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Abstract Future climate change is expected to lengthen and intensify pollen seasons in the U.S.,
potentially increasing incidence of allergic asthma. We developed a proof-of-concept approach for
estimating asthma emergency department (ED) visits in the U.S. associated with present-day and
climate-induced changes in oak pollen. We estimated oak pollen season length for moderate (Representative
Concentration Pathway (RCP) 4.5) and severe climate change scenarios (RCP8.5) through 2090 using five
climate models and published relationships between temperature, precipitation, and oak pollen season
length. We calculated asthma ED visit counts associated with 1994–2010 average oak pollen concentrations
and simulated future oak pollen season length changes using the Environmental Benefits Mapping and
Analysis Program, driven by epidemiologically derived concentration-response relationships. Oak pollen was
associated with 21,200 (95% confidence interval, 10,000–35,200) asthma ED visits in the Northeast, Southeast,
and Midwest U.S. in 2010, with damages valued at $10.4 million. Nearly 70% of these occurred among
children age <18 years. Severe climate change could increase oak pollen season length and associated
asthma ED visits by 5% and 10% on average in 2050 and 2090, with a marginal net present value through
2090 of $10.4 million (additional to the baseline value of $346.2 million). Moderate versus severe climate
change could avoid >50% of the additional oak pollen-related asthma ED visits in 2090. Despite several key
uncertainties and limitations, these results suggest that aeroallergens pose a substantial U.S. public health
burden, that climate change could increase U.S. allergic disease incidence, and that mitigating climate
change may have benefits from avoided pollen-related health impacts.

1. Introduction

Future climate change is expected to lengthen and intensify pollen seasons in parts of the United States [e.g.,
Zhang et al., 2015a; Fann et al., 2016], potentially leading to additional cases of allergic rhinitis (commonly
known as “hay fever”) and allergic asthma episodes [Reid and Gamble, 2009; Sheffield et al., 2011].
Immunologic sensitization to allergens such as those contained in some types of pollen is a risk factor for
the development of symptomatic allergic disease such as allergic asthma [Illi et al., 2006; Plaschke et al.,
2000; Porsbjerg et al., 2006]. Among individuals with allergic asthma, exposure to the allergen(s) to which they
are sensitized results in symptom exacerbation [Nielsen et al., 2002]. Asthma is widespread in the U.S., affect-
ing ~7% of adults (2013) and 9% of children (2014) [U.S. Global Change Research Program (USGCRP), 2016],
resulting in $56 billion in medical expenditures, missed work and school days, and early deaths in 2007
[Centers for Disease Control and Prevention (CDC), 2011]. Allergic asthma is the most common form of the
disease [American Academy of Allergy, Asthma and Immunology (AAAAI), 2016].

The potential consequences of climate change on allergic disease in the U.S. are unknown and likely vary
by allergen, as each would be affected in different ways. Climate-induced temperature and precipitation
changes may impact pollen season timing and length, the amount of pollen produced throughout the
season, the allergen content of pollen grains, and the spatial distribution of species producing allergenic pol-
len [Fann et al., 2016; Albertine et al., 2014; Beggs, 2004; Bielory et al., 2012; Cecchi et al., 2010]. For tree pollen
specifically, warmer temperatures both year-round and in the months preceding the pollen season have
been linked to increased season length [Ariano et al., 2010; Zhang et al., 2015a, 2015b]. Climate change
may also increase pollen season intensity, typically indicated by the sum of daily pollen concentrations mea-
sured over an entire pollen season, for many species, including oak [Damialis et al., 2007; Frei, 1998; Frei and
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Leuschner, 2000; Jager et al., 2009; Levetin, 1998; Rasmussen, 2002; Spieksma et al., 1995, 2003; Teranishi et al.,
2000; Ziello et al., 2012]. Pollen season intensification is driven by increases in both temperature [Frei, 1998;
Hicks et al., 1994; Latorre, 1999; Teranishi et al., 2000] and precipitation [Dahl et al., 2013; Gonzalez Minero
et al., 1998; McLauchlan et al., 2011] in the months prior to the pollen season.

Climate change and rising carbon dioxide levels may also alter the amount of allergen contained within pol-
len grains [Singer et al., 2005]. Consequently, future exposure to a defined quantity of pollen would lead to
higher allergen exposure and potentially a greater likelihood of allergic disease development and exacerba-
tion [Cecchi et al., 2010]. Increasing temperatures and changing precipitation patterns may also change the
geographic range of plant species that produce allergenic pollen [Bellard et al., 2012]. Observed northward
shifts in the U.S. distribution of tree species, including oaks [Woodall et al., 2009], could alter the type and
quantity of allergenic pollen to which people in different geographic areas are exposed. Model projections
indicate that climate change may increase the extent of habitats favorable to oaks in New England [Tang
et al., 2012], though new colonization may be concentrated in the first 10–20 km from the current boundary
within 100 years [Prasad et al., 2013].

