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• A semi-mechanistic model was devel-
oped for emission of airborne allergenic
pollen.

• The model accounts for direct emission,
resuspension, and meteorology influ-
ence.

• Emission pattern follows the patterns of
area coverage and flowering likelihood.

• The model is robust with respect to the
input parameters for oak and ragweed.
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Modeling pollen emission processes is crucial for studying the spatiotemporal distributions of airborne allergenic
pollen. A semi-mechanistic emission model was developed based on mass balance of pollen grain fluxes in the
surroundings of allergenic plants. The emission model considers direct emission and resuspension and accounts
for influences of temperature, wind velocity, and relative humidity. Modules of this emission model have been
developed and parameterized with multiple years of pollen count observations to provide pollen season onset
and duration, hourly flowering likelihood, and vegetation coverage for oak and ragweed, as two examples. The
simulated spatiotemporal pattern of pollen emissions generally follows the corresponding pattern of area cover-
age of allergenic plants and diurnal pattern of hourly flowering likelihood. It is found that oak pollen emissions
start from the Southern part of the Contiguous United States (CONUS) in March and then shift gradually toward
the Northern CONUS,with amaximumemission flux of 5.8 × 106 pollen/(m2 h). On the other hand, ragweed pol-
len emissions start from theNorthernCONUS inAugust and then shift gradually toward the Southern CONUS. The
mean ragweed emission flux during August to September can increase up to 2.4 × 106 pollen/(m2 h). This emis-
sion model is robust with respect to the input parameters for oak and ragweed. Qualitative evaluations of the
model performance indicated that the simulated pollen emission is strongly correlated with the plant coverages
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and observed pollen counts. This model could also be applied to other pollen species given the relevant
parameters.

© 2018 Published by Elsevier B.V.
Fig. 1. Schematic diagram of emission model of pollen grains.
1. Introduction

Allergenic pollen from trees, weeds and grass has been identified as
one of themain triggers of Allergic Airway Disease (AAD), which affects
up to 30% of the population in industrialized countries (Bielory et al.,
2012; Breton et al., 2006; Cakmak et al., 2002; Sofiev and Bergmann,
2013). Air pollutants like ozone and particulatematter can act synergis-
tically with allergenic pollen to exacerbate the AAD of allergy sufferers
(Adhikari et al., 2006; Cakmak et al., 2012; Dales et al., 2004; Kim
et al., 2013). Pollen emission modeling is a critical tool for investigating
the release, transport and health effects of allergenic pollen.

Previous studies on pollen emission modeling are summarized in
Table S1. These studies mainly focused on statistical analyses and em-
pirical or semi-mechanistic emission models. The derived statistical re-
lationships and empirical models of pollen emission were mainly built
on the basis of observed phenology, aerobiology and meteorological
and climatic factors. Kawashima and Takahashi (1999) constructed an
emission model by regressing the airborne pollen data with hourly air
temperature and wind speed. The emission model was then coupled
with a dispersion model and wind speed extrapolated from meteorol-
ogy stations to simulate the transport of cedar pollen. Schueler and
Schlünzen (2006) developed an emissionmodule by fitting the airborne
pollen count and flowering time using a fourth-order polynomial curve.
This emission module was then incorporated into the fifth generation
Mesoscale Model (MM5) to simulate the dispersion of oak pollen.

Helbig et al. (2004) developed an empirical emission model which
consists of a characteristic concentration, a lumpedmeteorology adjust-
ment factor and a characteristic velocity. The characteristic concentra-
tion was parameterized using annual total emission flux and a
characteristic length. The lumped meteorological adjustment factor
was related to humidity, wind speed and temperature. This empirical
emission model was then coupled with a mesoscale meteorology and
an air quality modeling system to simulate emission and transport of
hazel and alder pollen. Later, the empirical emission model was ad-
justed to calculate emission and transport of birch and ragweed pollen
using a comprehensive model system COSMO-ART (Aerosols and Reac-
tive Trace Substances) (Vogel et al., 2008; Zink et al., 2012). This ap-
proach was further modified by Efstathiou et al. (2011) to predict
emission and transport of birch and ragweed pollen using the Commu-
nity Multiscale Air Quality (CMAQ) model and the MM5 meteorology
model. An emission model based on the double-threshold temperature
sum was developed to simulate spatiotemporal distributions of birch
pollen using the System for Integrated Modeling of Atmospheric Com-
position (SILAM) (Siljamo et al., 2013; Sofiev et al., 2013). A similar
emission model was also applied within SILAM to simulate ragweed
pollen distribution (Prank et al., 2013) and to conduct ensemble studies
of birch pollen simulation using multiple meteorology and air quality
models (Sofiev et al., 2015). These modeling studies provided a good
starting point toward operational forecasts of pollen season onset, dura-
tion and airborne levels.

