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Exposure science in an age of rapidly changing climate:
challenges and opportunities
Judy S. LaKind1,2,3, Jonathan Overpeck4, Patrick N. Breysse5, Lorrie Backer6, Susan D. Richardson7, Jon Sobus8, Amir Sapkota9,
Crystal R. Upperman9, Chengsheng Jiang9, C. Ben Beard10, JM Brunkard11, Jesse E. Bell12, Ryan Harris13, Jean-Paul Chretien14,
Richard E. Peltier15, Ginger L. Chew16 and Benjamin C. Blount17

Climate change is anticipated to alter the production, use, release, and fate of environmental chemicals, likely leading to increased
uncertainty in exposure and human health risk predictions. Exposure science provides a key connection between changes in
climate and associated health outcomes. The theme of the 2015 Annual Meeting of the International Society of Exposure Science—
Exposures in an Evolving Environment—brought this issue to the fore. By directing attention to questions that may affect society in
profound ways, exposure scientists have an opportunity to conduct “consequential science”—doing science that matters, using our
tools for the greater good and to answer key policy questions, and identifying causes leading to implementation of solutions.
Understanding the implications of changing exposures on public health may be one of the most consequential areas of study in
which exposure scientists could currently be engaged. In this paper, we use a series of case studies to identify exposure data gaps
and research paths that will enable us to capture the information necessary for understanding climate change-related human
exposures and consequent health impacts. We hope that paper will focus attention on under-developed areas of exposure science
that will likely have broad implications for public health.
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INTRODUCTION
Environmental changes—local, regional and global—are accom-
panying changes in climate. These environmental changes will
alter exposures to chemical, physical, and other stressors that have
the potential to produce new or exacerbated adverse impacts
on human health.1–3 For example, the Interagency Working Group
on Climate Change and Health4 hypothesized that humans will
experience increased prevalence of respiratory diseases due to
greater exposures to pollen, molds, air pollution, aerosolized
marine toxins and dust. Climate change may further exacerbate
existing cardiovascular disease due to heat stress and higher
exposures to airborne particles.4

As was pointed out by the U.S. Global Change Research
Program,5 “…the ability to evaluate, track, and project health

effects varies across climate impacts. For instance, health out-
comes differ in terms of whether complete, long-term datasets
exist that allow us to quantify observed changes, and whether
existing models are able to project impacts at the time scales and
geographic scales of interest. …” The USGCRP further acknowl-
edged the need for data that can be used to characterize the
impacts of climate change on human health.
Exposure science provides a key connection between changes

in climate and associated health outcomes. The theme of the 2015
Annual Meeting of the International Society of Exposure Science
(ISES)—Exposures in an Evolving Environment—brought this issue
to the fore (meeting abstracts are available at http://isesweb.org/
Meetings/Docs/ISES2015_AbstractBook%20FINAL.pdf). By direct-
ing attention to questions that have the potential to affect society
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in profound ways, exposure scientists have an opportunity to
conduct what Michael Brauer, Professor at the School of
Population and Public Health, University of British Columbia and
ISES’s 2015 Wesolowski Award winner referred to as “consequen-
tial science”—doing science that matters and using our tools for
the greater good.
When planning exposure science research in an age of climate

change, exposure scientists should be cognizant of the fact that
the Earth is not experiencing a “new normal” but is instead
evolving as a result of on-going and continuous climate change
that includes natural modes of climate variability, but that also
includes increasingly dominant influences of human-driven
change.6–7 Research hypotheses and approaches will therefore
also have to address the complications arising not only from the
fact that climate change-related impacts will be situation-,
chemical class-, location-, season-, and source-specific,8 but will
also be a moving target. Further, research approaches will be
driven by temporal, geographical and data collection considera-
tions. For example, melting of glacial ice may reintroduce
persistent organic pollutants into the environment9 resulting in
higher levels of these chemicals in fish in Arctic diet;10 exposure
data needs for this issue would be geographically circumscribed
and local entities may be appropriate for conducting the research.
In contrast, geographic changes for vector-borne infectious
diseases may require research over large areas (e.g., several
countries) and include multiple research groups. Other types of
predicted changes in human exposures related to climate change
include: changes in exposures to pesticides and other contami-
nants in water used for irrigation associated with modifications
to agricultural practices;11 changes in fate and transport processes
for chemicals and pathogens;11 increased ozone exposures,
allergen exposures, chemical exposures associated with wildfires,
thermal extremes, exposures associated with extreme weather
events, vector-borne infectious diseases, food- and water borne
diseases, and exposure to harmful algal blooms;12 and indoor and
outdoor exposures related to dampness and flooding.13 These
exposures are unlikely to be temporally constant, but will rather

continue to shift as the globe continues to respond to climate
change.
Exposure scientists will need to consider a range of tools and be

