ence dengue transmission dynamics (e.g., by lengthening the
dengue ‘season’ in endemic areas or stimulating the establish-
ment of dengue in nascent areas), or even alter the temporal
and spatial dynamics of dengue ecology (e.g., by increasing
the mosquitoes flying range and shortening the incubation
period) [8, 18-22]. Several studies have illustrated that climate
change, via changes in temperature and precipitation, as well
as increases in intensity, frequency, and duration of extreme
weather events, has and will continue to impact the transmis-
sion of infectious diseases like dengue in many different parts
of the world and especially in temperate regions [23-29].
Possessing an understanding of what epidemiological evi-
dence currently exists on how climate change has historically
impacted the risk of dengue infection, and how it may impact
future risk, is important to understand so that future funding
can be directed towards addressing knowledge gaps in order
to better inform the development of localized health adapta-
tion strategies. In this study, we synthesize recent literature
assessing the historical and future health risk of dengue infec-
tions from climate change across all regions of the world.

Methods

From April to June 2020, we searched the U.S. National
Institute of Environmental Health Sciences (NIEHS) Climate
Change and Health Literature Portal [30], which maintains a
database of literature related to climate change and health
from January 2007 to September 2019. This date range repre-
sents the earliest allowable date and the most recent date that
literature had been uploaded into the database, respectively.
We utilized the keyword “dengue” and included studies pub-
lished in English that provided epidemiological health risk
estimates (e.g., relative risk or odds ratios) in relation to cli-
mate variables based upon historical dengue infection data or
future climate projection scenarios, as well as changes in mos-
quito habitat, that specifically referenced changes to potential
exposure for humans to dengue. Furthermore, we focused on
health risk estimates that exposure to or contracting dengue
instead of specific morbidity or mortality estimates given the
multiple ways that dengue manifests itself as well as range of
case fatality as previously mentioned. We excluded studies
that were systematic or meta-analysis review articles, studies
providing only information on model development (e.g., cor-
relation coefficients), studies presenting risk across time
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periods (e.g., seasonality, El Nifio—Southern Oscillation or
ENSO) as a standalone but not quantitatively describing
how these periods were changing as a result of climate change,
studies providing a risk function only in graphic format with
limited information on providing 95% confidence intervals
(95%CI), and commentaries (see Figure 1 for flow chart of
literature search strategy).

Study data, health and climate information, and key find-
ings were extracted from each relevant paper and subsequent-
ly organized by continent, then alphabetical name of country,
and chronological order of publication date. Studies providing
historical health risk estimates are presented in Table 1 and
studies presenting health risk estimates based upon future cli-
mate projection scenarios are presented in Table 2. For
Table 1, variables presented show information on dengue data
utilized and timeframes covered for historical analysis, types
of climate variables assessed, and an overview of findings that
include type of health risk estimate, analysis method utilized,
and a high-level summary of each study’s finding. Table 2 is
similarly structured, with variables indicating type and timing
of climate projection scenario utilized, whether the study ref-
erences changes to mosquito habitat or infection, and a qual-
itative one-word descriptor summarizing the findings of each
study, indicating whether cases are expected to increase, de-
crease, proceed in a mixed direction, or remain unchanged
according to the future projection scenario(s) used in the
study. A quality assessment of each article was not undertaken
due to the diverse nature of the reviewed material.

Results

A total of 654 studies (no duplicates) were initially retrieved
for screening and assessed for possible inclusion. After exclu-
sion of non-pertinent articles, 30 studies met the final inclu-
sion criteria for providing historical dengue health risk esti-
mates based upon changes in climate variables and 35 studies
met the final inclusion criteria for providing future dengue
health risk estimates based upon climate projection scenarios
(Fig. 1). Most studies were excluded for their irrelevance,
particularly around not providing specific health risk estimates
or only focusing on model development.