In the current study, a new semi-mechanistic emission model was
developed based onmass balance of pollen grainfluxes in the surround-
ings of allergenic plants. This semi-mechanistic emission model incor-
porates information of detailed vegetation maps, the spatial
distribution of start and length of pollen season, and diurnal flowering
likelihood. It also accounts for influences of temperature, wind velocity
and relative humidity. Different components of the emissionmodel and
their connections are illustrated in Fig. S1, and described in themethods
section.
2. Methods

2.1. Emission model

The semi-mechanistic pollen emissionmodel was constructed based
on mass balance of emission fluxes surrounding the plant crowns. As
shown in Fig. 1, the characteristic pollen concentrations C⁎ (pollen/
m3) in the surrounding of plant crowns depend on the upward emission
flux Fe (pollen/(m2 h)), resuspension flux qr (pollen/(m2 h)), direct
emission flux from plant crowns qe (pollen/(m2 h)), deposition flux Fs
(pollen/(m2 h)), and lateral emission fluxes FL, FR, FB and FF (pollen/
(m2 h)). This mass balance of pollen grains is governed by Eq. (1),

HCSTB
dC�

dt
¼ FR−FLð ÞSRL þ FB−F Fð ÞSBF−FeSTB
−Fs STB þ SCð Þ þ KeqeSC þ Krqr STB þ SCð Þ

ð1Þ

where HC (m) is the plant height. STB, SRL and SBF (m2) are the areas of
the top, left and back surface of the model box, respectively. SC (m2) is
the surface area of the plant crowns. Ke and Kr (dimensionless) are the
lumped meteorology adjustment factors for direct emission and resus-
pension fluxes, respectively. The 4th and 6th terms on the right side of
Eq. (1) reflect the assumption that resuspension flux comes from pollen
deposited on a crown of a plant and the nearby ground covered by this
plant.

During the pollen season, two assumptions can be made: (1) quasi-
steady state for mass transfer of pollen grains in the immediate sur-
rounding of the plant crowns (i.e., dC�

dt ¼ 0 ); and (2) a quasi-
equilibrium balance of the lateral emission fluxes (i.e., FL = FR, FB =
FF). On the basis of these two assumptions, Eq. (1) can be reduced to:

Fe þ Fs 1þ LAIð Þ ¼ KeqeLAI þ Krqr 1þ LAIð Þ ð2Þ

where LAI (dimensionless) is the Leaf Area Index which, according to
the definition, can be used to approximate the quantity SC

STB
.

The upward emission flux Fe and the deposition emission flux Fs
can also be calculated using the deposition velocity vd and a
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characteristic velocity u∗ in the near surrounding of plant crowns ac-
cording to Eq. (3):

Fe ¼ C�u�
Fs ¼ C�vd

�
ð3Þ

In the current study, u⁎ is approximated using the friction velocity
from Weather Research and Forecasting (WRF) model output files.
This follows the approach reported in the literature (Efstathiou et al.,
2011; Helbig et al., 2004).

The resuspension emission qr can be associatedwith the direct emis-
sion flux qe through a proportionality factor Cr (dimensionless) as
shown in Eq. (4):

qe ¼ qpLdLh
qr ¼ Crqe

�
ð4Þ

where qp (pollen/(m2 year)) is the total number of pollen grains emitted
per unit area during a pollen season, which can generally be measured
or obtained from aerobiology literature. Ld (%) and Lh (%) are the daily
and hourly flowering likelihood, respectively.

The upward emission flux Fe can thus be solved through the combi-
nation of Eqs. (1) to (4). The resultant upward emission flux Fe is given
by:

Fe ¼
qpLdLh KeLAI þ CrKr 1þ LAIð Þð Þ

1þ vd 1þ LAIð Þ=u�
ð5Þ
Table 1
Parameters for pollen emissionmodel. These parameterswere derived from the literature,
and also used for global sensitivity analysis.

