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Abstract
Purpose of Review Vaccine-preventable diseases remain a major public health concern globally. Climate is a key driver of the
dynamics of many infectious diseases, including those that are vaccine preventable. Understanding the impact of climate change
on vaccine-preventable diseases is, thus, an important public health research priority. Here, we summarize the recent literature
and highlight promising directions for future research.
Recent Findings Vaccine-preventable enteric diseases, such as cholera, exhibit sensitivity to precipitation and flooding events. The
predicted increase in extreme weather events as a result of climate change could exacerbate outbreaks of these pathogens. For
airborne pathogens, temperature and specific humidity have been shown to be the most important environmental drivers, although
the impact of climate change on disease burden and dynamics remains unclear. Finally, the transmission dynamics of vector-borne
diseases are dependent on both temperature and precipitation, and climate change is expected to alter the burden and geographic
range of these diseases. However, understanding the interacting effects of multiple factors, including socioeconomic and ecological
factors, on the vector-borne disease ecosystem will be a crucial step towards forecasting disease burden under climate change.
Summary Recent work has demonstrated associations between climate and transmission of vaccine-preventable diseases.
Translating these findings into forecasts under various climate change scenarios will require mechanistic frameworks that
account for both intrinsic and extrinsic drivers of transmission, and the non-linear effects on disease burden. Future research
should also pay greater attention to uncertainty in both the climate modeling processes as well as disease outcomes in the context
of vaccine-preventable diseases.

Keywords Environment . Climate change .Modeling . Vaccine-preventable diseases

Introduction

The role of weather and environmental factors in driving sea-
sonal and multi-year outbreak cycles has been well-

documented for many pathogens. Environmental factors can
shape the dynamics of infectious diseases through their effects
on the abundance of vectors, the ability of the pathogen to
survive outside the host, environmental contamination of wa-
ter sources, and dampening of host immunity, as well as indi-
rectly through disasters, such as droughts and floods, that can
lead to population displacement, malnutrition and poor health,
and disruptions in the health system [1•, 2, 3]. Growing con-
cerns about the impact of climate change have led to an in-
creased interest in forecasting the future burden of infectious
diseases under different climate change scenarios. Warming
temperatures, changes in precipitation patterns, and in the se-
verity and frequency of extreme weather events are likely to
alter the range, spread, and burden of many infectious dis-
eases, including vaccine-preventable diseases [4, 5] (Fig. 1).

Vaccines are one of the most important and effective public
health tools available for combating the spread of infectious
diseases. Yet, many vaccine-preventable diseases, such as
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measles and polio, have seen a global resurgence. Others, such
as influenza and rotavirus, remain endemic in certain parts of
the world, particularly in the tropics, with regular outbreaks
seen globally. Understanding the role of climate change in the
future dynamics of these diseases, and the implications for
control and elimination strategies, is a key public health need.

The first step in predicting the impact of climate change on
infectious diseases is to quantify the relationship between cli-
mate variables and disease burden or transmission. The re-
search on the link between climate and infectious diseases
typically falls into two broad categories (see Fig. 1 categoriz-
ing studies for vaccine-preventable diseases). The first uses a
statistical framework to quantify the associations between cli-
mate variability and infectious disease burden using historical
and current data. This body of work typically exploits spatial
or temporal (seasonal or multi-annual) variation in climate
variables to identify associations between these variations
and heterogeneities in disease burden. The second uses a
mechanistic understanding of the disease transmission process
itself to make inferences about the impact of climate on dis-
ease burden. Because the dynamics of infectious diseases are
inherently non-linear, driven by both extrinsic factors (such as
climate) and intrinsic factors (such as population susceptibil-
ity), simple extrapolations to predict future burden using sta-
tistical associations between current climate and disease bur-
den can be misleading. A mechanistic model-based frame-
work that captures both intrinsic and extrinsic drivers of dis-
ease dynamics, as well as features of the host-pathogen

biology, is necessary for forecasting the future burden of in-
fectious diseases under different climate change scenarios.

Here, we summarize the recent literature on the impact of
climate change on vaccine-preventable diseases, including
both direct and indirect impacts, focusing on mechanistic
frameworks where available. We highlight existing gaps in
the literature and discuss directions for future research.

Enteric Diseases

The link between environmental factors and disease transmis-
sion is perhaps best understood for waterborne and enteric
diseases that are sensitive to variations in precipitation.
Climate change can lead to spatial and temporal changes in
precipitation and rainfall patterns, and the occurrence of
flooding, tropical storms, and droughts, all of which may im-
pact water quality and the transmission of these pathogens.

