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Abstract Climatic change is expected to affect the spatio-
temporal patterns of airborne allergenic pollen, which has
been found to act synergistically with common air pollut-
ants, such as ozone, to cause allergic airway disease (AAD).
Observed airborne pollen data from six stations from 1994
to 2011 at Fargo (North Dakota), College Station (Texas),
Omaha (Nebraska), Pleasanton (California), Cherry Hill and
Newark (New Jersey) in the US were studied to examine
climate change effects on trends of annual mean and peak
value of daily concentrations, annual production, season
start, and season length of Betula (birch) and Quercus
(oak) pollen. The growing degree hour (GDH) model was
used to establish a relationship between start/end dates and
differential temperature sums using observed hourly tem-
peratures from surrounding meteorology stations. Optimum
GDH models were then combined with meteorological in-
formation from the Weather Research and Forecasting
(WRF) model, and land use land coverage data from the
Biogenic Emissions Land use Database, version 3.1
(BELD3.1), to simulate start dates and season lengths of
birch and oak pollen for both past and future years across
the contiguous US (CONUS). For most of the studied sta-
tions, comparison of mean pollen indices between the pe-
riods of 1994–2000 and 2001–2011 showed that birch and

oak trees were observed to flower 1–2 weeks earlier; annual
mean and peak value of daily pollen concentrations tended
to increase by 13.6 %–248 %. The observed pollen season
lengths varied for birch and for oak across the different
monitoring stations. Optimum initial date, base temperature,
and threshold GDH for start date was found to be 1 March,
8 °C, and 1,879 h, respectively, for birch; 1 March, 5 °C,
and 4,760 h, respectively, for oak. Simulation results indi-
cated that responses of birch and oak pollen seasons to
climate change are expected to vary for different regions.
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Introduction

Climate change is expected to alter flowering time and
allergenic airborne pollen count of trees, weeds and grasses
(Fitter and Fitter 2002; Yli-Panula et al. 2009; Ziska et al.
2003). Changes in spatiotemporal distribution of allergenic
airborne pollen are associated closely with allergic airway
diseases (AAD) and related rising public health costs (Singh
et al. 2010; Lamb et al. 2006). One third of the US popula-
tion are impacted by allergic diseases, including asthma, hay
fever, rhinitis, and atopic dermatitis (Bielory et al. 2012).
These allergic diseases can be potentially triggered and
exacerbated by allergenic pollen, such as birch and oak,
under climate change scenarios (Shea et al. 2008). Syner-
gism of pollen with other common atmospheric pollutants
under conditions of climate change has been identified and
has enhanced the severity of AAD (Adhikari et al. 2006).

Studies of climate change effects on distributions of
allergenic pollens have focused typically on analysis of
observed airborne pollen counts in Europe and their regres-
sion relationships with local meteorological and/or climatic
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factors (Zhang et al. 2013; Emberlin et al. 2002). Responses
of allergenic birch pollen season to climate change have
been examined based on statistical analyses in Switzerland,
Finland, Denmark and Germany (Rasmussen 2002; Frei
1998; Frei and Gassner 2008; Estrella et al. 2006; Yli-
Panula et al. 2009). Climate change effects on oak pollen
timing and levels have also been statistically investigated in
Spain, Turkey and Greece (Garcı ́a-Mozo et al. 2002, 2006;
Erkan et al. 2010; Damialis et al. 2007). These studies have
shown that, under climate change, birch and oak pollen season
tends to start earlier and that recorded total airborne pollen
count tends to increase across Europe with rising temperature.

Qualitative or semi-quantitative pollen dispersion
models have also been developed to provide high spa-
tial and temporal resolution forecasts of pollen concen-
trations (Sofiev et al. 2006; Vogel et al. 2008). These
dispersion models usually couple the transport module
of an air quality model with output from an operational
meteorology model based on either a Lagrangian or
Eulerian scheme (Siljamo et al. 2008; Hernández-
Ceballos et al. 2011; Efstathiou et al. 2011; Helbig et
al. 2004). The recent modeling studies of birch pollen
emission and dispersion could reproduce the low and
high concentrations reasonably well, but had difficulties
in characterizing intermediate concentrations (Siljamo et
al. 2013). A major shortcoming of dispersion modeling
is that large uncertainties exist in pollen emission mod-
ules (Sofiev et al. 2013). It is important to obtain
crucial information relevant to pollen emission, such as
detailed vegetation coverage, and high resolution timing
of season start and length (Pauling et al. 2012).