flexible and creative in facing the difficult and complex challenges
posed by climate change. How can exposure scientists plan for
the near and more distant future? What kind of novel exposure
metrics can be used to measure individual level “exposure” to
climate change? Which tools are available now and which will
need to be developed? What kinds of skill sets are needed and
who can participate in collecting data?
To our knowledge, a wide-reaching exploration of areas in

which exposure scientists can contribute to our understanding of
the impacts of climate change on human exposures has not been
conducted. In this paper, we identify various important climate
change-related exposure data gaps and research paths in a series
of case studies. Each case study examines key research needs or
approaches that vary in geographic and temporal scale, chemical/
stressor type(s), and type of personnel needed; the case studies
each conclude with proposed key areas of research that can
provide the foundation for understanding how changes in
exposures affect human health (Figure 1). As noted above, the
2015 ISES Meeting was an important motivation for this paper and
for the case study topics presented.

CASE STUDIES
The following case studies describe three overarching areas of
importance for exposure scientists researching climate change:
(i) issues associated with specific stressors or environments consi-
dered here to be a priority in terms of public health protection; (ii)
available and developing instruments and analytical approaches
for assessing climate change-related exposures; and (iii) strategies
for increasing the collection of exposure data by involving non-
traditional stakeholders.

Figure 1. Research needs for exposure science and climate change.
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Stressors/Environments
Exposure science-related issues and paths forward associated with
four climate change-related stressors are described here: chemical
and biological exposures associated with extreme events, methods
for assessing heat exposure, climate change and infectious disease
agents, and disinfection byproducts (DBPs) and drought.

Chemical and Biological Exposures from Extreme Events. The US
and other parts of the world are experiencing climate-related
regional changes in the frequency and intensity of a variety of
extreme events such as severe storms, flooding rains, hurricanes,
droughts, and wildfires.12,14–15

The US Global Change Research Program’s Third National
Climate Assessment provides a thorough examination of extreme
events that have been and will be altered by climate change in the
US.12 The results from this examination indicate that precipitation,
hurricanes, droughts, and severe storms will change in magnitude
and severity in the future.
Extreme events can cause a variety of well-known health risks

including death or injury associated with hurricanes and flood-
waters. There is less research on the long-term health ramifica-
tions after the extreme event has struck a location, which can
occur from weeks to years after the event has left an area. These
negative outcomes can be due to a loss of infrastructure and
public services, degradation of ecosystem services, loss of econo-
mic stability, damage to property, and destruction of facilities that
contain or house hazardous material.16,17

Monitoring health outcomes of extreme events poses a variety
of difficulties.18 The interactions between extreme events
and potential health impacts are affected by geography and
landscape, response of local populations, and vulnerable
populations.19 This becomes especially difficult to monitor if the
biological or chemical threats released by the extreme event are
transported to locations away from the event. For example, heavy
precipitation and flooding can quickly mobilize and transport
contaminants to new locations causing hazards that can be over-
looked by those monitoring or providing surveillance of health
outcomes, because the contamination is outside the area being
investigated.20 Populations also move away from the impacted
areas to escape the disaster or for economic reasons.21 As these
displaced populations can be difficult to track, monitoring health
exposures and outcomes after an extreme event might not
capture the full extent of the populations impacted.
Droughts pose further difficulties because of their slow evolving

nature and because they cause other extreme events, such as
dust storms and wildfires, which can increase air quality hazards
and also transfer chemical or biological hazards over long
distances.22,23 Increased indoor and outdoor air pollution and
health effects have been associated with populations thousands
of kilometers downwind from the fires.24,25

To accurately identify and assess exposures that impact human
health after extreme events, research is needed to identify the long
and short-term potential chemical and biological exposures
associated during and after each event type. This will require
long-term efforts because as noted above, exposures can occur both
during and after the event and at locations at the event as well as
far off-site. Exposure scientists should engage with public health
officials responsible for monitoring to ensure that long-term
monitoring includes relevant biological and chemical exposures
related to various extreme events. As each extreme event can
manifest its own unique issues, researchers will need to be flexible
and creative in order to capture the unique exposures related to
each event.
Assessing heat exposure: An increasing body of literature
indicates that the frequency, duration, and intensity of extreme
events are on the rise in response to our changing climate and will
continue to be for the foreseeable future.7,15,26 Investigations

into how changes in extreme events—including extreme tem-
perature—impact public health require a robust exposure metric
that can be used in epidemiological studies to generate empirical
evidence linking exposures to extreme heat and impaired health.
Globally, record daytime and nighttime high temperatures have

