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Introduction

Climate change is anticipated to influence public health through a wide range of
pathways, largely through exacerbating health risks that exist in the current day (NIEHS 2010).
Air pollution levels may be affected, especially for pollutants with photochemical formation such
as ozone (Chang et al. 2010, Bell et al. 2007). The distribution of infectious diseases, such as
malaria and dengue fever, may shift into populations that have not been previously affected
(Parham and Michael 2010, Johansson et al. 2009, Tanser et al. 2003). Changes in temperature
and precipitation patterns as well as in the frequency, intensity, and distribution of floods and
droughts may affect water-borne diseases, including cholera (Patz et al. 1996). Impacts on

natural disasters (e.g., floods, hurricanes) can result in displacement, resulting in infectious



disease and conflict (Watson et al. 2003). Altered weather patterns can affect agriculture, thereby
impacting nutrition and hunger (Wesche and Chan, in press).

Efforts to quantify the health impacts from a changing climate face several challenges. A
key challenge is estimating future conditions, which is often achieved through use of global
circulation models (GCMs), often on conjunction with regional modeling systems. Researchers
have extensively evaluated GCMs and improved the representation of the climate system and
estimates of extreme conditions (IPCC 2007). Still limitations remain and some weaknesses of
GCMs are known, such as an underestimation of the frequency and quantity of precipitation
during extreme events. Uncertainties in the estimation of health impacts from climate change
involves uncertainties inherent in the GCMs, linking of multiple systems (e.g., GCM output to be
used in regional weather models), and downscaling output from GCM models to a finer spatial
resolution. To estimate health consequences from climate change in the future, we must
understand current day impacts. Thus, the uncertainties associated with models to estimate
present day effects (e.g., how infectious disease spreads) also play a role. Other key challenges
are the untestable assumptions regarding scenarios used as inputs to the GCMs and baseline
health status with respect to population growth, emissions of greenhouse gases, the rate of
technological development and implementation, changing demographics (e.g., age, race) that
relate to susceptibilities, and urbanization.

Perhaps the most direct link between climate change and human health is through
changes in weather patterns, with anticipated higher overall temperatures and more frequent and
severe extreme events (Meehl and Tebaldi 2004). Several studies have examined how heat and
heat waves affect temperature in the current day (Anderson and Bell 2009 and in press, Ostro et

al. 2009, Curriero et al. 2002) and some have explored heat-related mortality impacts under a



changing climate (Gosling et al. 2007). However, new approaches to generate quantitative
estimates are needed (Xun et al. 2010, Kinney et al. 2008). Specifically, mathematical models for
estimating current day effects and how to apply such models to future conditions are limited.
Below, we describe many of the challenges to quantitative estimation of the human health
consequences of higher temperatures under a changing climate, with a focus on the potential
contributions of mathematical modeling. Many of the challenges discussed apply more broadly

to the study of human health and climate change in general.

Challenges and Research Needs on the Effects of Heat Waves on Human Health

The majority of heat wave studies have retrospectively analyzed the adverse health
impact associated with very extreme heat events. Studies are needed that investigate the health
effects of heat waves in multiple locations over time in order to quantify the risks attributable to
less extreme, but still potentially harmful, heat wave events. However, studies of health effects of
heat waves are challenged by several factors inherent to how to: 1) specify the mathematical
model for the association between temperature variables and health outcomes; 2) investigate
susceptibility; 3) quantify adaptation; and 4) characterize sources of uncertainties in the data, the
statistical model, and the parameters of the model. With adequate data, mathematical modeling
of the relationship between temperature conditions and health outcome could substantially

advance this research topic. Some of these challenges are described below.

Defining a heat wave: The definitions of heat waves generally involve specifying the following
quantities: 1) exceedances of percentiles of the temperature distribution; 2) exceedances of

specific absolute temperature levels; 3) continuous stretches of high temperature; and/or 4) high



humidity. For example Meehl and Tebaldi in their paper in Science (2004) used the following
definition: a heat wave is defined as the longest period of consecutive days satisfying: a) daily
maximum temperature is above T1 for > 3 days; b) daily maximum temperature is above T2 for
the entire period; and c) average of daily maximum temperature over the period is > T1, where
T1 is the 97.5™ percentile of the distribution of daily maximum temperatures; and T2 is the 81°
percentile of daily max temperatures. In a recent analysis of heat and cold effects in 107 U.S.
communities, Anderson and Bell (2009) considered 6 possible definitions of a heat wave with
duration defined as periods of >2 or >4 consecutive days of temperatures above the 98.5" 99"
or 99.5™ percentile of the community’s temperature, and these categorizations were used
previously in analysis of 3 European cities (Hajat et al. 2006). Decisions regarding the definition
of a heat wave should consider multiple ways of categorizing elevated temperatures, such as the
absolute temperature levels or percentiles. These different ways of defining heat affect the
interpretation of results regarding adaptation, such as whether a community is experiencing a

temperature that is elevated compared to the city’s more typical conditions.