Historical Health Risk Assessment

Nearly all of the 30 studies presenting risk estimates of health
impact based upon historical data (see Fig.2) were from the
Asian continent (n=24), with Vietnam having the most studies
from Asia (n=6). Air temperature (presented in units of °C),
rainfall (in mm), and humidity (%) were the key climate var-
iables (see Fig. 3) used in almost all of the papers, with some
papers also including variables such as windspeed (n=4), sun-
shine hours (n=3), sea surface temperature (n=3), atmospheric
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pressure (n=2), dew point (n=2), and normalized difference
vegetation index (NDVI, n=1). Statistical analysis involved
dengue case data that ranged in length from 3 to 28 years on
a frequency of daily, weekly, monthly, or annual aggregates
that were either clinically diagnosed (n=16) or laboratory con-
firmed (n=14). In addition, 18 of the papers included an as-
sessment of lag effects (between climate conditions and den-
gue cases) that ranged from a few days up to eight months.
The studies that were ascertained, based upon the search
criteria, developed health risk estimates utilizing a variety of
advanced statistical models that included generalized linear
models, Poisson and logistic regression, and semiparametric
techniques including generalized estimating equations, many
of which integrated additional approaches that encompassed
negative binomial, nonlinear, or quasi-methods and the incor-
poration of lag effects. Furthermore, one study by Anno et al.
(2015) notably utilized spatial statistical analysis. A summary
of significant risk estimates for each study is presented
Supplementary information (please see S1: summary table
of health risk estimates of dengue infection based upon cli-
mate variables).

For developing health risk estimates for contracting dengue
based upon changes in temperature (see Table 1), all studies
except one [31] included temperature as a part of their assess-
ment. From the 29 studies that conducted health risk assess-
ments as a function of temperature, 19 demonstrated increased

risk, seven presented a mixture of increased risk or protective
effects, one demonstrated only protective effects, and two
studies showed no change in risk. Across the 19 studies show-
casing increased risk of dengue infection, differing associa-
tions were determined. Highlights include varying increases in
incidence of dengue found for every 1°C increase in temper-
ature, from 61% in Australia [32], 12-22% in Cambodia [33],
5% in Vietnam [34], 2.6% in Mexico [35], and 0.7% in
Timor-Leste [36]; In Sri Lanka and southern Taiwan, respec-
tively, Liyanage et al. (2016) demonstrated that with increas-
ing weekly average temperature the relative probability of
dengue infections increased linearly [37], while Chien et al.
(2014) illustrated that dengue risk increased with weekly min-
imum average temperature especially when accounting for lag
effects from the 5 to 18 week range. Of the seven studies
showing mixed effects, four studies demonstrated that lower
temperatures had increasing risk while higher temperatures
had protective effects [38—41]. The risk profile also changed
based upon geographic location across almost all of the stud-
ies, with Vu et al. (2014) highlighting that even within a coun-
try (i.e., Vietnam) risk can increase or decrease based upon
location.

For developing health risk estimates for contracting dengue
based upon changes in precipitation (see Table 1), 27 of the 30
studies were found to include precipitation as part of their
assessment. Of these, 16 studies demonstrated increased risk,
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Table 2. Future risk of dengue infection based upon climate projection scenarios across different regions of the world.

Continent  Author

Publication Location

year

Habitat/
infections

Projection
time frame

Climate scenario  Finding
utilized

Projected
future
direction
of dengue

Africa Mweya et al

Asia Banu et al.

Fan et al.

Lietal.

Ministry of
Environment &
Forests—Governm-
ent of India

Dhiman et al.

Lee et al.

Sriprom et al.

Australia  Williams et al.

Williams et al.

@ Springer

2016

2014

2019

2017

2012

2010

2018

2010

2016

2014

Tanzania

Bangladesh

China

City of
Guangzh-
ou, China

India

India

Korea

Sakon
Nakhon
province
in
Thailand

Queensland
cities

City of
Cairns

Habitat

Infections

Infections

Infections

Infections

Infections

Infections

Infections

Infections

Habitat

2020 and
2050

2100

2020s,
2030s,
2050s, and
2100s

2020-2070

2030

2050

2070

2090--2099

20462064

2046-2065

CMIP5 2020 and 2050 climate
scenarios show risk
intensification in
dengue epidemic risk
areas with variations
across geography.

Assessed a 1, 2, If temperature increases

and 3.3°C by 3.3°C, projected

increase in increase of 16,030

2100 cases by 2100 in
Dhaka.

CMIPS5 RCP 2.6, ForRCP8.5in2100s, the

4.5,6.0,and 8.5 population and
expanded high risk
areas would increase
4.2-fold and 2.9-fold.