Parameter and ID Oak Ragweed

1 Hc, plant height (m) 30a 0.69b

2 Cr, proportional factor (unitless) 0.7c 0.7c

3 qp, annual emission flux (pollen grain/(m2 year)) 1.0 ×
109d

2.8× 109e,f

4 LAI, Leaf Area Index (m2/m2) 3.4h 1.2i

5 u⁎, friction velocity (m/s) WRF
dataj

WRF dataj

6 cTe, cUe, cVe, correction factor for direct emission
(unitless)

1c 1c

7 cUr, cVr, correction factor for resuspension (unitless) 1c 1c

8 Tte, threshold temperature for direct emission (°C) 10c 0k

9 Ute, threshold relative humidity for direct emission (%) 60c 60c

10 Vte, threshold velocity for direct emission (m/s) 2.65c 2.9k

11 Utr, threshold relative humidity for resuspension (%) 85c 85c

12 Vtr, threshold velocity for resuspension (m/s) 0.9c 0.9c

13 ra, aerodynamic resistance (h/m) Eq. (17) Eq. (17)
14 rb, quasi-laminar resistance (h/m) Eq. (17) Eq. (17)
15 vs, settling velocity (m/s) Eq. (15) Eq. (15)
16 Pc, percentage of area coverage (%) BELD 3.1 Eq. (7)
17 Ld, daily flowering likelihood (%) Eq. (8) Eq. (8)
18 Lh, hourly flowering likelihood (%) Eq. (9) Literaturel

19 u⁎t, threshold friction velocity (m/s) Eq. (10) Eq. (10)
20 z0, surface roughness (m) 10 m 0.1m

21 dp, diameter of pollen grain (μm) 28n 18n

22 ρp, density of pollen grain (kg/m3) 1200n 1280n

23 Cc, slip correction factor (unitless) 1.008m 1.008m

a Brose et al. (1999).
b Chamecki et al. (2009).
c Helbig et al. (2004).
d Schueler and Schlünzen (2006).
e Foster et al. (1980).
f Fumanal et al. (2007).
h Wang et al. (1992).
i Deen et al. (2001).
j Nolte et al. (2018) and Spero et al. (2016).
k Zink et al. (2012).
l Martin et al. (2010).
m Seinfeld and Pandis (1997).
n Davis and Brubaker (1973).
where all the terms on the right side can either be measured, or param-
eterized and approximated through measurable factors.

The pollen emission flux in a cell of the modeling grid can thus be
calculated through:

Fg ¼ FePc ð6Þ

where Pc (%) is the percentage of area coverage of allergenic plants in
the corresponding cell of the modeling grid. Each of the terms in
Eqs. (5) and (6) are listed in Table 1 and described in the following
subsections.

2.2. Vegetation coverage

The area coverage of oak was derived from the Biogenic Emissions
Land Use Database, version 3.1 (BELD3.1) (Kinnee et al., 1997). The
area coverage for oak across the Contiguous United States (CONUS)
was generated using Spatial Allocator to redistribute the BELD3.1 data
with 1-km grid resolution into 36-km grid resolution (Eyth and
Habisak, 2003).

The area coverage of ragweedwas generated using an algorithm de-
veloped on the basis of observed ragweed pollen counts and vegetation
coverage information from BELD3.1. This is a two-stage algorithm sim-
ilar to the methods reported in the literature (Fig. S2) (Csornai et al.,
2010; Pauling et al., 2012; Skjøth et al., 2010). The first stage is to esti-
mate the ragweed plant coverage in the grid cells that contain a moni-
toring station collecting the ragweed pollen count, and to identify the
relationship between ragweed coverage and relevant land use and
land coverage. The second stage is to estimate the ragweed plant cover-
age in the remaining grid cells using the relationship established in the
first stage. Observed daily ragweedpollen countswere obtained fromall
available monitoring stations of the National Allergy Bureau (NAB) of
the American Academy of Allergy, Asthma and Immunology (AAAAI)
during the period of 1994–2010 across the CONUS (Fig. S3). Two neigh-
boring Canadian monitoring stations were also included in the current
study to augment these data. The main climate characteristics and geo-
graphical locations of the studied stations are listed in Table S2. It was
found that the mean annual production of ragweed pollen was mainly
relevant to area coverages of grass land, crop grass land, and savanna
land.