increased. Today, in the US, a record high temperature is twice as
likely to be broken as a record low, and night time temperature
records show a strong upward trend.27 Increases in extreme heat
may impact health in many ways, with effects ranging from
hospitalizations for cardiovascular and cerebrovascular diseases to
mortalities and other heat-related illness, some of which are
mediated through air pollution.28–32 To quantify the empirical
evidence regarding heat exposures and impaired health, epide-
miological studies have relied on different exposure metrics.
Strengths and weaknesses of these metrics are briefly described
here; harmonization of metrics to improve our ability to interpret
heat-related exposure data is needed.
Average temperatures: Average outdoor temperature, often
used by epidemiologists to investigate heat-related acute health
outcomes,33,34 include average daily, weekly or monthly tempera-
ture, or average of maximum daily temperature over week,
months or season. Although these metrics may have excellent
spatial or temporal coverage for short study duration and are very
useful in the study of acute health outcomes, they represent
weather as opposed to climate and provide no information on
local climatology.
Heat waves: Heat waves are commonly defined as a certain
number of consecutive days exceeding location-specific
thresholds.35 Thus, frequency and duration of heat waves by
definition address climate variability, whereas long-term changes
in the patterns of these heat wave characteristics provide
information on changing climate. One major drawback to using
this exposure metric is frequency (e.g., heat waves are uncommon
in substantial parts of the US) and inability to capture isolated days
where high maximum temperature may have direct implications
for health.
Extreme heat events: Extreme heat events are calculated based
on local climatology derived using a long baseline (usually 30
years). This metric overcomes the limitation of infrequency (such
as in the case of heat waves), considers the local climatology of an
area, can be specific to a time of year (day of year, calendar month,
or season), and can be created from a baseline of relative
(percentile value) or absolute values (measure of temperature)
that show the change over a long period of time and responds
well to large-scale climate phenomena such as El Niño Southern
Oscillation (ENSO) events.36

Several data sources can be used to derive extreme heat-related
exposure metrics. The CLIMDEX project has produced a suite of
indices for the more extreme aspects of climate. The indices use
daily temperature data from both gridded and station-based
datasets and are used in global and regional research;37 however,
they are dependent on the operational schedule of observation
stations and have a varying temporal scale. To our knowledge,
none of the 27 metrics created by the CLIMDEX project have been
used in epidemiological studies.
Another source of data derives from the National Environmental

Public Health Tracking (EPHT) program, a US effort managed by
the Centers for Disease Control and Prevention (CDC). EPHT, which
includes historical and future projections of extreme hot
temperature indicators, relies on the North American Land Data
Assimilation System data that are converted into county-level
estimates. EPHT historical extreme hot temperature indicators
span from 1979 to present date. These metrics were successfully
used in a study of mortality and morbidity in several US states.38

When creating or using extreme heat metrics, exposure scien-
tists should consider the differences between station-level
measurements versus gridded data. The gridded data are
generated using statistical interpolation, which tend to smooth
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the extreme values that are of most interest, in this particular case.
Station-level data may not be consistently available and will often
have poor spatial resolution. Furthermore, future studies are
needed to characterize how such extreme heat metrics are
influenced by naturally occurring inter-annual and decadal
oscillation patterns, and how such impact varies across season
and geographic regions.
Although research on impacts of extreme heat have focused on

ambient temperatures, indoor spaces can be a significant modi-
fying factor. The presence or absence of air conditioning and the
amount of time spent indoors can have important implications for
assessing “heat” exposure, as can frequency of window opening.39

For example, McCormack et al.40 found that increasing indoor
temperature impacted COPD morbidity. Advances in wearable
temperature-sensing technology will greatly enable assessments
of heat exposure at the personal level and will lead to potentially
important adaptive strategies for avoiding excessive heat
exposures.
In summary, the temporal aspect of climate change must be

reflected in the heat metric used by exposure scientists. Changing
characteristics of extreme events will be a critical reflection of
changing variance. A dialog among exposure scientists and epi-
demiologists on strengths and weaknesses as well as harmoniza-
tion of different exposure metrics and assessment strategies
(incorporating aspects of indoor versus outdoor exposures), and
on distinguishing the role of natural climate variability versus
changing climate, is needed for enhancing comparison of findings
across studies.

Climate change and exposure to infectious disease agents. A large
number of infectious disease agents cause morbidity and
mortality both in the US and abroad, including foodborne, water
borne, vector borne, zoonotic, and soil-associated agents. In the
US, the burden of illness caused by infectious diseases each year is
substantial. Foodborne diseases alone, many of which have strong
links to the environment, are estimated to cause 9.4 million
episodes of illness, resulting in 55,961 hospitalizations and 1351
deaths.41 Waterborne diseases are also important, with between
4.26 and 11.69 million annual cases of acute gastrointestinal illness
attributed to public drinking water systems in the US.42 Approxi-
mately 75% of all recently emerging infectious diseases in
humans, including diseases such as Lyme disease, West Nile virus
infection, SARS, and avian influenza originated in animals43 with
emergence often associated with ecological change.44 Vector-
borne diseases remain highly important in the US. The number of
Lyme disease cases is estimated at 300,000 cases per year,45,46 and
since its introduction in 1999, over 3 million West Nile virus
infections have resulted in close to 780,000 illnesses.47