In the current study, statistical analysis was carried
out to identify trends of start date (SD), season length
(SL), annual mean (AM) and peak value (PV) of daily
concentrations, and annual production (AP) of Betula
(birch) and Quercus (oak) pollen from observed air-
borne pollen data at six monitoring stations across the
contiguous US (CONUS). The growing degree hour
(GDH) model was parameterized based on observed
pollen counts and hourly temperatures from surrounding
meteorology stations. It was then utilized to produce
spatially resolved start dates and season lengths for
birch and oak pollen.

Fig. 1 Geographical locations of six selected pollen monitoring sta-
tions in five major climate zones across the contiguous US (CONUS).
Map of climate zones was adapted from Baechler et al. (2010)

Table 1 Coordinates, elevation (meters above sea level), main climate characteristics, and number of years with valid pollen data for the studied
monitoring stations

Station Latitude Longitude Elevation
(m)

Climate
zone a

Mean air
temperature
(C°)

Years of data

Birch Oak

Fargo, ND 46.84 °N 96.87 °W 277 Cold/
very
cold

5.9 11 years (1997–2000,
2003–2008, 2010)

11 years (1996–2000, 2003,
2005–2008, 2010)

College
Station,
TX

36.64 °N 96.31 °W 91 Hot-
humid

20.3 6 years (2003–2005,
2007, 2008, 2010)

10 years (1997–2000, 2003–
2005, 2007, 2008, 2010)

Omaha,
NE

41.14 °N 95.97 °W 304 Cold/
very
cold

10.8 5 years (1995, 1996, 2003,
2006, 2010)

10 years (1994–2000, 2003,
2006, 2010)

Pleasanton,
CA

37.69 °N 121.91 °W 100 Marine 14.6 10 years (1997, 1998,
2000, 2003–2008, 2010)

10 years (1994, 1996–1998,
2000, 2004–2007, 2010)

Cherry
Hill, NJ

39.94 °N 74.91 °W 13 Mixed-
humid

12.6 13 years (1995–2000,
2003–2008, 2010)

13 years (1995–2000, 2003–
2008, 2010)

Newark,
NJ

40.74 °N 74.19 °W 43 Mixed-
humid

13.1 11 years (1994–1997,
2003, 2005, 2006,
2008–2011)

11 years (1994–1997, 2003,
2005, 2006, 2008,
2010, 2011)

a Climate zones defined according to Guide to Determining Climate Regions by County (Baechler et al. 2010)
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Methods

Data source

Observed airborne pollen counts were obtained from six
monitoring stations of the American Academy of Allergy
Asthma and Immunology (AAAAI). The reported pollen
data were classified only at the level of genus. Species under
genus of either Betula or Quercus were not differentiated.
The stations selected were located at Fargo (North Dakota),
College Station (Texas), Omaha (Nebraska), Pleasanton
(California), Cherry Hill (New Jersey) and Newark (New
Jersey). These stations were selected because (1) they have
airborne daily pollen counts available for birch and oak for
multiple years between 1994 and 2011; and (2) they are
located at representative geographical and climatic regions
across the CONUS as shown in Fig. 1. These locations span
various geographic regions and climate zones across
CONUS (Baechler et al. 2010). Table 1 lists the geographic
information, main climate characteristics, and number of
years with valid pollen counts at the studied pollen moni-
toring stations. Data of pollen counts were not reported
continuously to AAAAI; data in missing years were either
not available or not valid according to the standard used in

following subsection (Pollen indices). Since there are large
areas of desert and mountain in the hot-dry/mixed dry cli-
mate zone, few valid pollen counts were reported in that
climate zone (Fig. 1).