Influences of climate change on future pollen seasons could substantially impact public health [Lake et al.,
2016; Fann et al., 2016]. Here we develop a proof-of-concept approach for estimating how the burden of
aeroallergens on U.S. public health may change under moderate and severe climate change scenarios, focus-
ing on oak pollen impacts on asthma emergency department (ED) visits to demonstrate the approach. While
other pollen types will likely be affected by climate change and result in changes in health impacts, oak
pollen is the only pollen type at present for which previous studies have established relationships with both
climate parameters [Zhang et al., 2014, 2015a] and health outcomes, particularly asthma emergency depart-
ment (ED) visits [Darrow et al., 2012; Ito et al., 2015; Zhong et al., 2006].

This analysis was undertaken as part of the U.S. Environmental Protection Agency’s (USEPA) Climate Change
Impacts and Risk Analysis (CIRA) project [U.S. Environmental Protection Agency (USEPA), 2015a]. This multisec-
tor effort focuses on quantifying the degree to which global greenhouse gas mitigation and climate adapta-
tion may reduce climate change-related risks and damages in the United States compared to futures with
little or no action. CIRA’s use of an analytic framework based on consistent socioeconomic and climate
projections across numerous analyses enables the comparison of economic impacts across space, time,
and sectors. The aeroallergen analysis presented in this paper represents a new sectoral component in this
broader framework. We use the USEPA Agency’s Environmental Benefits Mapping and Analysis Program
(BenMAP-CE) [USEPA, 2016a] to estimate pollen-related health impacts. BenMAP-CE was originally developed
for assessing health risks of criteria air pollutants, and an earlier version was also used to estimate
temperature-related mortality [Voorhees et al., 2011]. We adapt BenMAP-CE for assessing the health impacts
of aeroallergens, which will enable these types of analyses to be done in a consistent and transparent manner
in the future.

2. Methods

We quantified the impacts of oak pollen on asthma ED visits in the U.S. Midwest, Northeast, and Southeast
regions by combining demographic and epidemiologic information with oak pollen season length observed
over recent years and simulated undermoderate and severe scenarios of future climate change. Our approach
was a three-step process wherein (1) oak pollen season length and seasonal average pollen concentrations
were collected from observations for recent years (1994–2010), (2) oak pollen season length was simulated
for future years (2030, 2050, 2070, and 2090) using five global climate models driven by two scenarios of cli-
mate change (Representative Concentration Pathway (RCP) 4.5 and RCP8.5), and (3) epidemiologically derived
health impact functions were combined with demographic data to estimate pollen-associated asthma ED
visits for all days in the observed recent and simulated future oak pollen season (see supporting information
for conceptual diagrams). Themodels, scenarios, and years used for this analysis are consistent with guidance
for analyses undertaken for the Fourth National Climate Assessment [USGCRP, 2015].

We focused on asthma ED visits because it has a well-established relationship with daily pollen concentra-
tions and because baseline asthma ED incidence data and valuation estimates per asthma ED visit are
available across the U.S. We conducted a systematic literature search to identify studies examining the rela-
tionship between pollen and asthma ED visits in the U.S. and Canada (see supporting information). Only three
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studies—conducted in Atlanta [Darrow
et al., 2012], New York City [Ito et al.,
2015], and Cincinnati [Zhong et al.,
2006]—reported associations with oak
pollen at the genus level, and all three
found that daily concentrations of
oak (Quercus spp.) pollen were signifi-
cantly associated with asthma ED visits
(Table 1). An additional strength of these
studies is that each evaluated daily con-
centrations of air pollutants (most com-
monly PM2.5 and ozone) as potential
confounders of the relationship between
pollen and asthma ED visits. Accordingly,
we used concentration-response rela-
tionships for oak pollen from these
three studies.