The estimation of ragweed plant coverage in a cell of the modeling
grid was generated using:

PR ¼ bGPG þ bCGPCG þ bSaPSa ð7Þ

where PG, PCG and PSa (%) are the area coverage of grass land, crop grass
land, and savanna land, respectively. bG, bCG and bSa (dimensionless) are
the corresponding coefficients (Table S3). The coefficient bG represents
roughly the fraction of grass land area occupied by ragweed plants, like-
wise for other coefficients. The details of the calculation of ragweed cov-
erage are provided in Appendix A.

2.3. Flowering likelihood

Daily flowering likelihood Ld was estimated based on the assump-
tion that flowering likelihood increases gradually from the first
flowering day to a peak in the middle and then decreases gradually to
zero at the end of pollen season. The functional form for the daily
flowering likelihood was adapted from the literature (Helbig et al.,
2004). It can be parameterized using:

Ld dð Þ ¼ cb
d
SL

−
d2

SL2

 !
ð8Þ

where d is number of days from the start date of pollen season, SL (days)
is the season length, cb is a normalizing constantwhichmakes∑Ld=1.
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The start date and season length of allergenic pollen season in each of
modeling grids were simulated based on methods reported in our pre-
vious study (Zhang et al., 2015).

A bimodal characteristic has been observed for daily pollen release at
flower scale (Martin et al., 2010). This bimodal characteristic reflects
mainly the diurnal features of pollen release. For oak, the hourly
flowering likelihood Lh was constructed using two normal distributions
with different means and standard deviations as shown in Eq. (9):

Lh tð Þ ¼ α
1ffiffiffiffiffiffi
2π

p
σd

e
− t−μdð Þ2

2σ2
d þ 1−αð Þ 1ffiffiffiffiffiffi

2π
p

σn
e
− t−μnð Þ2

2σ2
n ; t ¼ 0;1;⋯;23ð Þ

ð9Þ

where t is hour number, α and 1 − α are the daytime and nighttime
fractions of daily pollen release, respectively, μd and μn are the daytime
and nighttime means of pollen release time, respectively, and σd and
σn are the daytime and nighttime standard deviations, respectively.
These parameters were obtained by fitting the data reported by
Pasken and Pietrowicz (2005).

For ragweed, the flowering likelihood Lhwas simulated using the al-
gorithm developed by Martin et al. (2010). This algorithm relates the
distributions of pollen emission to the relative humidity and elapsed
time after sunrise. For simulation of the hourly flowering likelihood
for ragweed in a cell of the model grid, the sunrise time was calculated
according to the latitude and longitude of the grid cell; The hourly rela-
tive humidity was derived from a climatological simulation of the year
2004 by the Community Earth SystemModel (CESM),whichwas down-
scaled using the WRF model (Nolte et al., 2018; Spero et al., 2016). The
parameters used in Eq. (9) are listed in Table S4.

2.4. Meteorology factors

The meteorological adjustment factor Ke is primarily related to the
friction velocity, which is an important parameter for estimating the
turbulent mixing that entrains the pollen from flower to atmosphere.
The threshold friction velocity u�t is required to activate the saltation
process leading to dust entrainment. Shao and Lu (2000) introduced a
physical parameterization of u�t for dry and bare soils as shown in
Eq. (10):

u�t ¼ α1 ρpgdp=ρa þ α2= ρadp
� �h i� �1=2

ð10Þ

where factors α1= 0.0123 and α2= 3 × 10−4 (kg/s) are defined on the
basis of the results obtained from awind tunnel experiment, ρp (kg/m3)
and ρa (kg/m3) are the pollen and air densities, respectively, and dp is
the aerodynamic diameter of pollen.

Since pollen is intrinsically different from soil, a modified friction ve-
locity was introduced through Eq. (11) by Helbig et al. (2004) to ac-
count for the meteorological effect on pollen emission:

u�te ¼ Au�t
u�tr ¼ Bu�t

�
ð11Þ

where A and B are the meteorological coefficients for direct emission
and resuspension emission, respectively. They were further parameter-
ized using Eq. (12):

A ¼ 3
αT þ αU þ αV

B ¼ 2
βU þ βV

8>><
>>: ð12Þ

where αT, αU and αV are the resistances due to temperature T (°C), rela-
tive humidity U (%) and wind speed V (m/h) at 10 m, respectively; βU

and βV are the corresponding resistances for resuspension emission.
The three resistances were further parameterized using Eq. (13):

αT ¼ cTeT=Tte; αU ¼ cUeUte=U; αV ¼ cVeV=Vte
βU ¼ cUrUtr=U; βV ¼ cVrV=Vtr

�
ð13Þ

where cTe, cUe and cVe are species specific constants, and Tte, Ute and Vte

are the threshold values of temperature, relative humidity and wind
speed for direct pollen emission. cUr, cVr, Utr and Vtr are the correspond-
ing constants and threshold values for resuspension emission.