Observed hourly temperatures from 1994 to 2011 were
obtained from the National Climatic Data Center (NCDC)
meteorology stations nearest to the corresponding AAAAI
pollen stations. Spatially resolved hourly surface tempera-
tures for 2004 and 2050 were obtained from established
Weather Research and Forecasting (WRF) model simula-
tions archived by the North American Regional Climate
Change Assessment Program (NARCCAP) (Mearns et al.
2009). The NARCCAP dataset was generated based on
Intergovernmental Panel on Climate Change (IPCC) sce-
nario A2, which assumes regionally and economically
oriented development with projection of CO2 level be-
ing 850 ppm in year 2100 (Nakicenvoic et al. 2000).
Configurations of the WRF simulations including model
domain and physics parameterizations followed those
described by Leung and Qian (2009) for the NARCCAP
Phase I experiment.

Area coverage data for birch and oak trees were obtained
from the Biogenic Emissions Land use Database, version
3.1 (BELD3.1) (Kinnee et al. 1997).

Fig. 2 Birch pollen indices and calculated trends from 1994 to 2011 for six stations in the US. Ym Mean value, β annual trend, r correlation
coefficient, P significance of the trend
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Pollen indices

With day 1 being 1 January, the SD (day of year) of pollen
season is the day when the cumulative pollen count reaches
5 % and end date when it reaches 95 % of annual total
count. SL (day) is defined as the duration between start and
end dates. AM (pollen m−3) is the mean and PV (pollen m−3)
the maximum daily concentration recorded during a pollen
season; AP (pollen m−3) is defined as the sum of daily
concentrations during a pollen season. Pollen data with SL
of less than 7 or greater than 80 days are assumed unrea-
sonable and excluded for further calculation. Regression
analysis was carried out to identify the trends of these
indices derived from airborne pollen data.

Natural variability exists in both climate and plant
growth. It has been reported recently that internal climate
variability played an important role in regional climate
change (Deser et al. 2012). The intrinsic inter-annual varia-
tion of plant growth has been observed by many researchers
(Silvertown 1980; Masaka and Maguchi 2001). In order to
reduce the effects of the natural climate and plant-growth
variability on pollen indices, mean birch and oak pollen
indices were calculated for 1994–2000 and 2001–2011.

Pollen indices in these two periods were also compared
using the Student Test to check the significance of the
corresponding difference.

GDH model

The GDH model was used to predict start and end dates of
pollen season based on accumulation of GDH for a selected
period before and/or during pollen season (Rasmussen
2002). The hypothesis of the GDH model is that the trees,
after having reached certain GDHs, start to pollinate (or stop
pollinating), i.e., the pollen season is beginning (or ending).
The GDH model is presented in Eq. (1),

GDH ¼
X

ID

T i−Tbð Þ; Ti > Tb ð1Þ

where ID is the initial date starting to accumulate the differ-
ence between the hourly ground surface temperature Ti (°C)
and the base temperature Tb (°C).

The station-specific optimum GDH value for a fixed
initial date and a base temperature is determined by a
least square fitting of the corresponding observed pollen

Fig. 3 Oak pollen indices and calculated trends from 1994 to 2011 for six stations in the US. Ym Mean value, β annual trend, r correlation
coefficient, P significance of the trend
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start/end dates at that monitoring station for 1994–2011.
This GDH value is utilized to calculate the modeled
start/end dates and the corresponding root mean square
(RMS) error and correlation coefficient and P value
with respect to the observed start/end dates. The station
specific optimum initial date and base temperature are
then selected based on RMS errors and correlation co-
efficients. The overall optimum GDH value GDHO un-
der optimum ID and Tb across the US is finally obtained

through a weighted average over multiple stations as
presented in Eq. (2),

GDHO ¼
X

i

GDHi � Ni=
X

i

N i ð2Þ

where GDHi is station specific optimumGDH at station i, andNi

is number of years in which valid pollen counts are registered.
The overall optimum GDH value, initial date and base

temperature were then combined in Eq. (1) to simulate start

Fig. 4 Top panels Optimum
growing degree hours (GDHs)
of start and end dates with
different initial dates and base
temperatures for birch pollen at
the Cherry Hill, New Jersey
station. Middle panels
Corresponding root mean square
(RMS) errors. Bottom panels
Correlation coefficients (with
respect to observed pollen data)