CMIPS RCP 2.6, Both RCP2.6 and 8.5

4.5,6.0,and 8.5 have similar trends,
but scenario RCP8.5
cases have overall
greater incidence.

SRES AIB In 2030, increase in

(temperature transmission months
and in northern areas and
temperature+ reduction in western
relative part of southern India.
humidity)

HadRM2 With 4°C temperature
rise, transmission may
be 2 to 5 times more
with new areas in
northern
sub-Himalayan region
and in southern most
areas.

CMIP5 RCP 2.6, Epidemic duration

4.5,6.0,and 8.5 increases by more
than 30 days for RCP
6.0 and 8.5. Vectoral
capacity intensity
increases more than
2-fold for the RCP 6.0
and 8.5.

SRES A1B Infection spreads from 3
most populated
districts to less
populated, &
transmission period
increases from 5 to 9
months.

SRES A2 and Bl Decreased dengue
transmission predicted
under A2, whereas
some increases are
likely under B1.

SRES A2 and B1 A. aegypti abundance is
predicted to increase
under B1, but
decrease under A2.

Increase

Increase

Increase

Mixed

Mixed

Increase

Increase

Increase

Mixed

Mixed
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Table 2. (continued)

Author Habitat/

infections

Climate scenario
utilized

Publication Location
year

Continent Projection

time frame

Finding

Projected
future
direction
of dengue

Newth et al. 2010 All of

Australia

Infections 2030 SRES AIB

2009 All of

Australia

Four climate
scenarios
produced by
Australia’s
Commonwealth
Scientific and
Industrial
Research
Organization

Bambrick et at. Infections 2020, 2050,
2070, and

2100

2009 Habitat 2010 and

2050

Northern SRES B1

Territory

Kearney et al.

2015 2100 CMIP5 RCP 4.5

and 8.5

New Infections

Caledonia

Teurlai et al.

Habitat ~ 2051-2060
continent and

and 2091-209-
10-city 9

focus

CMIP5 RCP2.6
and 8.5

Europe Liu-Helmersson et al. 2019 Entire

2016 2070-2099  CMIPS RCP 2.6,

4.5,6.0,and 8.5

Liu-Helmersson et al. All of Europe Infections

Bouzid et al. 2014 All of Europe Infections 2011-2040, SRES A1B
2041-207-

0, and

2071-210-

0

2011 2011-2040,
2041-207-
0, and
2071-210-

0

SRES A1B and
B1

Thomas et al. All of Europe Habitat

Projected cost and
DALYs decrease
under both mitigation
response scenarios
that are given across
multiple RO scenarios.

Under ‘no emissions
action,’ there is an
increase in geographic
spread. Under
emissions mitigation,
transmission-suitable
areas remain limited
to northern
Queensland and to
Darwin.

Increased habitat
suitability throughout
much of Australia;
changed water storage
practices in response
to drought may have
greater effect.

Mean incidence rates
during epidemics
could double if temp
rises by 3°C by 2100.

For RCP2.6, minimal
change to current
situation throughout
21st century, while
under RCP8.5 large
parts of southern
Europe risks being
invaded by A. aegypti.

By century end,

A. aegypti could
expand to Northern
Europe under
RCP8.5. Ae.
albopictus could
expand to all of
Central Europe under
RCP8.5; however,
would remain the
same under RCP2.6.

Increase in risk
projected, with
highest incidence rates
found for the
long-term scenario
2070-2100, with
substantial impact for
southern Europe.

Larger parts of the
Mediterranean will be
at risk. Even some
parts of Central
Europe (e.g.,

Decrease

Increase

Increase

Increase

Increase

Increase

Increase

Increase

@ Springer
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Table 2. (continued)

Continent  Author

Publication Location

year

Habitat/  Projection Climate scenario  Finding Projected

infections time frame utilized future
direction
of dengue

North Ogden et al.
America

Butterworth et al.

Erickson et al.

Kolivras et al.

South Cardoso-Leite et al.
America

Escobar et al.

Colon-Gonzalez
etal.