Using BenMAP-CE, version 1.3.4, to sys-
tematize the process, we applied these
concentration-response relationships
for each model/scenario/year combina-
tion using a health impact function
consistent with the form of the epide-
miological risk model. We conducted
the analysis at a 0.5° × 0.5° spatial resolu-
tion, fine enough to account for geogra-
phical heterogeneity in population and
asthma ED incidence rates, while also
relatively coarse so as not to overstate
spatial precision. This approach is gen-
erally analogous to that used for esti-
mating the health impacts associated
with tropospheric ozone and fine parti-
culate matter air pollution in the U.S.
[e.g., Fann et al., 2011, 2015]. For the
studies conducted in Atlanta and
Cincinnati [Darrow et al., 2012; Zhong
et al., 2006], which specified a log lin-
ear function relating pollen concentra-
tions to the logarithm of ED visit
rates, the health impact function takes
the following shape:

AED ¼ Pop�Y0 � 1� exp�β � ΔP� �
where AED is the gridded asthma ED
visits attributable to the oak pollen
concentration, Pop is the gridded popu-
lation, Y0 is the county-level baseline
daily rate of asthma ED visits in
the population, β is the regional epide-
miologically derived concentration-
response factor, and ΔP is the change
in the gridded daily 24 h average oak
pollen concentration.Ta
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For the Ito et al. [2015] study conducted in New York City, which specified a function relating log-transformed
pollen exposures to the logarithm of ED visit rates, the health impact function takes the following shape:

AED ¼ Pop�Y0 � Pb
Pc

� �β

� 1

" #

where Pop, Y0, and β are as defined above and Pb and Pc are the gridded daily 24 h average oak pollen
concentrations in the baseline and control scenarios, respectively.

This calculation was performed in each grid cell each day of the oak pollen season, where season length was
drawn from the observed mean 1994–2010 oak pollen season for the present day and simulated for the
future scenarios. We used BenMAP-CE’s built-in pooling function to integrate the findings of the three oak
pollen/asthma ED visit studies in Table 1 and produce pooled estimates of ED visit impacts for children ages
0–17 years and for adults ages 18–99 years. The child-specific results are based on a two-stage pooling pro-
cedure that first sums age relevant results from the New York City and Atlanta studies and then pools these
results with the Cincinnati study using BenMAP’s Pooled or Fixed Effects algorithm (see USEPA [2015b] for
more details on BenMAP-CE’s pooling procedure). The adult-specific results apply a similar two-stage proce-
dure to combine age-relevant results from the New York City and Atlanta studies. We calculated pooled esti-
mates of oak pollen-related asthma ED visit for all grid cells in the three U.S. National Climate Assessment
regions where these epidemiological studies were conducted: Midwest, Southeast, and Northeast.

We used information on oak pollen season length and concentrations as reported by Zhang et al. [2015a] as
inputs to this analysis. Zhang et al. aggregated 1994–2010 average oak pollen season lengths and average
season total concentrations at 58 pollen monitoring stations, including only stations that reported at least
four full years of pollen data within that time frame (see Figure 1 and supporting information). The values
reported by Zhang et al. [2015a] for each monitoring station are based on daily concentrations of pollen

Figure 1. Asthma emergency department visits (all ages) in 2010 associated with 1994–2010 average oak pollen levels. Black outline indicates the Northeast,
Southeast, and Midwest National Climate Assessment (NCA) regions used for this study.
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reported to the National Allergy Bureau (NAB), a network of monitoring stations primarily in the U.S. At NAB-
certified pollen stations, trained analysts measure and identify pollen to the genus level while adhering to a
common set of sampling and reporting standards. In addition to these values, we obtained analogous oak
pollen observations directly from the Dayton, OH, NAB station, to represent exposure levels in Cincinnati,
as data for Cincinnati were not available in the data set aggregated by Zhang et al. [2015a]. Spatial interpola-
tion techniques have been found to reliably estimate daily pollen concentrations in areas lacking monitors
[DellaValle et al., 2012]; therefore, we interpolated seasonal average oak pollen concentrations and season
length to grid cells between the monitors using the Voronoi Neighbor Averaging interpolation technique
in BenMAP-CE [USEPA, 2015b].

We projected future oak pollen season length according to simulations of two climate change scenarios,
Representative Concentration Pathway (RCP) 8.5 and RCP4.5 [van Vuuren et al., 2011], using output from five
general circulation models (GCMs) for each, consistent with projections recommended for use in the forth-
coming Fourth National Climate Assessment [USGCRP, 2015]. RCP8.5 represents a high greenhouse gas emis-
sion scenario, wherein radiative forcing rises to 8.5 W m�2 by 2100. RCP4.5 represents an intermediate
scenario in which radiative forcing stabilizes to 4.5 W m�2 shortly after 2100. Comparing outcomes under
RCP8.5 and RCP4.5 captures a range of uncertainties and plausible futures and provides information about
potential benefits of climate change mitigation. The five GCMs differ in assumptions and parameterizations
of atmospheric processes, giving a range of plausible outcomes based on each model’s representation of
the state of the science. As described further in the supporting information, the GCMs used were CCSM4
[Gent et al., 2011; Neale et al., 2013], GISS-E2-R [Schmidt et al., 2006], CanESM2 [von Salzen et al., 2013],
HadGEM2-ES [Collins et al., 2011; Davies et al., 2005], and MIROC5 [Watanabe et al., 2010].