Climate disruption has had a significant impact on the
environment, and in future years will have an increasingly
important role as a driver of changes in the ecology of these
diseases, influencing both disease incidence and distribution.
Severe storms, heat waves, and weather patterns have been linked
to outbreaks of many environmentally-sensitive infectious dis-
eases. West Nile Virus transmission intensity has been associated
with warmer than normal summer temperatures.48 Rift Valley
Fever outbreaks in East Africa have been correlated with ENSO
events.49 Plague transmission in the Southwest and Rocky
Mountain region has been linked to temperature and rainfall
patterns leading to increases in wild rodent populations.50 Water-
borne disease outbreaks have been associated with heavy rains
and also with drought conditions.51–53

It is very challenging to link changes in transmission patterns of
infectious diseases directly to climate change for multiple reasons.
First, climate change takes place very slowly, requiring disease
surveillance data to be collected systematically and consistently
over many years. Second, meaningful correlations rely on multi-
factorial datasets consisting of both disease surveillance and

weather data, collected over comparable temporal and spatial
scales. For example, exposure to precipitation, soil moisture, and
humidity could impact infectious disease research, particularly for
respiratory and vector-borne diseases. Third, and perhaps most
significant, climate is the only one of a multitude of possible
ecological and epidemiologic factors that mediate disease risk in
humans.54 For example, it has been suggested that climate
change and El Niño are contributing factors to the current Zika
epidemic in the Americas.55 Although this is within the range of
possibility, attribution is particularly challenging without knowing
the relative contribution of numerous other factors including
global travel and the frequency and range of movement of
infected humans, poverty and overcrowding, introduction of the
disease into an immunologically naïve human population, and
limited public health resources in some affected areas. Progress is
being made, however, in understanding how the multiple drivers
of disease emergence work together and interact with weather
patterns and trends associated with climate change.
Research priorities include strengthening public health surveil-

lance for the purpose of establishing baselines, tracking climate-
sensitive disease trends, and validating change in disease
occurrence patterns over time. Exposure scientists can enhance
this effort by working across disciplines to help improve surveill-
ance systems needed to define the critical linkages between
climate change, weather, environmental change and disease
emergence and to develop predictive models.

DBPs and drought. Climate change will likely significantly affect
our water resources. Climate change is already linked to
prolonged and severe droughts in many parts of the US, notably
in the Southeast and Western states. In addition to placing
restraints on fresh water resources, droughts concentrate con-
taminants in rivers and lakes. Contaminants enter surface waters
through several routes, including treated wastewater effluents,
agricultural run-off and historical industrial activity, and during
times of drought, these contaminants will concentrate in these
surface waters; in fact, some rivers can become composed
primarily of treated wastewater. Prime examples include the
Santa Ana River in Southern California, which is 90% treated
wastewater during the dry season, from April through October,56

and the Trinity River in Texas, which consists almost entirely of
wastewater effluent under base flow conditions.57

In addition to contaminants, natural organic matter (NOM) and
bromide and iodide (Br− and I-) salts concentrate in rivers during
times of drought,58 which will react with chlorine and mono-
chloramine during drinking water disinfection to form hypobro-
mous acid and hypoiodous acid, which in turn react with NOM to
produce brominated and iodinated DBPs.58 Because brominated
and iodinated DBPs have greater toxicity compared to chlorinated
DBPs,58 the link between climate change-related drought and
adverse human health effects is an important area of research for
exposure scientists. In addition, many anthropogenic contami-
nants can react with disinfectants to form DBPs.59,60 Notable
examples include iopamidol, a medical imaging compound, which
reacts with chlorine to form the highly genotoxic DBP iodoacetic
acid,61 and the fungicide tolylfluanide, which reacts with ozone to
form the carcinogenic DBP N-nitrosodimethylamine (NDMA).62

Drought also results in less desirable water sources being used
for potable drinking water, including brackish groundwater and
seawater, as well as reuse of wastewater. In fact, many coastal
cities such as Hong Kong use seawater for toilet flushing, and
disinfection of these waters can produce more toxic brominated
and iodinated DBPs, which could adversely impact marine
ecosystems.63–66 Wastewater reuse, which is less expensive than
seawater desalination, is gaining public acceptance and has
already been adopted in Singapore, as well as Orange County
California, both of which use advanced treatment and recharge
before potable use. In addition to droughts, climate change can
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also induce extreme weather events like floods, which result in
more run-off of fertilizers, pesticides, NOM, and other materials
that further complicate disinfection and DBP formation chemistry.
Exposure scientists can elucidate the impacts of climate change-

related drought by identifying indicator chemicals for drinking
water and wastewater facilities that are readily measureable and
could serve as early warnings of system stress associated with
climate change. These chemicals could include Br− and I− and
possibly other important, emerging contaminants that form toxic
DBPs in drinking water treatment. It is also imperative to find cost-
effective ways to remove Br−, I−, and total organic carbon as well
as important wastewater chemicals that can serve as toxic DBP
precursors. Safe tap water is central for public health and exposure
science is key to understanding how climate change-related
drought impacts tap drinking water exposures and health.