@ Springer

2014

2017

2012

2010

2014

2016

2018

US and
Canada

Southeastern
USA

3 cities in
USA

State of
Hawaii,
USA

Brazil

Ecuador

Latin
America

Southwest Germany)
can no longer be
excluded at century
end.
Habitat ~ 2020s CMIP5 RCP 4.5  Modest future northward Increase
(2011-20- and 8.5 range expansion of
40) and A. albopictus by the
2050s 2050s, but greater
(2041-20- range expansion,
70) particularly in eastern
and central Canada.
Infections 2045-2065  SRES AIB Mosquito season length  Increase
in many locations may
increase, however
projected increases in
dengue transmission
are limited to the
southernmost US
locations.
Habitat 20352065  SRES AlFland  Projected warming Decrease
and B1 shortened mosquito
2069-209- lifespan, which in turn
9 decreased potential
dengue season.
Habitat ~ 2025-2034  HadCM2 Climate scenarios predict Increase
expansion of
mosquito habitat and
potential dengue risk
areas; population at
risk projected to go
from 532,036 to
1,181,770.
Habitat 2050 SRES A2a Area covered by the Mixed
vector distribution in
Brazil will decrease in
future projections in
the north, but will
spread to the south.
Habitat 2030, 2050, SRES A2 A. aegypti potential area Decrease
and 2100 of distribution
reduced by 69%,
43%, and 48% and
population at risk by
84%, 47%, and 40%
by 2030, 2050, and
2100, respectively.
For A. albopictus, the
potential area of
distribution reduced
by 45%, 35%, and
53% and the number
of people potentially
exposed by 58%,
46%, and 52% in
2030, 2050, and 2100,
respectively.
Infections 2050 and SSP2 for three Number of dengue cases Increase
2100 different global for the 2050s period
temperature was 260% larger with
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Table 2. (continued)

Continent  Author

Publication
year

Location

Habitat/  Projection
infections time frame

Climate scenario
utilized

Finding

Projected
future
direction
of dengue

Worldwide Ryan et al.

Messina et al.

Campbell et al.

2019

2019

2015

Global

Global

Global

Habitat 2050 and

2080

Infections 2020, 2050,
and 2080

Habitat 2050

change

scenarios
CMIP5 RCP 2.6,

4.5,6.0,and 8.5

CMIP5 RCP 4.5
SSP1, RCP 6.0
SSP2, and RCP
8.5 SSP3

SRES AlB, A2,
and B1

Nearly a billion people

Do not predict

. aegypti predictions

about 6.9 million extra
cases per year.
Increase
could face their first
exposure in the
worst-case scenario,
mainly in Europe and
high-elevation
tropical and
subtropical regions.
Mixed
significant spread of
dengue risk across
continental Europe,
with total area at risk
increasing from
0.22% in 2015 to
0.62% in 2080, with
any expansions in
population at risk
highly uncertain.
Globally, 2.25 billion
more people will be at
risk of dengue in 2080
compared to 2015,
bringing the total
population at risk to
over 6.1 billion, or
60% of the world’s
population.

Increase
indicate potential for
northward expansion
in eastern North
America, South Asia
and East Asia, and
southward in Africa
and Australia;
broadening
distributional potential
indicated in interior
South America and
Central Africa.

A. albopictus,
predictions gave
clearer indications of
expanding
distributional potential
in eastern North
America and East
Asia, plus expanding
potential across Africa
and in eastern and
southern South
America;
distributional potential
in Australia was
anticipated to expand
rather markedly for

@ Springer
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Table 2. (continued)

Continent  Author

Publication

year

Location

Habitat/  Projection
infections time frame

Climate scenario
utilized

Finding

Projected
future
direction
of dengue

Rogers

Proestos et al.

Khormi et al.

Hill et al.

WHO

Liu-Helmersson et al.

Astrom et al.

2015

2015

2014

2014

2014

2014

2012

Global

Global

Global

Global

Global

Global

Global

Infections 2080

Habitat ~ 2045-2054

Habitat 2030 and

2070

Habitat 2030 and

2050

Infections 2030 and
2050

Infections 2070-2099

Infections 2050

this species.