To project future pollen exposure, we first conducted a literature search to identify studies describing the
development of models to project future climate-driven changes in pollen levels. To date, few studies have
developed projection methods relating climate variables to pollen exposure changes across large U.S. geo-
graphic areas, for oak or any pollen type. Most of these associate climate variables with pollen season length,
rather than exposure concentrations. We concluded that the current literature does not support projections
of future daily pollen concentrations. For this proof-of-concept approach, therefore, we applied the same
1994–2010 average seasonal mean oak pollen concentration to future years and projected only changes in
season length. While this approach holds constant the seasonal average pollen concentrations, future seaso-
nal total pollen varies in proportion to season length. Our framework can incorporate projections of future
seasonal average pollen concentrations in addition to changing season length as the literature evolves.

Future oak pollen season length was projected using the relationship between temperature, precipitation,
and oak pollen season length across the continental U.S. developed by Zhang et al. [2015a] along with
gridded temperature and precipitation simulations from five climate models. While other studies projecting
future pollen season length cover only one or several pollen types, a small set of monitoring stations, and/or
a limited geographical area, the model developed by Zhang et al. [2015a] covered the entire continental U.S.
and was based on long-term observations of pollen concentrations (covering 15 years). Zhang et al. [2015a]
found that the two observation-based models examined were able to simulate observations within 0–6 days
for the majority of monitoring stations. For these reasons, we used the Zhang et al. [2015a] simplified
observation-based regression for oak pollen season length, characterized by the following equation:

MSL ¼ 33:9þ 0:76 T JFM � 0:01 Pc

whereMSL is themodeled season length (days), TJFM is January throughMarchmean temperature (°C), and Pc
is cumulative precipitation (mm) from September of the previous year to August of the forecast year. While a
strength of this model is that it was developed with broad spatial coverage across the continental U.S., a lim-
itation is that it assumes the same relationship applies in all locations. As the literature evolves, our approach
can incorporate new relationships with greater spatial specificity.

This equation was used to generate scalars (defined as the ratio of modeled future season length to modeled
1994–2010 average season length) for each grid cell, GCM, RCP scenario, and year. Modeled temperature
and precipitation (20 year averages around 2030, 2050, 2070, and 2090) were drawn from the Localized
Constructed Analogs (LOCA) data set, which provides daily projections through 2100 at 1/16° resolution
for daily maximum temperature (tmax), daily minimum temperature (tmin), and daily precipitation [Pierce
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et al., 2014, 2015; Bureau of Reclamation, 2016]. We take the average of the daily tmax and tmin to generate
average daily temperature, used to calculate TJFM. Future oak pollen season length was then projected for
each monitor, GCM, RCP scenario, and year by multiplying the 1994–2010 mean observed season length at
each monitor by the appropriate grid cell-level scalar.

For present and future population, we used Integrated Climate and Land-Use Scenarios (ICLUS) version 2 data
sets [USEPA, 2016b] with the age distribution from ICLUS v1 [USEPA, 2009]. We developed city-level baseline
incidence rates for Atlanta, New York City, and Cincinnati from the baseline data on ED visits reported by the
epidemiology studies. For each study, we developed daily per-person rates by dividing the reported ED visit
counts by the corresponding 2010 census population for the specified age group in the study area and by the
number of days associated with the reported count (e.g., 365 days per year for annual counts). For regional
baseline incidence rates, we calculated a 3 year (2010–2012) average of total annual asthma ED visits for
the Northeast, Midwest, and South regions for visits with primary diagnosis code ICD-9 493 from the
Agency for Healthcare Research and Quality’s Healthcare Cost and Utilization Project (HCUP) National
Emergency Department Sample (NEDS) [Agency for Healthcare Research and Quality, 2016]. For city-specific
estimates, we developed daily per-person rates by dividing the reported ED visit counts in each region by
either the corresponding 2010 census population (or study population if counts were reported for only the
study cohort) for the specified age group and by the number of days associated with the reported count.

We assigned a monetary value to pollen-related ED visits by applying the mean of two cost-per-visit esti-
mates that are included in BenMAP-CE’s set of standard valuation functions [Smith et al., 1997; Stanford
et al., 1999]. Both studies report cost-of-illness based estimates: the Smith et al. [1997] study is based on ana-
lysis of 1.2 million asthma-related ED visits in 1987 at a cost of $186 million in 1987 dollars for an average cost
of $155/visit, and the Stanford et al. [1999] study reported a cost of $335/visit based on 1996–1997 data.
Adjusted for inflation, the Smith and Stanford studies report a per-visit cost in 2015 dollars of $532 and
$447, with a mean of $490/visit. We estimate undiscounted results for each future year and an overall net
present value estimated by applying a 3% discounting rate per year, and linearly interpolating between
analysis years. Beyond these health care costs, we excluded additional economic costs that could result from
lost productivity (e.g., lost work days).