Instruments/Analytical Approaches
Exposure science instrumentation and analytical approaches are
crucial for addressing health impacts associated with climate
change. The following examples are described here: use of sensors
in data collection, advances in non-targeted chemical analyses,
and analytical approaches for assessing changes in exposures in
indoor home environments.

Sensors. Small sensors are a relatively new research technology
that is rapidly gaining in popularity. Historically, small sensors
were typically relegated to commercial applications using
proprietary hardware and software. The recent rise of small
sensor methods is likely attributable to the widespread availability
of inexpensive microprocessor boards and the rapid growth of
open source version websites67 that store user-updated control
software. Using these techniques, it is now possible for even an
untrained layperson to follow directions to construct innovative
approaches to measurements.
The US EPA delineates five broad tiers of air pollution sensors,68

with the highest tiers (tiers 3–5) mainly within the domain of
advanced research, high sensitivity, and regulatory action com-
munities. Tiers 1 and 2 are comprised of relatively inexpensive
(o$1000 USD, and often much o$100) sensors that generally
offer a lower level of precision, accuracy, and chemical specificity.
Because of this low price point and reasonable, if uncertain,
accuracy, these sensors are most commonly used by citizen
scientists, advocacy groups, and even some academic investiga-
tors. In the context of climate change, small sensors hold promise
in monitoring of both environmental conditions, as well as
personal human exposure.
Sensors are versatile in their capabilities, detecting, for example,

most of the criteria pollutants including PM, ozone, and carbon
monoxide, VOCs, occupational hazards, and numerous physical
and meteorological metrics. These methods typically employ
electrochemical, thermal resistance, or optical photometer or
fluorescence techniques. Several sensors also address biological
endpoints, such as electrocardiography, pulse oximetry, or motion.
Small sensors have utility in informing across many aspects of
climate change effects, which include air quality, meteorology,
water quality, human health responses, and others. Depending on
hardware, some sensors can report measurements each second,
though this is often at ineffectively high-method detection limits.
Because sensors are low cost, easy to build and deploy, and are
capable of producing prodigious quantities of data, caution is
warranted in managing the large datasets that can be produced,
and how to best address the voluminous information provided.
Further, sensors rarely include robust quality assurance proce-
dures, an essential component of any measurement. This is an
important consideration of small sensor use where quality and
precision of sensors vary greatly across manufacturer and
technology, with some sensors observed to have a high degree

of inaccuracy and imprecision. A significant open question to be
addressed is calibrating and validating a sensor measurement;
lacking this, the reported values are little more than an
approximation. This can also be an important concern with
commercialized small sensors, where consumers are left to
interpret this uncertain data.
Despite these concerns, there are plausible opportunities to

integrate inexpensive, small-sensor initiatives in monitoring for
exposure effects related to climate change, particularly for long-
term monitoring in logistically difficult locations (e.g., remote
locations) or where there is a high risk of loss or damage. Because
of their low cost, many sensors can be densely distributed across
spatial domains, or they can be effectively installed within
personal microenvironments (homes, workplaces, etc.) to address
monitoring approaches not reflected by traditional ambient
monitors. This makes small sensors particularly advantageous for
investigations centered on environmental justice issues, transient
or spatially diffuse events, or for long-term trend monitoring.
Exposure scientists should consider incorporating sensor

technologies into their assessment of climate change-related
exposures. However, careful consideration of limitations asso-
ciated with data reliability and interpretation is required. Novel do-
it-yourself sensors hold great promise for expanding the reach of
scientific inquiry, including a wider range of stakeholders by
engaging citizen scientists, and ultimately in answering many key
exposure questions in more sustainable and creative ways.

Non-targeted analysis. Climate change is anticipated to alter the
production, use, release, and fate of environmental chemicals,
likely leading to increased uncertainty in exposure and risk
predictions.8 New computational and analytical tools are being
rapidly developed that will facilitate more efficient and tractable
assessments of chemical safety (http://www2.epa.gov/research/
chemical-safety-sustainability-strategic-research-action-plan-2016-
2019) and are therefore a means to address this uncertainty. These
21st century tools now need to be honed to both anticipate (via
models) and screen (via measurements) for alterations in chemical
exposure profiles as a function of changing climate. One emerging
screening tool, known as non-targeted analysis (NTA), holds
tremendous promise for tracking climate change effects on
chemical exposures and environmental health.
With respect to the vast number of environmental chemicals