Table 3 Station specific growing degree hours (GDH) and corresponding root mean square error (RMS) and P values and correlation coefficient
(r) of start and end dates with initial date being 1 March. The base temperatures are 8 °C and 5 °C for birch and oak pollen, respectively

Station Start date End date

GDH RMS r P GDH RMS r P

Fargo, ND Birch 1,794 5 0.89 0.000 4,859 11 0.50 0.121

Oak 3,216 8 0.67 0.025 6,846 8 0.56 0.071

College Station, TX Birch 2,651 13 −0.12 0.817 11,318 19 −0.06 0.911

Oak 2,246 8 0.12 0.738 7,926 5 0.67 0.036

Omaha, NE Birch 2,414 2 0.96 0.009 13,385 6 0.78 0.121

Oak 6,030 6 0.95 0.000 10,435 7 0.58 0.080

Pleasanton, CA Birch 1,469 4 0.83 0.003 5,996 8 0.71 0.022

Oak 1,758 7 0.37 0.294 7,859 15 0.88 0.000

Cherry Hill, NJ Birch 2,265 4 0.88 0.000 6,637 7 0.68 0.011

Oak 5,088 4 0.75 0.003 12,213 10 0.61 0.027

Newark, NJ Birch 3,194 6 0.58 0.064 8,613 9 0.48 0.131

Oak 5,673 6 0.67 0.008 12,168 6 0.70 0.003

Int J Biometeorol



date and season length of birch and oak pollen using vegetation
coverage data from BELD3.1 and estimated meteorology from
theWRF model. The simulations were conducted for 2004 and
2050 covering CONUS with spatial resolution of 50×50 km.

Results

Trend analysis of pollen indices

Figure 2 shows the results of trend analyses of birch pollen
indices between 1994 and 2011 at the six stations. Each
legend also lists the mean value Ym, trend β, correlation
coefficient r and P value. The birch pollen season is observed
to start earlier in Fargo, Omaha, Cherry Hill and Newark, but
slightly later in College Station and Pleasanton. Annual mean
and peak value are found to increase for most of the studied
stations. Birch season length tends to be shorter. However,
only some of the observed trends are statistically significant.

Figure 3 presents the results of trend analyses of oak
pollen indices. Oak pollen season was also found to start
earlier at five out of the six monitoring stations; season
lengths at Fargo, Omaha and Pleasanton were observed to
be longer, while season lengths at College Station, Cherry
Hill and Newark appeared to be shorter. Increases in annual
mean and peak value were identified at most of the studied
stations.

Annual production of birch pollen tended to increase at
Omaha, Pleasanton and Newark, and to decrease slightly at
Fargo, College Station, and Cherry Hill. Rising trends of

annual production were observed for oak pollen at Omaha,
Pleasanton, Cherry Hill and Newark, and decreasing trends
at Fargo and College Station. For both birch and oak pollen,
only the trend of annual production at Omaha was found to
be significant at the 5 % level.

Table 2 listsmean birch and oak pollen indices for 1994–2000
and 2001–2011. Also listed are the corresponding differences
between these two periods. Based on the differences between
mean pollen indices, birch pollen season in Fargo andOmaha for
2001–2011 started around 1week earlier than that in 1994–2000,
while in Pleasanton it started around 1 week later. At both New
Jersey stations, birch pollen season tended to start around the
same time during both periods. Birch pollen season length
was approximately 6–10 days shorter in 2001–2011 than
in 1994–2000. Annual mean increased by 13.6 %–
248.0 % at most of the stations, with the exception that
it decreased by 10.2 % at Cherry Hill. Peak value
increased by 72.2 %–225.4 % for most of the stations,
with the exception that it decreased by 38.5 % at Fargo.
Annual production increased by 82.0 %–184.6 % at
Newark, Omaha and Pleasanton, while decreased by
19.3 %–26.9 % at Cherry Hill and Fargo.