The association between climatic factors and disease dy-
namics has long been known for cholera [7•, 8–13], which
remains a major threat to public health in low-income coun-
tries, despite the existence of a vaccine. Cholera is caused by
Vibrio cholerae, a bacterium that can survive and reproduce
outside the host in aquatic environments. The interannual var-
iations of temperature and precipitation are expected to be
affected by climate change through changes in the intensity,
frequency, and timing of climate anomalies [14]. El Niño
Southern Oscillation (ENSO) is the main driver of climate

Fig. 1 Top panel: maps show the CMIP6 multi-model mean projected
change in temperature (ΔT) and precipitation (ΔP) in 2100 relative to
2000 under the Shared Socioeconomic Pathway (SSP) 3 “middle of the
road” scenario, generated using Worldclim data [6]. Bottom panel: plot
shows a summary of climate drivers (temperature or precipitation) for

different vaccine-preventable diseases and the “best case” modeling
effort reviewed, where we assume the best case is a fully mechanistic
model using projection data. Absolute humidity drivers are counted under
temperature-driven given the functional dependence of the two variables
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variability and it has been shown to influence the population
dynamics of cholera in places where it is endemic, such as
Bangladesh [7•, 8–9], by increasing regional precipitation
[10–12]. El Niño years, the warm phase of ENSO character-
ized by warm water in the Pacific Ocean, have been shown to
modulate endemic cholera at highly localized urban settings
[13, 15] and cause broad geographic shifts in cholera burden
[16]. More generally, climate change can cause a rapid
warming of coastal regions [17], leading to a potential expan-
sion of the geographical extent of several pathogenic vibrio
species, and consequently a higher disease burden.

Rotavirus, another vaccine-preventable enteric disease,
also exhibits sensitivity to climatic conditions, but the role
of climate change on its population dynamics remains un-
clear. Rotavirus is the most common cause of diarrhea
among young children globally [18] and it exhibits signif-
icant heterogeneity in seasonality, suggesting the role of
environmental drivers. Large seasonal outbreaks have been
associated with low temperatures and low humidity, lead-
ing to a characteristic peak during the winter for most
countries [19]. Regions that exhibit endemic transmission
tend to have an additional peak during the summer for
reasons that are not well understood [20, 21]. Recent work
using a mechanistic framework showed that monsoon
flooding modulates the seasonality and interannual trans-
mission of rotavirus in Bangladesh [22]. Thus, changes in
precipitation and an increased frequency of flooding events
as a result of climate change [4] may impact future burden
in some parts of the world.

The role of climate variables in the transmission of other
vaccine-preventable enteric diseases has primarily been ad-
dressed through statistical, rather than mechanistic, frame-
works. Thus, while these statistical associations suggest
that climate change is likely to have an impact on the bur-
den and geographic range of these diseases, understanding
the exact nature of this impact is a key direction for future
research. Incidence of typhoid or enteric fever, caused by
Salmonella enterica serovar Typhi and Paratyphi, has been
positively associated with rainfall in Nepal [23], and hu-
midity and temperature in Bangladesh [24]. However, a
more recent analysis from Malawi shows a different pic-
ture, where an increased relative-risk of enteric fever was
linked to both low and high temperatures, and only exces-
sive rainfall (≥ 13 mm) was associated with a reduction in
the disease [25]. For hepatitis A, another vaccine-
preventable enteric disease, virus survival has been associ-
ated with lower temperatures [26], while extreme precipi-
tation, El Niño years, and severe flood events have been
linked to higher incidence [27–29]. In the case of polio, the
effect of climatic factors on transmission is not well under-
stood and, as a consequence, how future changes in climate
will impact disease burden and eradication efforts remains
an open question.

Airborne Diseases

The best evidence for the impact of climate on airborne path-
ogens comes from guinea pig animal models that have indi-
cated a role for climate in modulating the transmission of
influenza [30, 31]. While initial results highlighted tempera-
ture and relative humidity as key drivers, specific humidity
(the mass of water vapor in a unit mass of moist air) has been
found to be the best fit predictor of transmission and is simi-
larly correlated with virus survival [30]. Specific humidity has
since successfully been used to predict influenza outbreaks in
human populations [32•, 33] with dry (low humidity) condi-
tions leading to higher transmission. However, in tropical lo-
cations, precipitation may also play a role, though the mech-
anism linking precipitation to transmission is unclear [34, 35].
More recent work in Uganda provides evidence that influenza
subtypes might have differential climate drivers [36].
Epidemics of influenza A/H1N1 were found to be associated
with lower precipitation, but no association with climate was
found for influenza/H3N2 and influenza B.