(synthetic and natural), monitoring data are quite limited, with
most laboratories examining few priority chemicals during routine
analyses. For example, whereas more than 80,000 chemicals are
listed on the US Toxic Substances Control Act (TSCA) inventory,69

only a few hundred are monitored in human biological specimens
as part of a recurring national survey.70 The lack of monitoring
data stems, in part, from reliance on targeted analytical methods
for environmental health research, which are ideal for compliance
monitoring for small sets of “known” chemicals, but not well-
suited for the broad discovery of chemical “unknowns;” under-
standing exposures to “unknowns” will be essential as the
chemical-specific impacts of climate change are not currently
well-understood.
Non-targeted analysis methods are those that assign chemical

formulas and structures to unknown compounds without the use
of reference standards or target substance lists.71 Instruments
coupling gas chromatography or liquid chromatography with
high-resolution mass spectrometry are most commonly used
for NTA. These methods, and similar “suspect screening”
methods, have been successfully applied to characterize chemical
unknowns in environmental media including water,72 lake
sediment,73 dust,74 food,75 and products;76 and in biological
media including animal tissue,77 and human blood,78 urine,79 and
teeth.80

Mathematical models for forecasting modulations in chemical
exposures as a function of climate change suggest shifts in
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chemical use patterns, environmental fate and transport pro-
cesses, and exposure pathways.8,11 These changes will likely
ultimately manifest as alterations in the chemical content of many,
if not all, media. Given these anticipated changes, NTA methods,
in combination with existing targeted methods, are necessary to
efficiently monitor and catalog changes in chemical exposure
profiles. Vast amounts of new data generated from NTA must then
be mined, using cutting edge data science techniques, to evaluate
the impacts of changing chemical exposures on human and
environmental health.
Proper utilization of these methods will require a fundamental

shift in routine monitoring strategies. It is likely not feasible in the
short term (0–3 years) for individual laboratories, currently using
only targeted methods, to consider routine application of NTA
methods. However, steps can be taken now to ensure that NTA
methods are viable for most analytical labs within the next
decade. Widespread application of NTA methods will require
effective leveraging of pooled resources—specifically, sharing of
curated chemical libraries, mass spectral databases, authentic
chemical standards, and data processing/analysis software. Official
laboratory networks and research consortia will also be necessary
to facilitate broad coverage geographically, temporally, and across
media. With proper planning and communication, it is likely that
new monitoring networks will be established within the US and
worldwide within the next decade (see, e.g., the NORMAN
Network: http://www.norman-network.net/). Exposure and climate
scientists are therefore strongly encouraged to begin collectively
considering how these NTA methods and monitoring networks
can be used to test research hypotheses that link modifications in
chemical exposure with changing climate. 81,82

Methods for biological agents in indoor home environments. In a
changing climate, it is anticipated that acute (e.g., hurricanes and
flooding) and chronic (e.g., changing profiles in outdoor pollen
and indoor allergens and microbes) events will affect exposures to
biological agents in the indoor environment.83 Indoor air often
contains biogenic agents including bacteria, fungi, and allergens
from plants (pollen) and animals (dust mites, insects, rodents and
furry pets).84 Microbial agents and pollens infiltrate homes from
outdoors; once inside, microorganisms find surfaces that can
provide nutrient and moisture sources sufficient for growth. On
the other hand, animal allergens have exclusive niches inside the
home because of the presence of the organisms from which they
are derived.
The current methods for assessing indoor biological agents

include questionnaires administered to residents, inspection by
trained technicians, dust sampling, and air sampling. Although
reporting the presence of a pet is straightforward, dust mite
exposure assessment often relies upon dust sampling followed by
immunoassay for the allergen(s) (Chew et al.85). Air sampling is
required for pollen grain and mold spore assessment; however,
some allergen assays have been developed, which enable
assessment of their allergen content in dust samples.86,87 In
addition, researchers have focused on fungal fragments as a major
source of exposure rather than spores or colony-forming units.88,89

Given that fungal fragments can remain airborne for longer
periods of time, they could be a more constant source of
exposure, which has been underestimated with traditional short-
term air sampling methods. Thus, long-term air sampling
methodologies (e.g., electrostatic cloths that can either passively
collect dust from the air or be used to wipe settled dust), which
are easy-to-use and not burdensome to residents would be ideal.
Also, having time-defined exposures throughout the year would
capture changes in types and concentrations of pollens and fungi
that might occur with climate change.
Indoor post-disaster exposure assessment after extreme

weather events is often hampered by a lack of electricity,
equipment, and trained technicians that can operate complicated

sampling equipment. Recent advances in using electrostatic cloths
to passively collect dust have overcome these limitations.90

Further, the cloths can be collected and stored for long periods
of time until resources become available to analyze them for
indoor biological agents such as allergens or microbial agents.
Another advantage of the electrostatic cloths is that they can be
used to wipe television screens to actively collect dust samples
once residents are able to move back to their homes. In
conjunction with a data logger to measure how much time the
television is being used, investigators could estimate “time spent
indoors” in order to calculate dose (i.e., concentration per unit
time). Heretofore, dose has not been commonly used in post-
disaster exposure assessment of indoor biological agents; rather,
concentrations have been used as proxies for exposure.91

Researchers now have improved analytical options—with
improved detection limits—for measuring biological agents in
home environments.92 For example, centrifugal filter tubes can be
used to concentrate dust extracts, increasing the overall sensitivity
of the method. Another advance includes the use of the halogen
assay to quantify immunologically active allergen containing
particles with very low sensitivity.93,94