SRES Al1F and Bl AI1F models show

SRES A2

SRES A1B and
A2

SRES A2

SRES A1B

CMIP5 RCP8.5

SRES A1B

contraction of
distribution in some
areas (e.g., Amazon
basin) and expansion
in others (e.g.,
southeast African
coast & into China).
Poleward shift of the
suitable habitat
conditions expected.
Significant increase of
habitat suitability is
projected to occur in
eastern Brazil, the
eastern US, Western
and Central Europe,
and Eastern China.
Also, significant
reductions are
projected for northern
South America,
Southern Europe,
Central Affica,
Madagascar, and
Southeast Asia.
Contraction in the
strongly positive
climate areas for
A. aegypti worldwide.
Little-to-no change for
A. albopictus in 2030
or 2050.

Expansion at the fringes
of the current
distribution of dengue,
while socioeconomic
developments may
counteract this change
in most of the world.

Large increases expected
by century end in
temperate Northern
Hemisphere regions.

Economic development
can have a large
influence on the future
risk, with a difference
of roughly 0.5 billion
people between the
highest and the lowest
estimate for 2050.

Mixed

Mixed

Decrease

No
Chang-

Mixed

Increase

Mixed

five presented a mixture of increased risk as well as protective
effects, four demonstrated only protective effects, and three

@ Springer

indicated no change in risk. For changes in rainfall, a range of
increasing associations of contracting dengue were found
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Puerto Rico

n=1

Curagao
n=1

Brazil
n=1

Fig. 2 Number of studies assessing historical dengue risk by country

Mexico
n=2

Key (Number of studies)

3 4 5 ()

including a 47% increase in dengue incidence (per 1 mm in-
crease of rainfall calculated as a seasonal average) in Timor-
Leste [36], 5% increase in dengue incidence (per Imm in-
crease of rainfall calculated as a monthly total) in Vietnam
[34], and 6% increase (per lmm increase of rainfall calculated
as a monthly average) in Australia [32]. Multiple studies have
shown an increase of chance for contracting dengue with an
increase in rainfall in some areas, but no relationships in others
depending on geographic location or lag effect utilized
[42-46]. Studies have also found a reduction in dengue risk
from increasing rainfall. For example, a 0.9—1.3% reduction of
dengue cases was found per weekly cumulative mm increase

30

25

20

15

10

Normalized Difference Vegetation Index

Relative Humidity
Atmospheric Pressure
Southern Oscillation Index
Oceanic Nifio Index

Sea Surface Temperature

Sunshine Hours

9
5
=
©
o
@
S,
§
'—

Precipitation
Windspeed

Number of studies assessing the climate variable
Dew Point

I

Fig. 3 Number of studies assessing the number of dengue cases by
climate variable

0

Nepal
n=1

Thailand
=i
Sri Lanka T
n=2

Cambodia
n=2

Philippines
n=1

. = {Timor-Leste
Singapor n=1

n=2

)

Australia
n=1

in rainfall in Cambodia [33], a 1% risk reduction per monthly
average mm increase in Indonesia [47], and significant reduc-
tions in the chance of an outbreak were found due to excessive
rain considered to ‘flush’ out mosquito habitats in Singapore
[31].

For developing risk estimates of contracting dengue based
upon changes in relative humidity, 13 studies were identified.
Of these, nine demonstrated increased risk, two studies were
found to have a mixture of increased risk as well as protective
effects, one study revealed only protective effects, and one
study found no association. For a one-unit increase in humid-
ity, a range of increased risk for contracting dengue was found
(see Table 1), including increased risk of 4% in Cambodia
[33], 10% in China [48], 35% in Sri Lanka [49], and 5% in
Vietnam [50]. Additional interesting findings included rela-
tive humidity in Curagao to have a protective effect at either
lower or very high levels [51] and changes in the risk profile to
be dependent upon geographic location (similar to tempera-
ture) even within a country (i.e., Vietnam) [42].

Findings from studies emphasized the importance of tem-
perature, precipitation, and relative humidity, as well as lag
effects, when trying to understand how climate change can
impact the probability of contracting dengue. Furthermore,
studies also emphasized the importance of analyses at a local-
ized level as geographic location can be an important factor in
terms of how changes in climate variables can be experienced.
This review highlights areas of the world where evidence has
been generated and significant areas where risk profiles re-
main to be developed, particularly for the African continent
where no relevant studies were found.

