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Abstract To aid health adaptation decision-making, there are
increasing efforts to provide climate projections at finer tem-
poral and spatial scales. Relying solely on projected climate
changes for longer-term decisions makes the implicit assump-
tion that sources of vulnerability other than climate change
will remain the same, which is not very probable. Over longer
time horizons, this approach likely over estimates the extent to
which climate change could alter the magnitude and pattern of
health outcomes, introducing systematic bias into health man-
agement decisions. To balance this potential bias, decision-
makers also need projections of other drivers of health out-
comes that are, like climate change, recognized determinants
of some disease burdens. Incorporating projections via an it-
erative process that allows for regular updates based on new
knowledge and experience has the potential to improve the
utility of fine-scale climate projections in health system adap-
tation to climate change.

Keywords Climate change . Health risks . Adaptation . Risk
management . Uncertainty

Introduction

The overall goal of health system adaptation to climate change
is to bring sustained improvements in population health in an
unstable climate. This goal can be achieved by developing
climate-resilient health systems with the capacity to anticipate,
respond to, cope with, and recover from climate-related
shocks and stresses [1••]. Integrating climate change into
health system planning and other activities is challenging, as
future climate and other factors affecting health systems are
inherently uncertain [2]. Nevertheless, waiting for more cer-
tainty to implement adaptation interventions needed to man-
age the risks associated with a changing climate will unneces-
sarily put individuals and communities at risk.

One building block of a resilient health system is service
delivery designed to integrate climate change into programs
for controlling climate-sensitive health outcomes, to improve
management of the social and environmental determinants of
health, and to enhance disaster risk management for extreme
weather and climate events [1••, 3]. Ministries and depart-
ments of health are beginning to incorporate climate variabil-
ity and change into their policies, programs, and plans [4, 5].
These efforts are being made to better manage current burdens
of weather-sensitive health outcomes and to prepare for future
shifts in the magnitude and pattern of health burdens as cli-
mate continues to change [6••]. Doing so requires understand-
ing the magnitude and pattern of uncertainties not just only
about weather and climate information but also about how
development pathways (this includes demographic and socio-
economic change, urbanization, land use, investments in new
technologies, governance, the degree to which equity issues
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are addressed, and other factors) could alter future vulnerabil-
ity to the risks posed by a changing climate [7].

The following sections review the uncertainties in climate
and development predictions and projections, discuss tempo-
ral and spatial scales for climate and development informa-
tion, provide examples of early warning systems and strategic
planning, and discuss the importance of iterative risk manage-
ment approaches to effectively handle the uncertainties inher-
ent when looking to the future.

Decision-Making and Uncertainties About Future
Climate

Health decision-makers face multi-dimensional uncertainty
when using models to modify existing and implement new
policies and programs [8]. These uncertainties pertain to
choices regarding management of today’s risks of climate var-
iability and change and, even more demonstrably, to prepara-
tions for a future with further, and potentially more dramatic,
departures from historical weather patterns [9]. Clarifying the
temporal and spatial scales of data and projections needed to
help inform these decisions can help identify key uncer-
tainties. This information can be used, in turn, to consider
which decisions need to be taken now and which could be
postponed until uncertainties are reduced [10]. Such an ap-
proach can also informwhen decisions should be reconsidered
in the future to evaluate whether new knowledge alters the
decision calculus significantly.

In assessing the uncertainty accompanying inputs into
decision-making processes, decision-makers need to under-
stand the extent to which the scale of current knowledge
matches the information needed for a particular decision, what
is known about the certainty of that knowledge, and the extent
to which the uncertainty may resolve over time [11]. Uncer-
tainty related to some systems is quite distinct to uncertainty
from others, and uncertainty related to adaptation decisions
may be less likely to resolve with time than other types [11].