Further technological advances that improve our ability to
measure agents in indoor home environments include sensors
that can both sample and analyze environmental chemicals such
as volatile organic compounds (VOCs). For example, real-time VOC
sensors have been developed to examine exposures to microbial
agents.95 Mold odor as reported by residents has been associated
not only with asthma exacerbations but also with the develop-
ment of childhood asthma.96 Children spend most of their time in
indoor environments83 surrounded by building materials and
furnishings that can sustain mold growth,97 which leads to
emissions of microbial VOCs (mVOCs) such as 3-methyl furan.98 In
addition, higher humidity levels in homes can lead to increased
release of formaldehyde from building materials and furnishings.99

As both formaldehyde and mVOCs are respiratory irritants,100

detection at levels below the odor threshold of humans by real-
time VOC sensors could permit the removal of hidden mold
growth before the occurrence of substantial building damage or
respiratory symptoms/disease.
In summary, exposure scientists can contribute to improved

understanding of changes to indoor environments associated with
climate change (e.g., from effects from extreme events such as
floods or more chronic changes affecting exposures to biological
and chemical agents) by using current technological advances.
Specific climate-related problems that require improvements
include collecting exposure information during extreme event-
related power outages, obtaining data that capture variations in
exposures depending upon location within the home, and sensor
data reliability.

Obtaining Exposure Data in the Field: Participants in Exposure
Science
Numerous academic programs in the US and elsewhere focus on
exposure science. In addition, agencies such as the US EPA and
CDC have a large contingent of scientists whose focus is on
exposure to chemicals, pathogens and other stressors. In this
section, we describe two other groups of participants whose
involvement can be a source of important information on
exposures related to climate change: the citizenry and the
military.

Citizen science. Citizen science has been defined by Cornell
University as “projects in which volunteers partner with scientists
to answer real-world questions”.101 Citizen science projects can
provide monitoring data, which over time and space, reflect
changes in the local, regional, or global environment.
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Leisure activities and hobbies may be tapped to generate
environmental monitoring data that can help describe the effects of
climate change. As of 2011, there were 47 million bird-watchers in
the US;102 this group has been engaged by Project FeederWatch, a
citizen science project sponsored by the Cornell Lab of Ornithology,
to tally and report the number of each bird species they see in their
yards for two consecutive days each week. They also enter weather
data (high and low temperatures, rainfall duration and amount,
snow cover). For the 2014–2015 season, over 12,000 birders across
the US and Canada submitted checklists (Personal Communication,
Anne Marine Johnson, Project Assistant, Project FeederWatch,
Cornell Lab of Ornithology, 159 Sapsucker Woods Road, Ithaca, NY
14850, http://feederwatch.org, 607-254-2416). It would not be
possible to collect high quality bird count data103 on this scale
using existing scientific research funding.
Project FeederWatch data have revealed that warmer winter

temperatures in Northeast correlate with changes in the commu-
nity composition of birds at feeders.104 In 2014, a summary of
Project FeederWatch results from 1980 to 2013 showed how the
winter range of Anna’s Hummingbirds has expanded into the
Northwestern U.S. The FeederWatch data will be used to
understand if this expansion is associated with changes in climate,
habitat, or in how hummingbirds associate with people.105

Project FeederWatch could further evolve into an environ-
mental monitoring program for North America by having
participants report additional data read from air quality sensors.
Personal and environmental air quality sensors could be worn by
birders or installed in yards. This environmental monitoring effort
could become global by engaging the international birder
community (for Project FeederWatch, participants rely on local
weather stations for information about temperature and the
project does not deploy sensors to individual participants).
The Federal government encourages citizen science on an even

larger scale using crowd-sourcing, an open invitation for
volunteers to provide information or help solve a problem.106

The public participates in the entire scientific process forming
research questions, conducting experiments, making discoveries,
and solving complex real-world problems.
Actively engaging volunteers in scientific research expands the

temporal and geographic extent of data collection efforts.101 In
return, scientific information is made available to community
members who develop a greater awareness and understanding of
their local environments as well as the personal satisfaction of
contributing to our understanding of global environmental
change.
Exposure scientists can work with citizen scientists to enhance

global environmental monitoring. For example, scientists should
consider engaging volunteer programs already collecting envir-
onmental data, and providing them with additional training;
promoting environmental monitoring as part of the K-12 science
curriculum, promoting “challenges” and crowd-sourcing within
the scientific and public communities, and engaging citizen
scientists with data summaries and highlights of exciting findings.