@ Springer
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Future Health Risk Assessment

Of the 35 studies providing health-related risk estimates for
contracting dengue based upon future climate projection sce-
narios extending as far out as the year 2100, 20 studies indi-
cated an increase in future potential for dengue infection,
while the others indicated a mixed direction (n=11), decrease
(n=3), or no change (n=1) for future dengue infections (see
Fig. 4). The majority of the studies (n=19) utilized climate
projections from the Special Report on Emissions Scenarios
(SRES) [52], while others either utilized representative con-
centration pathway (RCP) scenarios (n=11), which emphasize
a greenhouse gas concentration (not emissions) trajectory
[53], or a variety of other climate models (n=5).
Furthermore, 20 of the studies provided health projection es-
timates based upon historical infection data, while the remain-
ing 15 studies provided infection potential estimates based
upon changes in mosquito habitat. In terms of geographic
focus, 10 of the studies provided global-level estimates, seven
were in Asia, six in Australia, and the rest spread across the
remaining continents (excluding Antarctica). Furthermore, the
studies developing these future dengue case projection esti-
mates utilized a variety of approaches that encompassed sta-
tistical, mechanistic, mathematical, and ecological models.
For the 10 studies that provided only global-level estimates
for changes in future dengue case (see Table 2), the number of
articles providing changes in the exposure of people to dengue
due to changes in mosquito habitat vs. utilizing historical in-
fection data in humans were evenly split (five articles each).

Canada
Increase = 1| s R o omee®s = @020 ___l__.___

. All of Europe | :

' Increase = 4

USA
Increase = 3
Decrease = 1

" Latin Amenca
Increase 1

' "' Global

———————————————————————————————————————— | Increase = 3

Tanzania
Increase = 1 .
/ /

Australia

Studies utilizing habitat to assess changes in exposure poten-
tial provided interesting findings. For example, a study by
Ryan et al. (2019) utilized multiple RCP scenarios and
projected that for a worst-case scenario by the year 2080 near-
ly a billion people could face their first exposure to dengue
due to changes in mosquito habitat, mainly in Europe and
high-elevation tropical and subtropical regions. Campbell
et al. (2015) supported the case for an increase in future den-
gue risk by utilizing SRES A1B (emphasizing rapid economic
growth), A2 (emphasizing regionally oriented economic de-
velopment), and B1 (emphasizing global environmental sus-
tainability) scenarios to predict that by 2050 A. aegypti mos-
quitoes could expand northward in eastern North America as
well as in South and East Asia, and southward in Africa and
Australia, while also broadening the distribution potential in
the interior region of South America and Central Africa [54].
Similarly, Khormi et al. (2014) projected the spread of
A. aegypti worldwide to contract in the strongly positive cli-
mate areas, while currently unfavorable areas, such as inland
Australia, the Arabian Peninsula, southern Iran, and some
parts of North America may become climatically favorable
utilizing the SRES A1B and A2 scenarios. Interestingly,
Messina et al. (2019) indicated similar potential expansion
as the prior two studies mentioned utilizing the RCP 6.0 sce-
nario, which is known to be similar to the SRES A1B scenario
[55]. From a worst-case scenario perspective, Rogers et al.
(2015) and Liu-Helmersson et al. (2014) comparatively indi-
cated disagreements for increased numbers of dengue cases by
the end of the century utilizing the similar SRES A1F1 and

/ Thalland

Increase = 1
Bangladesh
Increase=1

Increase = 3

Decrease = 1

Fig. 4 Future changes in the number of dengue cases and the number of studies per country
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RCP 8.5 scenarios, respectively [55]. Proestos et al. (2015)
further highlighted that direction of changes in future potential
for dengue infection are geographically dependent, indicating
that by the 2050s a poleward shift of the suitable habitat con-
ditions is projected, with a significant increase in habitat suit-
ability to occur in eastern Brazil, USA, China, and western
and central Europe, while significant reductions in habitat
suitability are projected for northern South America, southern
Europe, central Africa, Madagascar, and Southeast Asia.
Future global-level projection studies based upon infection
data were also highly indicative of the geographic dependence
for determining the directionality of dengue infections, with
four studies projecting mixed direction and one indicating a
clear increase in infections. Noteworthy, Astrém et al. [56]
and a 2014 report by the World Health Organization [57]
indicated that economic development may have a major influ-
ence upon the distribution of future dengue risk.