These issues have implications for public health adaptation
in the near and longer terms. For instance, public health orga-
nizations and agencies are increasingly utilizing seasonal and
medium-term (several year) weather and climate variability
outlooks to inform their short-term planning and relying on
quantitative climate change health risk projections for longer-
term planning efforts [6••]. Providing products with reason-
able skill to serve these needs at appropriate spatial and tem-
poral scales is challenging; low skill (and other factors) cur-
rently limits widespread use. However, there are indications
that skill is gradually increasing [12] and that further improve-
ments are within reach [13]. Even as skill improves, however,
predictions and projections will be less useful for certain types
of planning because they are outside the temporal scale of the
decision or because skill improvements will not be uniform

across hazards. Globally and increasingly regionally, projec-
tions of changes in surface temperature over land and in
changes in precipitation patterns are skilled and robust, while
projections of changes in other relevant variables such as
drought, hurricanes, and cloud cover, are more uncertain
[14]. There also is evidence that increases in skill will vary
by geographic region [15•].

Decision-Making and Uncertainties About Future
Development

Adding to the complexity, weather and climate are not the sole
determinants of climate-sensitive health outcomes. Environ-
mental factors, of which climate is just one, are estimated to be
responsible for 25–33 % of the global burden of disease, al-
though climate instability was not a factor in previous assess-
ments [16]. Despite this multifactorial causal pathway and the
dominance of other factors, health impact projections often
ignore these other considerations. When they are considered,
they are often reduced to the proxy measure of economic
development as expressed by projections of gross domestic
product (GDP) and even then considering only a limited range
of possible futures [17]. Considering only population and
GDPwhen projecting risks makes the implicit assumption that
other sources of vulnerability will remain the same, an unlike-
ly possibility [18], particularly over longer temporal scales.
Including a broader range of uncertainties in these projections
is important given that these uncertainties may be much larger
than those related to climate projections.

Recent work extends projections of socioeconomic devel-
opment based on the shared socioeconomic pathways [19]. As
the authors recognize, these projections are subject to signifi-
cant uncertainty and should not be viewed as predictions.
Incorporating not only socioeconomic development trajecto-
ries but also other determinants of health could significantly
strengthen adaptation planning efforts [20]. The new climate
change research and assessment scenarios are designed to fa-
cilitate estimating the extent to which plausible development
pathways could increase or decrease future risks [21].

For example, investments in health services are not perfect-
ly correlated with economic development [22]. Thus, it may
not be adequate to use GDP as a proxy for health service
activities that are relevant to climate change health impacts.
Further, some advances in public health may not be well rep-
resented even by projections in health service spending. Take,
for instance, the proposition that a highly effective malaria
vaccine would significantly reduce concerns about climate
change possibly affecting the geographic range, seasonality,
and incidence of malaria in a warmer climate. But what is the
likelihood of such a technology breakthrough over the next
few years and how long would it take to be deployed at scale?
Will climate change affect the likelihood of such a
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development or the timeline from vaccine development to
widespread distribution?

Illustrating the challenge is the relative tractability of the
problem of predicting the extent to which malaria prevention
and control activities can be maintained going forward until
and when a vaccine exists and the impacts they are likely to
have. Experts conjecture that, with investments of US$ 6–8
billion per year, malaria could be eradicated in 35 countries
and incidence reduced to below 90 % of 2015 levels by 2030,
without considering the possible impacts of climate change
[23].

Temporal and Spatial Scales of Information Needed
for Health Adaptation Decisions

Health adaptation decisions cross a range of temporal and
spatial scales, from reducing the current adaptation deficit
(e.g., unmanaged vulnerability) by implementing an early
warning system to incorporating projections of sea level rise
and storm surges into planning for infrastructure that will exist
for 50 or more years. The information needed for these deci-
sions varies by health outcome and decision, but in general,
factors of importance include trends and projections of demo-
graphics and GDP, quality and accessibility of public health
and health care systems, infrastructure planning, land use
change, and the extent to which adaptation could reduce the
burden of climate-sensitive health outcomes. Decisions fo-
cused on the next few years can use information on recent
trends to inform early warning systems, including trends in
weather variables, and use information on modifications
planned to increase the resilience of health systems. The short
time frame and extent of information will lead to greater cer-
tainty that the decisions taken will remain effective over the
next few years. In contrast, the further into the future the focus
of the decision, in general, the more uncertain the information
related to climate and to how health systems could evolve.