Comparisons of mean oak pollen indices between 2001–2011
and 1994–2000 indicate that the oak pollen season started 1–
15 days earlier at Omaha, Pleasanton, Newark and Cherry Hill,
while about 1 week later at College Station. Season length of oak
pollenwas 3–13 days longer at Fargo,Omaha and Pleasanton, 6–
11 days shorter at College Station, Newark and Cherry Hill.
Annual production, annual mean and peak value of oak pollen
in the period of 2001–2011 increased by 17.1 %–225.0 % at

Fig. 5 Top panels Optimum
GDHs of start and end dates
with different initial dates and
base temperatures for oak
pollen at the Cherry Hill, New
Jersey station. Middle panels
Corresponding root mean square
(RMS) errors. Bottom panels
Correlation coefficients (with
respect to observed pollen data)
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Omaha, Pleasanton, Newark and Cherry Hill, and decreased by
8.5 %–59.4 % at Fargo and College Station.

Parameterization of the GDH model

Figure 4 depicts the station-specific optimumGDHs, initial dates
and base temperatures for birch pollen at Cherry Hill. The top
panel illustrates the optimum GDHs of start and end dates for
different initial dates and base temperatures. Optimum GDHs of
start and end dates are, for example, about 2,265 and 6,637,
respectively, with initial date 1March and base temperature 8 °C.
The optimum GDHs from different IDs tend to converge for
higher base temperatures. The middle and bottom panels show
corresponding root mean square errors and correlation coeffi-
cients utilizing the GDH values from the top panels.

As demonstrated by both the RMSs and correlation co-
efficients in Fig. 4, 1 March is the optimum ID, and base
temperature of 8 °C is a good trade-off for the GDH model
for both start and end dates of birch pollen in Cherry Hill.

Similarly, station-specific optimum GDH, ID, and base tem-
perature were generated through analysis of the airborne
birch pollen data and corresponding observed hourly tem-
peratures for monitoring stations at Fargo, College Station,
Omaha, Pleasanton, and Newark. These station-specific op-
timum GDHs, IDs and base temperatures for all six stations
are listed in Table 3 together with the corresponding RMSs,
correlation coefficients and P values.

Figure 5 shows the station specific optimum GDH, ID,
and base temperatures for oak pollen at the Cherry Hill
station. Similar phenomena as for birch pollen shown in
Fig. 4 can also be identified for oak pollen in Fig. 5. For
oak pollen at the Cherry Hill station, the optimum GDHs
for start and end dates are 5,088 and 12,213, respectively,
with ID being 1 March and base temperature being 5 °C.
Table 3 also lists the station-specific GDHs, IDs, and
base temperatures for oak pollen and the corresponding
RMSs, correlation coefficients, and P values at the six
studied stations.

Fig. 6 Start date (top panels) and season length (bottom panels) of birch pollen in 2004 and 2050. Data are mapped only on cells in which the area
coverage of birch trees is greater than zero

Int J Biometeorol



The overall optimum GDHs for start and end dates of
birch pollen season were calculated based on Eq. (2) using
the station-specific optimum GDHs for Fargo, Cherry Hill
and Pleasanton. These stations were selected because they
have (1) at least 10 years of data available; and (2) higher
correlation coefficients and lower P values for both start
and end dates. The overall optimum GDHs of start and end
dates for birch pollen season are 1,879 and 5,873, respec-
tively, with the ID being 1 March and base temperature
being 8 °C.

Similarly, the overall optimum GDHs of the oak pollen
season were calculated using the station-specific optimum
GDHs for Fargo, Omaha and Cherry Hill. The overall opti-
mum GDHs for start and end dates of oak pollen season are
4,760 and 9,960, respectively, with ID being 1 March and
base temperature being 5 °C.

The overall optimum GDHs were then used to simulate
the start and end dates at the six stations. The corresponding
RMSs with respect to observations were comparable with

their counterparts that were based on station-specific opti-
mum GDHs listed in Table 3.

Pollen seasons under future climate change scenarios

As illustrated in Fig. 6, responses of birch pollen season to
climate change are different in different regions. In the
Northeastern US (e.g., Maine), the birch pollen season of
2050 is expected to start earlier and last for a longer period
than that of 2004; while in the Northwestern US (e.g.,
Washington), it is expected to start later and last for a shorter
period. In other regions, the estimates of birch pollen season
do not appear to change significantly.