Disentangling the health risk of a heat wave episode from the health risks of other
environmental factors such as temperature and ambient pollutants: Statistical models for
estimating the relative risks of heat waves published in the literature typically include both
temperature terms as well as an indicator of a heat wave day (Anderson and Bell 2009). Under
these models, the regression coefficient of the indicator provides an estimate of the heat wave
effect beyond (e.g. adjusted by) the effect of temperature. Since heat waves are functions of
temperature, inclusion of both variables in the model may introduce multicollinearity. In

addition, it is more desirable to estimate a “global” or “cumulative” effect of heat wave that is



not adjusted by temperature. However, since temperature is highly associated with mortality (see
for example Curriero et al. 2002), omitting the temperature variable in a regression model having
a heat wave day indicator yields a model with poor fit. Alternatively, to estimate a cumulative
effect of temperature in the past few days before the adverse health event, temperature has been
modeled with distributed lag models of both linear and nonlinear temperature covariates having
time-varying regression coefficients (Welty and Zeger 2005). To estimate the effect of a heat
wave event on mortality risk, studies have included as confounders day of week and smooth
functions of calendar time (Anderson and Bell 2009, Hajat et al. 2006) and sometimes
adjustment for air pollutants. The inclusion of pollutants as covariates in weather-risk models is
complex given the role of temperature in the formation of tropospheric ozone and secondary
particles. In summary, substantial uncertainty still remains about how to model the heat wave-
health exposure response in presence of complex interaction terms and potentially many

unmeasured confounders.

Studying adaptation: The ability of people to adapt to increasing long-term average
temperatures as well as increasing frequency and severity of heat waves is one of many
interrelated variables contributing to the uncertainty about the human health impact of climate
change (Patz et al. 2000). We consider adaptation to mean a person’s ability to adapt to
temperature patterns that they commonly experience, thereby mitigating potentially negative
health effects. Adaptation pathways can be biological, structural (e.g., differences in building
designs), or behavioral (e.g., changes in clothing or indoor/outdoor activity patterns). Studies of
temperature and mortality have quantified aspects of adaptation in many different ways, and

there exists no mathematical framework that can quantify adaptation in a comprehensive fashion.



For example, one study of 11 large cities in the eastern U.S. found that for the years 1973-1994,
compared to northern cities, southern cities (where climate is generally warmer) had higher
minimum mortality temperatures (MMT), which is the point at which the association between
temperature and mortality is zero in a nonlinear dose-response curve. Southern cities also had
larger effects of cold temperature than northern cities. Northern cities tended to have lower
MMTs and generally had larger effects of hot temperature (Curriero et al. 2002). The presence of
central air conditioning (AC) in the household is an adaptive factor that has been shown in some
studies to be associated with decreasing the effect of extreme heat (Bouchama et al. 2007). A
decrease in the effect of hot temperatures was observed in a national study of temperature and
mortality for the 14-year period of 1987-2000 (Barnett 2007). That study employed a time-
varying coefficient statistical model stratified by season and found that the effect of temperature
generally decreased over the 14-year period for the summer season but was relatively constant
for other seasons. This decrease in the effect of hot temperatures appears to correlate with a
general increase in the use of AC in the U.S. However, a formal connection between long-term

trends in temperature-related health effects and trends in AC usage has not been explored.

Characterizing susceptibility: A key question of interest is whether extreme heat affects
individuals and populations equally. Retrospective studies of major heat waves in the U.S. and
Europe have identified a number of factors that make people more susceptible to dying from or
being hospitalized for heat-related illnesses (Bouchama et al. 2007). Some of these factors are
medical conditions which can be thought of as generally weakening the body’s physical response
to extreme heat while other factors are non-medical characteristics such as race, age, and socio-

economic factors. However, results have not been completely in agreement. In determining



factors that make individuals more or less susceptible to heat waves, current approaches have a
number of deficiencies. For example, retrospective studies of heat waves have been limited to
isolated incidents with relatively small study population sizes. It is not always clear whether
differences between studies of heat waves are attributable to differences in study populations,
temperature characteristics, or statistical methodology. Epidemiological studies of susceptibility
factors have not been in full agreement to date, possibly due to a location-specific or regional
focus of the studies. With a national database of health and weather information, risk estimates
could be obtained using consistent methodology and heterogeneity in risks could potentially be
explained using various location-specific socio-economic or other variables, thereby mitigating

many of the problems with interpreting current studies.