The potential distinct effects of precipitation and specific
humidity have subtle implications when considering climate
change. While specific humidity, driven by temperature
changes, is expected to increase in the future, precipitation
projections are more uncertain [37]. Although influenza has
generally not been considered within a climate change frame-
work, one study has suggested rapid weather variability (de-
fined as the number of days in a 3-week period where day-to-
day temperature changes were greater than 3 K) could in-
crease influenza mortality in the future [38] and another that
higher temperatures could lead to a decline in the future [39].
Neither study, however, uses an epidemiological framework
to derive future projections. Broadly, influenza findings have
been supported by recent research on another airborne respi-
ratory pathogen—respiratory syncytial virus (RSV) [40].
Although not yet vaccine-preventable, vaccines are in devel-
opment for RSV, a disease with severe repercussions in young
children. Climate drivers of RSV were found to be strikingly
similar to influenza. Projections of climate change on RSV
epidemic dynamics suggest that the intensity of outbreaks will
decline in the future, but that severe outbreaks could occur
during periods of high precipitation particularly in tropical
locations and the western USA. Similarly, climate change
projections have been generated for varicella, finding that
higher relative humidity in the future is expected to lead to
moderately more severe outbreaks [41]. In general, although
there has been significant work relating climate drivers to
infectious airborne diseases, further work is needed to gener-
ate projections under climate change scenarios, especially
within a mechanistic framework.

While advances in influenza research have paved the way
for understanding the climate drivers of airborne viruses,
vaccine-preventable bacterial diseases have received less
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attention. There is some evidence of climate drivers for pneu-
mococcus and invasive meningococcal disease (IMD) [42].
Seasonality has been detected in pneumococcal transmission,
with wintertime conditions leading to higher transmission [43,
44]. For IMD, there is some evidence that incidence decreases
as temperature increases or, similarly, that low humidity in-
creases transmission [42, 45]. The “meningitis belt” located in
sub-Saharan Africa where IMD levels are high is of particular
concern [46]. In this region, dry conditions, high winds, and
increased dust may damage the upper respiratory tract, in-
creasing transmission [42]. Accounting for these multiple po-
tential drivers will complicate climate change projections for
IMD: variables such as wind and dust levels are less frequent-
ly available in climate model output [47]. Nevertheless, the
IPCC’s fifth assessment report suggests the disease burden
will be influenced by climate change [48].

Vector-Borne Diseases

There is a large body of literature that has examined the impact
of weather and climate on vector-borne disease burden and
transmission, particularly for mosquito-borne diseases. The
dependence of mosquito populations on ecological (such as
habitat suitability and land-use) and environmental factors
(such as temperature and rainfall) mean that the burden of
mosquito-borne diseases, and the prospects for their elimina-
tion, are strongly impacted by climate change. Climatic fac-
tors such as temperature and rainfall can affect mosquito abun-
dance, survival, breeding, and biting rates [49, 50]. While
temperature and precipitation are both important determinants
of the vector life history, the interplay between these climatic
factors are likely to have a more important effect than either
variable alone [51]. Furthermore, the complexity of the
vector-borne disease ecosystem (often involving non-human
animal hosts), with many factors interacting and leading to
non-linear effects means there is likely to be substantial un-
certainty in projections of future disease burden as a result of
changes in one or more of these factors. As highlighted in a
recent review, there is currently no clear consensus on the
impact of climate change on mosquito-borne diseases, possi-
bly as a result of multiple interacting effects of other global
change processes, such as land-use changes, which are often
excluded from studies on climate and disease [49].
Understanding these complex, and often non-linear, interac-
tions under various climate change scenarios is an important
direction for future research.