3. Results
3.1. Impacts of Observed Recent Oak Pollen

We estimated that 1994–2010 mean oak pollen concentrations were associated with 21,200 (95% confidence
interval (CI), 1,800–56,200) asthma ED visits in the Northeast, Southeast, and Midwest regions, using 2010
population and baseline incidence rates (Table 2 and Figure 1). Nearly 70% (14,600) of those occurred among
children aged 0–17 years (64–74% regionally). Approximately 42% of the three-region total oak pollen-related

Table 2. Regional Oak Pollen-Related Asthma Emergency Department Visits in 2010, Using Average 1994–2010 Oak
Pollen Concentrations and Season Lengtha

Region Age Range

Oak Pollen-Related
Asthma ED
Visits (× 100)

Population
(× 100,000)

Oak Pollen-Related
Asthma ED Visits

per 100,000 People

% of Age-Specific
Three-Region

Total

Total three regions 0–17 146 (10–352) 335 44 -
18–99 66 (7–210) 1,181 6 -
Total 212 (17–562) 1,516 14 -

Northeast 0–17 49 (3–107) 103 48 34%
18–99 25 (3–79) 376 7 38%
Total 74 (6–186) 480 15 35%

Southeast 0–17 65 (6–154) 125 52 44%
18–99 23 (4–72) 448 5 35%
Total 88 (9–225) 574 15 42%

Midwest 0–17 32 (1–92) 106 30 22%
18–99 18 (1–59) 357 5 27%
Total 50 (2–151) 463 11 23%

aConfidence intervals (95%, in parentheses) represent uncertainty in concentration-response function only.
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asthma ED visits occurred in the Southeast, 35% in the Northeast, and 23% in the Midwest. Since we used the
same approach to pool the three city-specific concentration-response functions for all regions, differences in
regional impacts are driven by the magnitude of pollen concentrations, exposed populations, and baseline
asthma ED rates. Normalizing results by population, we find similar impacts per 100,000 people in the
Southeast and Northeast (15 all-age oak pollen-related asthma ED visits per 100,000 people) and smaller
impacts in the Midwest (11). Population-normalized impacts for children aged 0–17 years are substantially
higher than the total population (30–52 oak pollen-related asthma ED visits per 100,000 people, depending
on the region). The estimated economic value of these oak pollen-related asthma ED visits in 2010 is $10.4
million (2015$).

As we have the highest confidence in results for the three cites from which concentration-response functions
were drawn, we calculated asthma ED visits associated with oak pollen exposure in New York City, Cincinnati,
and Atlanta separately, using the city definitions from the underlying epidemiology studies (see supporting
information). Age ranges differ from the regional results because here we applied the city-specific
concentration-response functions, rather than pooling across all three. We estimated that 1994–2010 aver-
age oak pollen concentrations were associated with 3200 (1800–4900) asthma ED visits in New York City
using 2010 population, 1000 (300–1600) in Cincinnati, and 100 (100–100) in Atlanta (Table S3).

3.2. Projections of Future Oak Pollen Season Length

To estimate future oak pollen-related asthma ED visits, we first simulated changes in oak pollen season length
under moderate and severe climate scenarios. We found that the oak pollen season generally lengthened
under both climate scenarios (Figure 2). Under RCP4.5, oak pollen season length grew by an average of
4.7% (range from�2.2% to 17.7%) across all 59monitor locations, usingmultimodel averages (average across
all five GCMs). For RCP8.5, season length grew by an average of 7.4% (range from �3.5% to 27.6%). The oak
pollen season lengthened from the 1994–2010 baseline for nearly 95% of RCP/monitor/year combinations.
The greatest increases in future season length across all GCMs and years for both RCP4.5 and RCP8.5
were estimated for Fargo, ND (monitor ID 2), followed by Olean, NY (monitor ID 16). The oak pollen season
shortened for 5.5% of RCP/monitor/year combinations (occurring at 11 monitoring stations, including
Atlanta), due to increased future precipitation, which has an inverse relationship with season length and off-
sets the lengthening effect of increased temperature. Scalars relating projected to current modeled season
length are generally larger in more northern latitudes (Figure 2) owing to longer present-day season in the
scalar denominator for southern locations and higher projected temperature increases in the north (see
Figures S4–S8 in the supporting information) for most GCMs. In terms of the temporal trend of changes
in oak pollen season length, each 20 year time step modeled increased the oak pollen season length
by 0.5–2% for RCP4.5 and 1.4–2.9% for RCP8.5 (average across five GCMs and 59 monitoring stations).
Results for individual climate models, which were used to estimate health impacts, can be found in the
supporting information.