Providing evidence for (or against) the mortality displacement hypothesis: A few studies
have examined whether some heat related deaths would have occurred only a few days later even
without the elevated exposures, in this case, elevated temperatures, a concept known as
“mortality displacement”. Again, results for previous epidemiological studies are mixed.
Mathematical models could be developed to better characterize the time course of temperature
effects on mortality. For example, distributed lag models allow one to make inferences about the
cumulative health effect of a heat wave over a multi-day period after the heat wave episode, and
these methods have been applied in the context of time-series studies of air pollution and
mortality (Welty and Zeger 2005, Schwartz 2000). In the mortality displacement scenario we
would expect to obtain a shape of the distributed lag function that indicates a large risk on the
same day (day 0) of an increase in temperature, followed by a period where the risk of death is

negative. One interpretation of the negative risk is that the pool of susceptible people is depleted



on day 0 and therefore mortality is less than expected on subsequent days.

Developing a comprehensive treatment of both statistical and model uncertainty:
Understanding the contribution of the different sources of uncertainty is an integral part of a
systematic assessment of future health risks under climate change. In order to combine estimates
of present and historical relative risk of mortality associated with heat waves with output from
climate simulation models, a measure of the corresponding uncertainty is desired. This measure
should include both model uncertainty as well as statistical uncertainty conditional on a given

model. Information regarding the sensitivity of results to various types of uncertainties is needed.

Building a surveillance model to track adverse health effects associated with extreme
temperatures: The surveillance model could include a linked national data base with
information on weather, health, and potential confounders (e.g., air pollution, demographics).
These national data should be updated routinely to monitor health effects of environmental
exposures to estimate how weather affects health in the current day and how these risk change
over time. In addition these national data set and statistical and mathematical models could be
used to: 1) routinely estimate the association between extreme temperature events and health

using national data sets; and then 2) predict the health impact of future climate change scenarios.

Quantifying the co-benefits from climate change and short-term air pollution policies:
Many of the policies aimed at lowering emissions of greenhouse gases would also lower levels
of ambient air pollutants in the near term and vice versa (Markandya et al. 2009, Wilkinson et al.

2009, Bell et al. 2008, Cifuentes et al. 2001). However, most analyses of the health impacts of



climate change policies do not incorporate the benefits, and costs, of changes in air quality in the
short term. As an example, most discussion largely ignored the potential for cap and trade
legislation to contribute to reductions in levels of other harmful air pollutants, such as sulfur
dioxide, particulate matter, and ozone precursors, which share emission sources with greenhouse
gases (Barr et al. 2010). Mathematical models could be developed to understand to what degree
reduction of greenhouse gases could lead to: 1) an immediate reduction in harmful air pollutants,
thereby improving public health in the short term; and 2) a mitigation of climate change, thereby
improving public health in the long term. In summary, a full understanding of how a climate
change scenario impacts health would incorporate the short-term health benefits from the climate

change policies assume in the scenario development.



References

Anderson GB, Bell ML (2009). Weather-related mortality: how heat, cold, and heat waves affect
mortality in the United States. Epidemiology 20:205-213.

Anderson GB, Bell ML (in press). Heatwaves in the United States: Mortality risk during
heatwaves and effect modification by heatwave characteristics in 43 US communities.
Environmental Health Perspectives.

Barr C, Dominici F (2010). Cap and trade legislation: Additional Benefits from Air Pollution
Mitigation. Journal of American Medical Association, 303:69-70.

Barnett AG (2007). Temperature and cardiovascular deaths in the US elderly: changes over time.
Epidemiology 18:396-372.

Bell ML, DL Davis, LA Cifuentes, AJ Krupnick, RD Morgenstern, GD Thurston (2008).
Ancillary human health benefits of improved air quality resulting from climate change
mitigation. Environmental Health 7:41, doi:10.1186/1476-069X-7-41.

Bell ML, R Goldberg, C Hogrefe, PL Kinney, K Knowlton, B Lynn, J Rosenthal, C Rosenzweig,
J Patz (2007). Climate change, ambient ozone, and health in 50 U.S. cities. Climatic Change
82:61-76.