Across the regions of the world, seven studies were con-
ducted in Asia (see Table 2). Bangladesh, Korea, and
Thailand each had one study, all indicating increases in den-
gue potential, with an increase of more than 16,000 cases
projected in Dhaka by the year 2100 [58], vectorial capacity
increasing by more than 2-fold in Korea by the year 2070
[59], and the transmission period increasing from five to nine
months by late century in Thailand [60]. In India, two studies
indicated contrasting results, with a report from the Indian
government indicating a reduction in transmission by the year
2030 in the southern areas of India [61], while Dhiman et al.
(2010) indicated new areas of transmission in southern areas
of India by the year 2050. In neighboring China, a study
conducted by Fan et al. (2019) indicated that in the 2100s,
utilizing the RCP 8.5 (i.e., worst-case) scenario, the popula-
tion exposed to dengue and expanded high-risk areas would
increase by 4.2- and 2.9-fold, respectively. By continent, the
second highest number of studies was conducted in Australia
(n=6). Most of these studies indicated an increase in potential
transmission, with Kearney et al. (2009) demonstrating an
interesting finding of increased habitat suitability throughout
much of Australia by the year 2050, with changes to water
storage practices in response to drought as having great in-
fluence upon this [58, 60, 62]. Only one study was found to
have been conducted on the African continent. Mweya et al.
(2016) illustrated that in 2020 and 2050 an intensification in
dengue epidemic risk areas is anticipated with variations
across Tanzania’s geography.

For the European continent, four studies were found, all of
which showed increase in dengue potential, with three of the
four studies providing estimates for all of Europe (see
Table 2). Studies were largely in agreement, with predictions
by century end indicating A. aegypti could expand to Northern
Europe under RCP 8.5 [63], along with projected increase in
dengue cases, with highest incidence rates found for the 2070—
2100 timeframe, with substantial impact for southern Europe

[64, 65]. The same number of studies (n=4) were found to be
focused upon the North American continent, with three stud-
ies projecting an increase in dengue infection [66—68].
However, a study by Erickson et al. (2012) contrasted these
findings, determining that projected warming would shorten
the mosquito lifespan thus in turn decreasing the potential for
the dengue season.

Lastly, in South America, studies (n=3) were found focus-
ing upon Brazil, Ecuador, and Latin America, all indicating a
heavy geographic dependence for either the increasing or de-
creasing probability of contracting dengue (see Table 2).
Interestingly, the study focusing on Latin America projected
that during the 2050s there would be an additional 6.9 million
cases per year, which represents a 260% increase relative to an
average yearly number of cases taken from 1961 to 1990 [69].

Nearly a third of the studies from this review showcased
global level estimates, with findings across these articles em-
phasizing the importance of geographical location when try-
ing to assess future risk potential as locations will experience
climate change very differently in the years to come. Similar
to understanding historical risk at the local level, future level
projections are also needed at a localized level so that policy
makers can better evaluate how different climate-related mea-
sures will influence the chance of dengue outbreaks across
their respective regions and, subsequently, concentrate re-
sources in a more targeted and efficient manner.

Discussion

The findings for both historical dengue outbreaks as well as
future projections highlight the many ways that climate
change can influence the risk of contracting dengue and there-
fore its transmission dynamics. Understanding how different
climate change variables can influence these dynamics is an
important aspect of being able to further investigate these
pathways as well as understand potential methods of where
interventions can take place. For example, the primary vector
of transmission (i.e., the mosquito) has a life cycle that can be
impacted by rainfall and temperature [70]. As temperatures
rise, this could increase the rate of the development of the
mosquito, thereby reducing virus incubation time and
resulting in the potential of increased risk of dengue transmis-
sion [71-74]. Corollary to this, extreme temperatures have the
potential of reducing the mosquito’s ability to survive, thus
reducing the potential for transmission of dengue [75].
Precipitation can also influence the development of the vector
by creating breeding habitats from standing water after rain-
storms that increase transmission risk, or in contrast could
result in flushing events from heavy rainfall that could wash
away mosquito eggs, thus reducing the transmission potential
[76]. Extreme prolonged climatic events can also drive the
potential for dengue transmission by influencing human
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behavior, such as droughts that may result in people increas-
ing water storage practices that could serve as breeding
grounds for mosquitos [77]. Broader climate phenomena such
as sea surface temperature or Oceanic Nifio Index, can influ-
ence weather patterns (i.e., changing temperature or precipita-
tion), and depending on the geography can further contribute
towards localized impacts as mentioned, thereby altering
transmission dynamics [78, 79].