3.3. Impacts of Simulated Future Oak Pollen

For future health impacts associated with oak pollen, we estimated that holding oak pollen constant at 1994–
2010 average levels, population growth alone would increase oak pollen-related asthma ED visits by 29%,
24%, and 11% from 2010 to 2090 in the Southeast, Northeast, and Midwest, respectively (Table 3). Total base-
line oak pollen-related asthma ED visits reach 23,700 (95% CI, 2100–64,500) in 2050 and 26,000 (2400–71,200)
in 2090. The associated economic value of these impacts rises to $12.7 million in 2090 for a total net present
value of $346.2 million (2015$) assuming a 3% discount rate.

We isolate the influence of climate-induced changes in season length from the influence of population
growth by comparing results for the RCP scenarios in each year to the baseline in the same year. For both
RCP scenarios, oak pollen-related asthma ED visits increase over baseline 1994–2010 levels in all regions
and years except for RCP8.5 in 2030 for the Northeast (Table 3). In 2050, changes in the oak pollen season
length under RCP4.5 and RCP8.5 could increase oak pollen-related asthma ED visits by 4% (900) and 5%
(1200), respectively, compared to the 1994–2010 baseline. Largest percentage increases in 2050 over the
baseline are seen in the Midwest (7% over the baseline for RCP8.5), followed by the Northeast (6%), and
finally the Southeast (4%). By 2090, oak pollen-related asthma ED visits increase by 4% (1100) and 10%
(2500) over the baseline for RCP4.5 and RCP8.5, respectively, with the largest changes in the Midwest
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Table 3. Annual Regional Oak Pollen-Related Asthma ED Visits (All Ages) for Baseline (1994–2010 Oak Pollen Season
With Future Population) and Change From Baseline for Each RCP Scenario, Averaged Across All Five General
Circulation Modelsa

Year Scenario Northeast Southeast Midwest Total

2030 Baseline 7,700 (700–19,700) 9,300 (1,000–24,400) 5,100 (200–16,000) 22,100 (2,000–60,100)
RCP4.5 300 (4%) 100 (1%) 200 (3%) 600 (3%)
RCP8.5 0 (0%) 100 (1%) 200 (4%) 300 (1%)

2050 Baseline 8,300 (700–21,300) 10,100 (1,100–26,500) 5,300 (300–16,000) 23,700 (2,100–64,500)
RCP4.5 500 (6%) 300 (3%) 100 (2%) 900 (4%)
RCP8.5 500 (6%) 400 (4%) 400 (7%) 1,200 (5%)

2070 Baseline 8,900 (800–22,800) 10,900 (1,200–28,600) 5,400 (300–17,300) 25,200 (2,300–68,600)
RCP4.5 400 (5%) 200 (2%) 400 (7%) 1,000 (4%)
RCP8.5 900 (10%) 500 (5%) 600 (11%) 2,000 (8%)

2090 Baseline 9,200 (900–23,600) 11,300 (1300–29,900) 5,500 (300–17,700) 26,000 (2,400–71,200)
RCP4.5 500 (5%) 200 (2%) 400 (7%) 1,100 (4%)
RCP8.5 1,100 (12%) 700 (6%) 700 (13%) 2,500 (10%)

aConfidence intervals (95%, in parentheses) reflect uncertainty in concentration-response function only.

Figure 2. Multimodel mean (a) ratio of modeled oak pollen season length to modeled 1994–2010 average season length
(days) and (b) change in number of days of the oak pollen season (calculated by multiplying the scalars in Figure 2a by
the observed 1994–2010 average season length) for each National Allergy Bureau monitor location, climate scenario
(RCP4.5 and RCP8.5), and year. Results above the red horizontal lines indicate oak pollen season lengthening from the
1994–2010 average. Black boxes highlight the three cities with epidemiology studies (Armonk, NY, used as surrogate for
New York City; Dayton, OH, used as surrogate for Cincinnati). See supporting information for a table of monitor location
names and ID numbers.
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(13%), followed by the Northeast (12%) and Southeast (6%). The marginal net present value (additional to the
baseline value of $346.2 million) of these impacts through 2090 is estimated to be $8.3 million and $10.4
million for RCP4.5 and RCP8.5, respectively, assuming a 3% discount rate. See the supporting information
for results for Atlanta, Cincinnati, and New York City using city-specific concentration-response functions.