Some decisions taken over the short-term can create path
dependencies that may constrain future options. These
longer-term consequences should be explicitly considered;
doing so may narrow the uncertainty to a degree, although it
will not reduce it to the level expected in the shorter term.

Weather and climate models produce outputs at specified
temporal and spatial scales, whether weather forecasts,
medium-term predictions related to seasonal weather trends
informed by climate variability, general circulation models
projecting climate at a decadal scale, or integrated assessment
models projecting economic growth over decades. Climate
change projections, in particular, are typically spatially re-
solved at pixels of roughly 50 km2 and temporally with out-
puts averaged over decades. For certain climate-sensitive
health outcomes, this coarse spatial and temporal resolution
ignores relevant variations in exposure dynamics over space

and time, thus increasing uncertainty in the projected magni-
tude and pattern of health risks. To facilitate quantitative pro-
jections at finer spatial scales, climate scientists are working to
furnish downscaled climate change projections for use in mul-
tiple sectors, including public health, although fine-scale pro-
jections are not always necessary to facilitate decisionmaking:
matching the scale of decision-making inputs with the geo-
graphic and temporal scale of the decisions being taken is
most important.

Table 1 shows some health adaptation decisions and the
temporal and spatial scales of information that would be help-
ful to inform the decisions. The following sections explore
these dynamics in relation to two health systems adaptation
activities, early warning systems, and national adaptation
plans.

Early Warning Systems

Early warning systems allow for early recognition of
weather-related hazards so messages can be conveyed to vul-
nerable populations and vulnerable infrastructure can be
protected. Early warning systems need information on more
than just the climate-related hazard; other drivers include the
location of vulnerable populations, the status of health sys-
tems, the pattern of urbanization, and other factors. The Glob-
al Framework on Climate Services (GFCS) is a worldwide
mechanism for coordinated actions to enhance the quality,
quantity, and application of climate services (https://gfcs.
wmo.int), including early warning systems. Health is a
priority area, where GFCS will foster access to reliable
health and climate-related data, tools, and services to support
developing early warning systems, augmenting disease sur-
veillance programs, and other activities. Under the GFCS
and other programs, countries and regions are developing ear-
ly warning systems to warn of conditions that could lead to an
outbreak of an infectious disease, such as malaria, dengue
fever, and cholera. There are a growing number of early warn-
ing systems with the potential to reduce current morbidity and
mortality from climate-sensitive health outcomes.

For example, Hii and colleagues showed the feasibility of
using weekly mean temperature and cumulative rainfall to
forecast dengue cases in Singapore up to 16weeks in advance,
with high sensitivity to distinguishing between outbreak and
non-outbreak periods [24]. Another example is a heatwave
early warning system for Ahmedabad, India, wherein proba-
bilistic temperature forecasts are used to scale up public health
and health care activities protective of public health [25]. The
system achieved early success and is being scaled to other
regions in India with similar high seasonal heat exposure. A
third example is that of Washington State’s Vibrio
parahaemolyticus control policy that incorporates forecasted
weather specific to shellfish bed locations with annual risk
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Table 1 Health adaptation decisions and the temporal and spatial scales of information to inform them

Climate data Socioeconomic data Comments

Adaptation Timeframe Spatial scale At scale of climate data

Ministry/department
of health strategic
plans

Expected trends over
next 5 years and
projected changes in
weather patterns to
2030–2040 (15–
25 years)

Depends on the health
outcomes of concern

Current trends and
projections of changes in
population, economic
growth, urbanization,
and other relevant
variables, and storylines
of how other variables
could evolve under
different development
pathways

Considering a longer time
frame than 5 years is
important for planning
for adaptation needs
likely to arise over the
next few decades

Vulnerability and
adaptation
assessments

Expected trends over
next 5 years and
projected changes in
weather patterns to
2030–2040 (15–
25 years); longer
may be appropriate
depending focus of
assessment

Depends on the health
outcomes of concern,
generally national,
sub-national,
community levels

Current trends and
projections of changes in
population, economic
growth, urbanization,
and other relevant
variables, and storylines
of how other variables
could evolve under
different development
pathways