As depicted in Fig. 7, oak pollen season also behaves
differently in response to climate changes in different re-
gions. In the northwestern US (e.g., Oregon), the oak pollen
season of 2050 is expected to start earlier than that of 2004;
while in central and southern US (e.g., Tennessee and
Texas), it is expected to start later. In the northeastern US

Fig. 7 Start date (top panels) and season length (bottom panels) of oak pollen in 2004 and 2050. Data are mapped only on cells in which the area
coverage of oak trees is greater than zero

Int J Biometeorol



(e.g., Maine), the oak pollen season of 2050 is expected to
be longer; while in the southern US (e.g., Georgia and
Alabama), it is expected to be shorter.

Discussion

Although few observations and estimates were reported re-
garding season start and length of birch and oak pollen in the
US, earlier start dates and rising pollen concentrations have
been reported widely in many European countries, such as
Switzerland, Finland, Denmark, Germany, Spain and Turkey
(Garcia-Mozo et al. 2006; Frei 1998; Frei and Gassner 2008;
Erkan et al. 2010; Yli-Panula et al. 2009; Rasmussen 2002;
Estrella et al. 2006). For most of the stations considered in the
present work, the trend analysis results are consistent with the
findings from European countries.

The GDH models parameterized using observed start and
end dates and hourly temperatures at multiple stations, can
provide spatially resolved pollen season start date and
length, which are crucial for generating spatiotemporal pro-
files of pollen emissions. RMSs of start dates for birch
pollen in the current study are smaller or comparable with
those reported by Rasmussen (2002). RMSs of start dates
for oak pollen in Table 3 are also comparable with those
reported by Garcı́a-Mozo et al. (2002), in which a modified
growing degree days (GDD) model was used to simulate the
start date of oak pollen in Spain.

Research indicates that accumulation of chilling time,
masting behaviors, and meteorology factors such as precip-
itation and humidity also play important roles in determin-
ing start dates, season lengths and ambient levels of birch
and oak pollen (Jato et al. 2007; Masaka and Maguchi 2001;
Kasprzyk 2009). Kasprzyk (2009) has discussed the effec-
tiveness of modeling start date of oak pollen season through
GDD, meteorological regressions, bioclimatic factors and
indicator taxon. It was found that although there are low
correlation coefficients between observed and modeled
values, the GDD model was shown to be highly effective
for test years in some cases, and models based on biocli-
matic indices and meteorological variables were not satis-
factory (Kasprzyk 2009). The accumulation of chilling time,
masting behavior, and other impacting meteorology factors,
such as humidity and precipitation should be taken into con-
sideration to further improve the accuracy of the modeled start
dates and season lengths of birch and oak pollen.

The different response behaviors of birch and oak pollen
seasons, especially the start dates and season lengths, may
be due to substantial regional variations of climate change.
The IPCC has reported that observed and projected climatic
changes are not uniform, with land-surface warming
expected to be enhanced in regions with high latitudes and
altitudes (IPCC 2007a, 2007b; Hansen et al. 2006). Earlier

start dates and longer pollen seasons of birch and oak in the
northeastern US are most probably related to the enhanced
regional warming projected by the IPCC (2007c).

Conclusions

Observed airborne pollen data for six stations at locations
representing a wide range of geographic and climatic con-
ditions across CONUS, were analyzed statistically to iden-
tify the trends of start date, season length, annual mean and
peak value of daily concentrations of birch and oak pollen.
For most of the studied stations, birch and oak pollen
seasons in 2001–2011were found to start earlier than those
in 1994–2000, with rising trends of annual mean and peak
values. The trends for observed pollen season lengths
appeared to be different for birch and oak across different
stations.

The optimum GDH models were first parameterized
using observed pollen and meteorology data, and then
combined with BELD3.1 and WRF to simulate spatially
resolved start dates and season lengths covering the
CONUS. Simulation results showed varied responses to
climate change of birch and oak pollen seasons in different
regions.
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