Comparing severe (RCP8.5) versus moderate climate change (RCP4.5), we estimate that severe climate
change leads to more oak pollen-related asthma ED visits than does moderate climate change for all years
except 2030 (Table 3). In later years, RCP8.5 damages increasingly exceed those of RCP4.5. By 2090, RCP8.5
leads to 10% more oak pollen-related asthma ED visits over the baseline, while 1400 (>50%) of these would
be avoided under RCP4.5. This difference between pollen-related health impacts under the two climate
scenarios is driven most by the changes in the Northeast, followed by the Southeast.

3.4. Sensitivity to Changes in Oak Tree Growth

Though the results presented here assume a constant spatial distribution of oak trees, climate-induced tem-
perature and precipitation changes can lead to shifts in forest composition and health, which could affect
future pollen production. We tested the sensitivity of results to changes in oak tree growth rates (in kilogram
aboveground biomass per hectare per year, or kg/ha/yr) at three pollen monitor sites: Armonk, NY (near New
York City); Atlanta, GA; and Dayton, OH (near the Cincinnati site). Effects of temperature and precipitation on
oak tree growth and survival in these locations were taken from an analysis of 89 tree species measurements
across the U.S. from 1984 to 2013, including only species with >2000 individual trees measured multiple
times. These projection account only for the survival and growth of existing trees and do not account for total
oak biomass. Using these relationships between temperature, precipitation, and tree growth rates, we calcu-
lated the ratio of future to present-day oak tree growth rates for each location, RCP scenario, and year. These
ratios can be applied as scalars of the core results. We found that these multimodel average scalars are all
greater than 1, indicating that climatic conditions at these sites are likely to be favorable to oak tree growth
(Figure 3). Oak tree growth increased from 1% to 5% and 2% to 8% for RCP4.5 and RCP8.5, respectively, and
increased more in Atlanta than in Armonk and Dayton. These results suggest that oak pollen concentrations
are likely to increase in the future in addition to lengthening of the oak pollen season. Results for oak pollen-
related asthma ED visits based only on season length may therefore underestimate future oak pollen
health impacts.

4. Discussion

We estimated that oak pollen was associated with 21,200 (95% CI, 1800–56,200) oak pollen-related asthma
ED visits in the Northeast, Southeast, and Midwest U.S. in 2010 and could grow to 23,700 (2100–64,500) by
2050 and 26,000 (2400–71,200) by 2090 due to population growth alone. Most of these occurred among

Figure 3. Multimodel mean oak tree growth scalars, defined as the ratio of modeled to present-day oak tree growth rate, in
kilogram aboveground biomass of oaks per hectare per year (kg/ha/yr). A scalar greater than 1 indicates an increase in
oak tree growth rate.
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children age<18 years (64–74% regionally). Temperature and precipitation changes simulated under severe
climate change (as modeled under RCP8.5) could increase oak pollen season length and associated asthma
ED visits by as much as 5% and 10% on average in 2050 and 2090, respectively. A moderate climate change
scenario (RCP4.5) could hold these increases to approximately 4% through 2090, avoiding 1400 (>50%) of
the additional oak pollen-related asthma ED visits estimated under severe climate change. Results for future
impacts are highly uncertain; though we averaged results across a five-member climate model ensemble
and incorporated error in the underlying epidemiological studies into confidence intervals, methods to
simulate future pollen exposure from meteorological variables are in an early stage of development. Our
analysis therefore provides an exploratory approximation of future climate impacts on oak pollen season
length and associated health impacts. This analysis can be updated as new studies advance our ability to
parameterize the influence of precipitation, temperature, and potentially other meteorological variables
on pollen exposure.

To our knowledge, this is the first study to estimate the impact of aeroallergen seasonality and concentration
on allergic disease incidence in the U.S. for either the present-day or future. Compared with nationwide
impacts of ambient air pollution, estimated oak pollen asthma ED visits in the Northeast, Midwest, and
Southeast are ~13% of estimated asthma ED visits associated with fine particulate matter (PM2.5) among chil-
dren age <18 years (110,000) and ~110% of those associated with ozone among all ages in 2005 (19,000)
[Fann et al., 2011]. Our estimate of 300 additional asthma ED visits in these three regions associated with
oak pollen under RCP8.5 in 2030 is approximately 25% of the 1200 additional respiratory ED visits (inclusive
of but not limited to asthma) nationwide estimated to be associated with increased ozone exposure for the
same year and climate scenario [Fann et al., 2015]. Since our study included only one pollen type, these
comparisons suggest that the burden of aeroallergens on asthma ED visits in the U.S. could be of a similar
magnitude to that of ambient air pollution. However, oak pollen exposure-response relationships may
already capture some portion of health effects from other pollen types since some are temporally correlated
[e.g., Ito et al., 2015].