Bouchama A, Dehbi M, Mohamed G, Matthies F, Shoukri M, Menne B (2007), Prognostic
factors in heat wave related deaths: a meta-analysis. Archives of Internal Medicine
167:2170-2176.

Chang HH, Zhou J, Fuentes M (2010). Impact of climate change on ambient ozone level and
mortality in southeastern United States. International Journal of Environmental research and

Public Health 7:2866-2880.

10



Cifuentes L, Borja-Aburto VH, Gouveia N, Thurston G, Davis DL (2001). Climate change.
Hidden health benefits of greenhouse gas mitigation. Science 293:1257-12509.

Curriero F, Heiner K, Samet J, Zeger S, Patz, J (2002). Temperature and Mortality in 11 Cities of
the Eastern United States. American Journal of Epidemiology 155:80-87.

Gosling SN, McGregor GR, Paldy A (2007). Climate change and heat-related mortality in six
cities part 1. model construction and validation. International Journal of Biometeorology
51:525-540.

Hajat S, Armstrong B, Baccini M, Biggeri A, Bisanti L, Russo A, Paldy A, Menne B, Kosatsky
T (2006) Impact of high temperatures on mortality: is there an added heat wave effect?
Epidemiology 17:632-638.

Intergovernmental Panel on Climate Change (IPCC) (2007). Climate Change 2007: The Physical
Science Basis: Contribution of Working Group | to the Fourth Assessment Report of the
IPCC.

Johansson MA, Dominici F, Gregory EG (2009). Local and global effects of climate on dengue
transmission in Puerto Rico. PLoS Negleted Tropical Diseases 3(2):e382.

Kinney PL, O'Neill MS, Bell ML, Schwartz J (2008). Approaches for estimating effects of
climate change on heat-related deaths: challenges and opportunities. Environmental Science
and Policy 11:87-96.

Markandya A, Armstrong BG, Hales S, Chiabai A, Criqui P, Mima S, Tonne C, Wilkinson P
(2009). Public health benefits of strategies to reduce greenhouse-gas emissions: low-carbon
electricity generation. Lancet 374:2006-2015.

Meehl GA, Tebaldi C (2004) More intense, more frequent, and longer lasting heat waves in the

21st century, Science 305:994-997.

11



National Institute of Environmental Sciences (NIEHS) (2010). A Human Health Perspective on
Climate Change: A Report Outlining the Research Needs on the Human Health Effects of
Climate Change.

Ostro BD, Roth LA, Green RS, Basu R (2009). Estimating the mortality effect of the July 2006
California heat wave. Environmental Research 109:614-619.

Parham PE, Michael E (2010). Modeling the effects of weather and climate change on malaria
transmission. Environmental Health Perspectives 118:620-660.

Patz JA, Epstein PR, Burke TA, Balbus JM (1996). Global climate change and emerging
infectious diseases. Journal of the American Medical Association 275:217-223.

Patz J, McGeehin M, Bernard S, Ebi K, Epstein P, Grambsch A, Gubler D, Reither P, Romieu I,
Rose J, Samet J, Trtanj J (2000). The potential health impacts of climate variability and
change for the United States: executive summary of the report of the health sector of the U.S.
National Assessment. Environmental Health Perspectives108:367-376.

Schwartz J (2000). Harvesting and long term exposure effects in the relation between air
pollution and mortality. American Journal of Epidemiology 151:440-448.

Tanser FC, Sharp B, le Sueur D (2003). Potential effect of climate change on malaria
transmission in Africa. Lancet 362:1792-1798.

Watson RT, Patz J, Gubler DJ, Parson EA, Vincent JH (2005). Environmental health
implications of global climate change. Journal of Environmental Monitoring 7:834-843.

Wesche SD, Chan HM (in press). Adapting to the impacts of climate change on food security
among Inuit in the Western Canadian Arctic. Ecohealth.

Welty LJ, Zeger SL (2005). Are the acute effects of particulate matter on mortality in the

National Morbidity, Mortality, and Air Pollution Study the result of inadequate control for

12



weather and season? A sensitivity analysis using flexible distributed lag models. American
Journal of Epidemiology 162:80-88.

Wilkinson P, Smith KR, Davies M, Adair H, Armstrong BG, Barrett M, Bruce N, Haines A,
Hamilton I, Oreszczyn T, Ridley I, Tonne C, Chalabi Z (2009). Public health benefits of
strategies to reduce greenhouse-gas emissions: household energy. Lancet 374:1917-1929.

Xun WW, Khan AE, Michael E, Vineis P (2010). Climate change epidemiology: Methodological

challenges. International Journal of Public Health 55:85-96.

13