The vast majority of the literature has focused on the im-
pact of climate on malaria, which is transmitted by the
Anopheles mosquito species, but recent work has also shown
the importance of climatic factors for Aedes-borne diseases
such as dengue. There has been less focus on the impact of
climate on vaccine-preventable diseases that are transmitted

via mosquitoes—yellow fever and Japanese Encephalitis—
although the incidence and global spread of these diseases
are likely to be altered by climatic changes. Projections under
climate change scenarios suggest a poleward shift in the dis-
tribution of Aedesmosquitoes, assuming that mosquito ranges
will shift in response to changing temperatures and shifts in
the geographic range of optimal temperatures. A nuanced ex-
amination by Ryan et al. [52•] highlights differences in the
patterns of projected geographic shifts for the two species of
Aedes mosquitoes responsible for disease transmission—
Aedes albopictus and Aedes aegypti—due to differing thermal
niche for the two vectors. They find that climate change will
lead to increases in the total number of people exposed to
Aedes-borne viruses, and lead to the expansion of the virus
to new geographic regions. For the Albopictus species, how-
ever, they find that the most extreme increase in transmission
globally is predicted to occur at intermediate climate change
scenarios, highlighting the need for detailed projections by
vector species.

Although the geographic range of Japanese encephalitis
and yellow fever is also likely to change with climate, and
possibly in a similar way as that predicted for dengue, there
is a need for future research to focus more specifically on these
diseases. The Japanese encephalitis virus (JEV) is a flavivirus
belonging to the same genus as dengue but is transmitted to
humans through bites from infected mosquitoes of the Culex
species (mainly Culex tritaeniorhynchus). The transmission
cycle of JEV includes mosquitoes, pigs, and/or water birds,
and the disease is predominantly found in settings where
humans live in close proximity to these animal hosts. The
expansion of vaccination programs, improvements in living
standards, and the reduced contact between humans and ani-
mals due to mechanization of agriculture has led to reduction
of JEV in many countries, although the disease is endemic in
24 countries in parts of Asia and the Pacific [53]. In countries
with endemic transmission, outbreaks typically occur during
the warm season (in temperate regions) and during the rainy
season (in tropical and subtropical regions), as well as during
the pre-harvest period in rice-cultivating regions [53]. The link
between climate and JEV, however, has not been well-studied
and the impact of climate change remains an open question.
Because the enzootic cycle of JEV, and the interaction be-
tween humans and animal hosts, is a key driver of JEV epi-
demics, other large-scale global changes, such as demograph-
ic shifts and land-use changes, are likely to have a large impact
on JEV transmission in the future.

Yellow fever is an acute viral hemorrhagic disease caused
by another flavivirus—the yellow fever virus (YFV)—and is
transmitted by mosquitoes, belonging to the Aedes and
Haemagogus species. YFV is endemic primarily in tropical
regions of Africa and Latin America, with about 90% of cases
occurring in Africa. The disease has three transmission cycles,
all of which may be impacted by climate change: (1) a sylvatic
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cycle where transmission is maintained in non-human primate
populations by mosquitoes, (2) an intermediate cycle where
transmission occurs between humans and non-human pri-
mates via peri-domestic mosquitoes, and (3) an urban and
peri-urban cycle where human-to-human transmission is
propagated by Aedes aegypti mosquitoes [51].

Climatic variables such as temperature and rainfall have
been shown to be significantly correlated with the global dis-
tribution of YFV [51, 54], and previous studies have
highlighted the role of seasonality in climatic factors in driv-
ing outbreaks [55]. Specifically, the interaction between tem-
perature suitability and rainfall has been shown to account for
much of the variability of YFV transmission across Africa
[51]. The existence of a sylvatic cycle for YFV complicates
the picture as climate change is likely to alter the interactions
of mosquito species with non-human primates, and could lead
to the evolution of new serotypes thereby compromising vac-
cination programs [56]. The risk of yellow fever spillover
from non-human primates has been shown to be associated
with rainfall-driven seasonality in the vector populations and
temperature-driven seasonality in vector survival and infec-
tiousness [55]. The complex interactions between global
changes such as climate change, demographic change, and
land-use change are likely to have an impact on YFV evolu-
tion and the burden of yellow fever globally. Understanding
the role of environmental factors on both the sylvatic and
domestic cycles of YFV, as well as the role of environmental
factors in shaping virus phenotypic variance, will be a key
element of understanding the overall impact of climate change
on YFV [56].