Early warning systems Daily to seasonal
forecasts

Matched to the scale of
vulnerability factors
for deploying
effective response
systems

Needed to identify most
vulnerable populations
and how to appropriately
target messages

Early warning systems
are developed based on
relationships between
the hazard and health
outcomes, should
evaluate the skill
between forecast and
observed weather
variables

Disaster risk
management

Daily to seasonal
forecasts

Matched to the scale of
vulnerability factors
for deploying
effective response
systems

Needed to identify most
vulnerable populations
and how to appropriately
target messages; also
need to collect data on
factors that can monitor
long-term health
consequences

Integrated surveillance
& monitoring
programs

Daily to seasonal
forecasts to next 5–
10 years

As fine a scale as
possible to ensure
data are being
collected to inform
early warning
systems and other
activities

Factors required for
analysis of surveillance
and monitoring
programs

Coordination with
national/state
meteorological
services so that
weather and health data
are collected in the
same locations

Enhancing supply
chains

Next 5 years and
projected changes in
weather patterns to
2030–2040 (15–
25 years)

Depends on the key
components of the
supply chain and their
associated weather
risks

Projections of population,
economic growth and
other variables that
could inform estimates
of how the supply chain
could evolve under
different development
pathways

Infrastructure and
technologies

Projected changes in
weather patterns to
2040+ to account for
the long lifetime of
infrastructure

Fine enough scale to
determine risks of, for
example, extreme
weather and climate
events, to
infrastructure

Projections of population,
economic growth,
urbanization and other
variables that could
inform estimates of use
of the infrastructure/
technology
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characterization derived from historical illness burden to reg-
ulate shellfish bed closure parameters [26].

Developing longer lead times for these and other warning
systems would mean providing more time for educating pop-
ulations of the risks and appropriate actions to take to decrease
vulnerability. In the case of dengue early warning, optimal
lead times—and thus optimal forecast periods—are at least
3 months prior to an outbreak [27]. Lag times for heatwave
early warnings such as the system developed for Ahmedabad
are shorter [28]. For some hazards, longer lag times are more
useful, particularly those that require evacuation, efforts to
harden or relocate critical infrastructure and capital, ecological
interventions such as vector control, or large-scale resource
mobilization.

A caveat about early warning systems is that these systems
are based on observations of environmental exposures, such
as temperature and precipitation and human morbidity and
mortality, but warnings are based on forecasts of the key ex-
posure variables. In Stockholm, the weather forecasts of hot
temperatures are consistently lower than observed hot temper-
atures [29]. Given uncertainties in forecast models, validation
is an important component of any early warning system.

Effective early warning systems also need other informa-
tion, such as socioeconomic and underlying health data, to
design interventions to protect particularly vulnerable popula-
tions [30]. Flood early warning systems need information on
urbanization choices, such as where critical infrastructure (and
access to it) is located. Which individuals are particularly vul-
nerable and where they live is important for developing re-
sponse plans once a warning is called. Vulnerability mapping
and identification of climate-sensitive disease hotspots are im-
portant adjuncts that can help target early warning messages
and other interventions [31]. The Ahmedabad heat early warn-
ing system mentioned above incorporated a vulnerability as-
sessment of heat exposure and health impacts in slums prior to
its initiation [25], and its managers closely track urban plan-
ning and construction activities because outdoor construction
workers are particularly vulnerable to extreme heat.

One challenge is that many of these early warning sys-
tems do not consider how climate change and adaptation
of health systems could alter their effectiveness over the
next decade. For example, summer is longer by days to
weeks than it was just a few decades ago, depending on
the region [14]. Yet, heatwave early warning systems
were often established as static programs, without provi-
sions for modifying the start/stop dates of the systems.
Further, there is growing evidence that people are accli-
matizing over time to warmer summers [32, 33]. Early
warning systems will themselves need to be adjusted as
weather patterns continue to change if they are to main-
tain their effectiveness, and to effect these changes,
decision-makers will need information at appropriate spa-
tial and temporal scales to modify interventions over time.