Our study was limited in several important ways. We focused on three U.S. regions where it could reasonably
be assumed that the three city-specific oak pollen-asthma ED visit concentration-response relationships
apply to broader populations. Though these regions contain the highest prevalence of oak trees and ~50%
of the population in the U.S., additional health impacts from oak pollen exposure would be expected else-
where. Climate change consequences could also be underestimated because some of the largest increases
in oak pollen season length occurred in the west (Figure 2). We were unable to obtain baseline incidence
rates for our region-level analyses that matched the time windows of the New York and Cincinnati studies.
Therefore, baseline incidence rates used for the Northeast and Midwest impact estimates are annual average
rates, which are most likely lower than the average daily rates of ED visits over the pollen season. A compar-
ison of the city-specific seasonal rates and regional annual baseline rates suggests that seasonal rates could
be up to 40–70% higher than annual rates, though not all of this difference may be due to the effect of the
pollen season. We excluded climate impacts on seasonal average pollen concentrations [Damialis et al., 2007;
Frei, 1998; Frei and Leuschner, 2000; Jager et al., 2009; Levetin, 1998; Rasmussen, 2002; Spieksma et al., 1995;
Spieksma et al., 2003; Teranishi et al., 2000; Ziello et al., 2012], changes in pollen allergenicity [Ahlholm et al.,
1998; Cecchi et al., 2010], and the geographic range of oak trees [Bellard et al., 2012; Woodall et al., 2009;
Tang et al., 2012]. While we focused only on asthma ED visits, limited evidence from Canada and the
Netherlands suggests that pollen (including oak) may also increase risk of cardiovascular disease
[Brunekreef et al., 2000;Weichenthal et al., 2016]. We also did not evaluate potential impacts on other allergic
outcomes such as allergen sensitization or allergic rhinitis, which have trended upward along with asthma
prevalence in the U.S. [Meng et al., 2016]. For these reasons, our results are likely to be underestimates of
the health burden of oak pollen changes. Finally, while our analysis projects future increases in the length
of the pollen season due to warming temperatures, there may be an upper limit to this lengthening due
to exceedance of a winter chilling threshold required to initiate flowering in some tree taxa [Miller-Rushing
and Primack, 2008].

There were several sources of uncertainty that we were unable to quantify. Though evidence suggests that
our spatial interpolation technique is reliable for daily pollen concentrations [DellaValle et al., 2012], actual
oak pollen concentrations between monitoring stations are unknown. Our 0.5° × 0.5° grid resolution was
too coarse to capture intraurban heterogeneity of oak pollen exposures [Weinberger et al., 2015]. Our
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projections of future pollen season lengths depend on temperature and precipitation changes simulated by
coarsely resolved global general circulation models, each with some inherent degree of uncertainty. Given
the inverse relationship between precipitation and oak pollen season length, underestimating future preci-
pitation would lead to an overestimate in results. We attempted to address this by leveraging an ensemble
of five downscaled climate models to show a range of plausible outcomes under two scenarios of climate
change. We extrapolated oak pollen-asthma ED visit concentration-response relationships from three cities
to broader geographical regions where demographics and health status may differ. Though the underlying
epidemiological studies controlled for air pollutants, we did not consider any synergistic or antagonistic
effects of air pollution exposure on health responses [e.g., Bartra et al., 2007; Cakmak et al., 2012; Kinney
et al., 2016]. We held the age structure and baseline asthma ED visits constant from the present-day to
2090, as little information was available on which to project these values to the future, and used an annual
ED visit rate that may not match the rate during the warm season. It is unknown whether these uncertainties
contribute to overestimation or underestimation of the impacts of climate change on allergic episodes and
allergic disease more broadly.

5. Conclusion

Although these results were limited to one pollen type (oak) and one health outcome (asthma emergency
department visits), they suggest that (1) aeroallergens pose a substantial burden on U.S. public health, parti-
cularly in the Northeast and for children age <18 years; (2) future climate change is likely to increase allergic
disease incidence in the U.S., and (3) mitigating climate change would have benefits in terms of avoided
pollen-related health impacts. However, wide confidence intervals and several key methodological limita-
tions constrain the strength of these conclusions. As more studies quantify the relationship between pollen
concentrations and health effects and explore the links between climate change and pollen exposure, this
methodology can be applied to additional pollen types and health outcomes, and uncertainties and limita-
tions may be narrowed.
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