Indirect Pathways Linking Climate
and Infectious Diseases

Beyond the direct impact on transmission, climate change is
also expected to have indirect impacts on the burden of
vaccine-preventable diseases primarily through the expected
increase in the frequency, geographic range, and severity of
extreme weather events. More frequent extreme weather
events, as a result of climate change, can exacerbate the spread
of infectious diseases by displacing populations, damaging the
public health infrastructure, disrupting access to routine public
health services, including vaccination, and destroying local
sanitation infrastructure and water systems [3, 57, 58].
Displaced populations, with reduced access to healthcare
and often living in crowded conditions, are at a higher risk
of experiencing infectious disease outbreaks [59]. Measles
and meningitis outbreaks occurred after the 2004 tsunami
and flooding in Banda Aceh [60]. Cholera outbreaks have
been reported in Mozambique following hurricanes in 2019
[57, 61], in Haiti following Hurricane Mathew [62], and in
West Bengal following the 1998 floods [63]. The disruption

of routine medical care such as vaccinations for children can
also lead to subsequent outbreaks of common vaccine-
preventable diseases. These disruptions could impact the
transmission of pathogens that are not considered to be direct-
ly impacted by climate change, such as human papillomavi-
rus, measles, mumps, and rubella. Finally, while current re-
search has not explicitly addressed the potential impact of
climate change on vaccine delivery systems, the increasing
frequency of extreme heat and other weather events could
cause disruptions to vaccine thermostability and the cold chain
system, particularly in remote areas [64].

Conclusions and Future Research Directions

Vaccine-preventable diseases remain a major cause of mortal-
ity and morbidity globally. Elimination and eradication efforts
for vaccine-preventable diseases have been hampered by a
multitude of factors including difficulties in developing vac-
cines with high efficacy for some diseases (such as influenza),
vaccine refusal, and vaccine distribution issues. In light of
these barriers to elimination, there is a growing interest in
understanding the impact of climate change on the transmis-
sion of vaccine-preventable diseases. Climatic factors have
been shown to be important drivers of vaccine-preventable
respiratory airborne diseases, water-borne enteric diseases,
andmosquito-borne diseases, yet muchwork remains in trans-
lating these findings to forecast disease burden under climate
change. We have identified three major directions of future
research to address existing gaps in the literature. First, we
advocate for a greater focus on mechanistic models of disease
transmission. Accurately attributing the impact of climate
drivers on disease transmission is challenging due to the exis-
tence of multiple drivers of transmission, many of which in-
teract in complex ways and produce synergistic effects on
disease burden. Developing mechanistic frameworks that ac-
count for intrinsic and extrinsic drivers, and these non-linear
effects, is thus a crucial step in generating reliable forecasts
under different climate change scenarios.

Second, accounting for the interacting effects of other glob-
al change processes, such as changes in land-use, socio-
economic conditions, and demography, is important for de-
veloping a holistic understanding of the impact of climate
change on disease burden. This will be particularly important
for understanding the impact of climate change on zoonoses
and the emergence of novel pathogens due to spillover events.
The emergence of SARS-CoV-2 and the resulting global pan-
demic have highlighted the importance of studying these spill-
over events. Additionally, socioeconomic conditions, as well
as disruptions of the public health infrastructure and vaccine
distribution, either as a result of climate change or otherwise,
will have an impact on disease burden. The majority of current
research, however, has studied the impact of climate change in
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isolation, and examining the impact of climate change in con-
junction with changes in various ecological, environmental,
and socioeconomic factors should be a key direction for future
research.

Third, projections of future epidemics need to account for
uncertainty in both the climate modeling processes as well as
disease outcomes. Sources of uncertainty include differences
in projections from ensemble member climate models, differ-
ences across climate change scenarios, and uncertainty in
climate-transmission estimates [65]. The vast majority of cur-
rent studies focus on the output of a single climate model or
uses only the multi-model mean. While this may be sufficient
for temperature projections, where there is broad agreement,
precipitation projections may vary significantly across
models.

The output of the latest IPCC-driven climate modeling ef-
fort, Coupled Model Intercomparison Project (CMIP) 6, is
newly available (Fig. 1). Projections in this case are based
on the recently developed Shared Socioeconomic Pathways
[66]. The SSPs present scenarios of possible economic, demo-
graphic, and environmental change, with the advantage that
accompanying population projections have also been devel-
oped [67]. This presents a novel opportunity for incorporating
both population changes and climate changes into future pro-
jections of infectious disease. With resources, such as
Worldclim [6], providing access to downscaled and bias-
corrected versions of the climate projection data, across the
range of climate model output, accounting for uncertainty is
increasingly feasible. More broadly, these novel data streams
present a unique opportunity to address key questions of cli-
mate change and infectious disease going forward.
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