Future Direction of Research

From the studies reviewed for both historical and future health
risk assessment, there are several key areas of research that
would benefit from additional focus moving forward.
Foremost, it is clear that the impacts of climate change can vary
greatly based upon locale, thus impacting the probability of
contracting dengue accordingly. Conducting localized health
impact assessments (and developing subsequent projections)
is needed at the sub-country level so that those in the health
sector can develop geographically relevant adaptation mea-
sures. Based upon the studies found, more broadly, the
European continent is in need of additional research for histor-
ical risk assessments, while the African continent is in need for
research related to both historical assessments and future den-
gue case projections. Reviewing the studies revealed limita-
tions, a key one being that many of the historical studies are
based on clinical diagnosis (n=16 studies), which can be con-
flated with other diseases that display similar symptoms to den-
gue. A key area of research requiring attention stemming from
this revolves around understanding how climate change im-
pacts the four different serotypes of dengue. Additional re-
search is needed to further understand the risk of historical
incidence and future projections of contracting dengue across
different serotypes, as well as how this risk changes across
different demographic groups and geographic areas. In addition
to the health research needed in the realm of how climate
change impacts dengue, an improved understanding is also
needed around the health—economic impact. Improving upon
the understanding of costs associated with the diagnosis and
treatment of dengue symptoms can lead to a better understand-
ing of how interventions can benefit from both a health as well
as economic lens.

Addressing Knowledge Gaps

In order to address future areas of research and strengthen the
overall understanding of the climate—dengue link, there are
several key actions that could serve to address these areas in
a more systematic manner. These key actions cover several
topics that include building human resource and data architec-
ture capacity, integrating climate—health frameworks into na-
tional adaptation plans, and improving engagement with the
public. Conducting epidemiological assessments can be a
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complex process and starts from having reliable data and the
capacity to perform such work. Training epidemiologists that
are knowledgeable in conducting climate—health risk assess-
ments is an important step in advancing research topics in this
realm. Moreover, increasing the functionality of existing data
architectures can serve to augment this capacity. Specifically,
integrating climate data into existing health systems, along
with increasing funding to build lab capacity to conduct more
detailed analysis and integrate that data accordingly, is an area
that can greatly serve to further advance research on this topic.
Given the rapidly changing landscape of dengue-related re-
search, it is also recommended that tools be created to stream-
line the processes for creating meta-analyses (i.e., integrating
health risk estimates across multiple studies for a specific re-
gion) given that many countries, particularly low- and middle-
income countries, may not have the capacity to continuously
assess the scientific literature for updates on risk related re-
search that will have great implications for how they allocate
future resources towards the development of adaptation mea-
sures. Another action that may serve to advance the climate—
health research agenda is to integrate frameworks similar to
the US CDC’s Climate-Ready States & Cities Initiative [80]
into how ministries of health approach engaging in this issue.
By operating from such a framework, greater coordination and
a more systematic approach can be utilized to advance re-
search that can be translated into operational interventions.
Lastly, seeking to engage the public, such as through the ef-
forts of citizen science, can serve to enhance data sources as
well as awareness of the risks and the need for collective
action. For example, mobile phones in Tanzania have been
utilized to identify mosquito species [81], thereby enhancing
entomological data that can increase the ability of researchers
to develop a more informed understanding of risk assessment.
Dengue is one of the fastest spreading infectious diseases
known, and climate change is a key driver of this change.
Possessing an understanding of how climate change impacts
the potential for contracting dengue enables the health sector
to design robust and localized adaptation measures that span
high-level policy response, improved forecasting and early
warning systems, resource planning and allocation for health
facilities, and communicating with the public. This study pro-
vides an overview of the historical and future health risks
posed by dengue from climate change and enables the re-
search and policy community to understand where the knowl-
edge gaps are and what areas need to be addressed in order to
mitigate the health risks posed by future dengue infection.
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