National Adaptation and Other Strategic Plans

Many countries are evaluating their health system stra-
tegic plans as part of a process initiated under the Unit-
ed Nations Framework Convention on Climate Change
[34] (UNFCCC). Countries are developing National Ad-
aptation Plans to complement their National Communi-
cations required under the UNFCCC [35]. WHO issued
guidance for countries to develop the health component
of a country’s National Adaptation Plan [36••]. Doing
so requires evaluating the wide range of policies and
programs designed to prevent and manage the health
risks of climate variability and change, including water,
sanitation, and hygiene (WASH), surveillance programs
for a range of infectious diseases, maternal and child
health, air quality, and disaster risk management.

The Millennium Development Goals highlighted the im-
portance for health and well-being of access to safe water and
improved sanitation, resulting in significant investments in
development assistance for WASH. However, climate change
was not taken into consideration when these interventions
were designed and deployed. Changes in precipitation pat-
terns, particularly extreme rainfall events, flooding, storm
surges, and sea level rise could put these investments at risk.
Research is ongoing to understand how climate change could
manifest itself at the local level through changing rainfall,
runoff, and groundwater recharge [37].

Information required for making new infrastructure
investment decisions includes how the mean and vari-
ability of temperature, precipitation, and other weather
variables could change over the coming decades at a
scale relevant to the decision being taken. Input from
health planners is critical to ensuring health consider-
ations are adequately addressed in infrastructure deci-
sions. Such information and interdisciplinary coordina-
tion would allow for better understanding of how infra-
structure plans could be modified to account for risks
arising later in the century. Climate projections should
be at a fine-enough spatial and temporal scale to deter-
mine the risks of, for example, extreme weather and
climate events to infrastructure. In addition, it would
be helpful to also have projections of factors such as
projected population growth in the region the infrastruc-
ture will serve, economic growth, urbanization, and oth-
er variables that could inform estimates of the design
and use of the infrastructure.

Uncertainties Reinforce the Need for Iterative
Adaptive Management

Making public health decisions based on predictions and
projections should be done within an iterative risk
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management framework that acknowledges decisions
will need re-evaluation as more information becomes
available [38, 39••, 40••]. Iterative adaptive management
is a structured process for decision-making when key
information is uncertain. While decision-makers routine-
ly make decisions under uncertainty, the breadth and
depth of the uncertainties with climate change are often
larger than for other decisions. Because uncertainty will
continue to be a feature of managing the risks of cli-
mate change, adapting to uncertainty is a key feature of
adapting to climate change. Adopting decision-making
processes that recognize and integrate the stressors as-
sociated with climate change, the large uncertainties re-
lated to a changing climate, and the likelihood those
uncertainties will be reduced over the time frame of
relevant planning processes are key features of adapting
to climate change.

Adaptive management in health systems is a process to
facilitate effective use of system-based approaches when
modifying current or implementing new interventions,
based on projections of future vulnerabilities and risks.
Adaptive management is intended to increase the effec-
tiveness of interventions by designing decision-making
processes so they explicitly take into account new infor-
mation, environmental changes, and shifting social and
political conditions [38, 39••, 40••]. Learning is a key
component [40••]. This perspective is consistent with ad-
aptation in other sectors, because climate change-related
uncertainties pertain to all sectors [9].

Conclusions

Public health agencies are increasingly relying on
short-term predictions and longer-term projections to in-
corporate climate variability and change into their plan-
ning and decision-making activities. Careful consider-
ation is needed of the uncertainties associated with dif-
ferent predictions and projections used in decision-
making processes. A particular challenge is that there
is frequently a mismatch between the temporal and spa-
tial scales of climate change projections and the avail-
ability of predictions and projections of trends in other
drivers of population health that are relevant for the
decision being taken. Particularly, over longer time ho-
rizons, this mismatch has the potential to introduce a
systematic bias that can overestimate the impact of cli-
mate change and underestimate the role of other drivers
of population health. No matter the skill of predictions
and projections, the future is inherently uncertain, so
adopting an iterative approach to decision making and
continually revising adaptation policies, programs, and
plans as new knowledge is gained would be prudent.
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