The military: exposures and climate change. In terms of environ-
mental exposure, the US military is primarily concerned about
direct health impacts due to heat and cold stress among other
exposures. Although US service members are issued proper
equipment, clothing, and training to handle various environmen-
tal exposures, the Armed Forces Health Surveillance Center
(AFHSC) notes that “heat injuries are a significant threat to the
health of U.S. military members and the effectiveness of military
operations” and that “enhancements in protective technologies
deserve continued research”.107,108 Secondarily, the US military
requires regional situational awareness for climate-sensitive
diseases such as malaria, dengue, and leishmaniasis, and other
vector-borne diseases that could impact the health and effective-
ness of military personnel in an operating area. Finally, the US

military is interested in monitoring health exposure implications
caused by extreme weather, natural disasters, or significant long-
term climate anomalies.
For decades, the US military’s public health and bioenviron-

mental functions have leveraged weather and climate monitoring
in order to inform and mitigate potential environmental exposure
risk to its personnel. All branches of the military have various
internal programs to adapt and prevent heat and cold injuries. The
Army for instance charges commanders with developing and
implementing such measures and programs through its Training
and Doctrine Command (TRADOC) Regulation 350-6. Since the
1950s, the Wet Bulb Globe Temperature, or WBGT, has provided
health officials with a relatively consistent measure of heat stress
risk using a combination of temperature, humidity, wind speed,
solar angle, and cloud cover measurements.109 Currently, military
installations employ single station WBGT observing platforms,
which limit utility away from main bases. Monitoring is also often
complicated by the fact that body armor and other gear can
increase WBGT by 5–10° F. Efforts like those by the Army Research
Laboratory to employ an algorithm-driven Hot Environment
Assessment Tool (HEAT) based on conditions sensed using
portable electronic devices (e.g., smart phones) along with
potential future weather or climate prediction efforts to model
WBGTs around the world enhance the military’s ability to gauge
heat stress risk.110

The AFHSC collaborates with the National Aeronautics and
Space Administration, US Department of Agriculture, and other US
Government and international organizations to monitor climate-
related infectious disease risks globally.49,111 Furthermore, from a
strategic perspective, the DoD recently released its Climate
Change Adaptation Roadmap (CCAR), which included recommen-
dations for the Department to assess the effects of projected
climate change on the distribution of disease vectors.
The DoD is intent on monitoring and tracking changes in

health and climate patterns worldwide in the interest of national
security. Advances in surveillance and exposure tools to measure
and monitor heat and cold stress as well as potential for
climate-sensitive diseases will enhance US military personnel
effectiveness.
In summary, US military personnel are exposed to unique

environmental hazards, and as climate changes, assessment and
adaptation to these environmental changes are essential. In
addition to advances in environmental exposure tools and
surveillance mentioned above, weather and climate monitoring
and prediction are key to the US military decision maker’s toolkit
in assessing personnel risk. To provide relevant climate situational
awareness, the 14th Weather Squadron (DoD’s largest climate
center) leverages its Climate Monitoring, Analysis, and Prediction,
or CMAP capability to monitor and inform AFHSC, bioenviron-
mental teams, commanders, and others on climate variability and
long-term changes that could impact or exacerbate health
concerns for US military personnel and those we support.
Ultimately, a combination of exposure tools and models such as
those mentioned in this section and others will help the US
military gain a firm understanding of health risks posed to its
personnel associated with changes in climate.

DISCUSSION
According to the National Academy of Sciences,13 “A central aim
of public-health professionals is to maximize the influence of
accurate data and professional judgment on decision-making—to
make decisions as comprehensive and objective as possible.”112

As described in the case studies in this paper, there are numerous
technological, engagement and data gaps surrounding climate
change-related exposures that limit our ability to provide accurate
data for decision-making. In this paper, we described various
approaches for obtaining data essential to understanding public
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health implications of climate change as well as data and
technology needs for using these approaches. Given the local,
regional and global aspects of the climate change/exposure
science problem, it is not surprising that approaches and data
needs cover widely disparate areas.
Exposure scientists need to be engaged in developing the

essential technologies and engaging the relevant parties (e.g.,
communities, government agencies, universities, industry) to
ensure that the data needed to understand the human health
implications of changing exposures can be collected within
appropriate timeframes. Exposure impacts and their conse-
quences should also be important considerations for policy-
makers as they strive to determine the appropriate level of climate
change mitigation versus adaptation.14 Questions to consider
include: When will the tools described in this paper be ready for
use and have sufficient accuracy and precision such that robust
data are generated for relevant geographic and temporal time-
scales? Are our students currently receiving the relevant
training113 so that they will be able to provide foundational data
and data interpretation in the coming years? Who will provide the
leadership needed to focus the field so that high quality, relevant
data are harmonized and collected?
It could be argued that understanding the implications of

changing exposures on public health may be one of the most
consequential areas of study in which exposure scientists could
currently be engaged. We therefore hope that this paper serves as
a starting point for focusing attention on under-developed areas
of exposure science that will likely have broad implications for
public health.
The challenges are daunting, but advances in technology and in

our ability to produce and disseminate transparent information
are creating opportunities that can and ought to be harnessed. We
anticipate that exposure science will be an essential part of
characterizing, communicating, and mitigating the risks associated
with climate change.
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