Finally, the meteorological adjustment factors Ke and Kr were calcu-
lated through Eq. (14) (Helbig et al., 2004):

Ke ¼ 1−e−u�=u�te

Kr ¼ 1−e−u�=u�tr

�
ð14Þ

which indicates that higher ground surface temperature, wind speed,
and lower humidity favor pollen release. We did not assume a cutoff
threshold velocity determiningwhether pollen particles can be released
or not. Instead, Eq. (14) indicates that the higher the friction velocity is,
a higher proportion of pollen is released.

2.5. Deposition velocity

Deposition velocity was calculated using a resistance model as pre-
sented in Eq. (15) (Seinfeld and Pandis, 1997):

vd ¼ 1
ra þ rb þ rarbvs

þ vs ð15Þ

where ra and rb (h/m) are the aerodynamic resistance and quasi-
laminar resistance, respectively. vs (m/h) is the settling velocity, which
was calculated using Stokes' Equation:

vs ¼
ρPd

2
pgCc

18μ
ð16Þ

where air dynamic viscosity μ is approximately 1.8 × 10−5 kg/(m s)
(Sofiev et al., 2006). Cc is the slip correction factor used to correct the
non-continuum effects of particles in the air according to their diame-
ters (Seinfeld and Pandis, 1997). In the current study, it takes the
value of 1.008 for pollen grains, which have an average aerodynamic di-
ameter of around 20 μm.

The aerodynamic resistance ra and quasi-laminar resistance rb were
calculated using Eq. (17) (Seinfeld and Pandis, 1997):

ra ¼ ln HC=z0ð Þ
κu�

rb ¼ 1

u� Sc−2=3 þ 10−3=St
� �

8>>><
>>>:

ð17Þ

where κ = 0.41 is the von Karman constant; Sc = γ/D is the Schmidt
number; St = νsu ∗

2/(gγ) is the Stokes number; D = kBTCc/(3πμdp) is
the molecular diffusivity, and γ = μ/ρa is the kinematic viscosity.

2.6. Spatiotemporal pattern of allergenic pollen emission

For oak, the emission model was run from 1 March to 30 April 2004
with 36-km horizontal grid spacing over the CONUS and temporal res-
olution of 1 h. For ragweed, the emission model was run from 1 August
to 30 September 2004 covering the same domain with the same
resolution.

For investigation of the spatiotemporal pattern, the mean (Fg,hrMn),
maximum (Fg,hrMx), seasonal total (Fg,hrSum) and standard deviation
(Fg,hrStd) of the simulated hourly emission in each cell of the modeling



Fig. 2. Area coverage of: (a) oak and (b) ragweed with 36-km horizontal grid spacing over the CONUS. Area coverage for oak was generated using Spatial Allocator (Eyth and Habisak,
2003) to redistribute the BELD3.1 datawith 1-kmgrid resolution into 36-km grid resolution. Area coverage for ragweedwas generated using the algorithmdeveloped in the current study.
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Fig. 3. Simulated hourly flowering likelihood for oak (top) and ragweed (bottom).
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grid were calculated using Eq. (18):

Fg;hrMn i; jð Þ ¼ ∑t Fg i; j; tð Þ
Nt

Fg;hrMx i; jð Þ ¼ maxt Fg i; j; tð Þ
Fg;hrSum i; jð Þ ¼ ∑t Fg i; j; tð Þ

Fg;hrStd i; jð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑t Fg i; j; tð Þ−Fg;hrMn i; jð Þ� �2

Nt

s

8>>>>>>><
>>>>>>>:

ð18Þ

where Fg(i, j, t) is the pollen emission flux in grid cell (i, j) at time
t; Nt is a temporal index for time t. These four emission metrics
Fg,hrMn, Fg,hrMx, Fg,hrSum and Fg,hrStd, hereafter are also sometimes re-
ferred to as hourly mean, hourly maximum, seasonal total and stan-
dard deviation of pollen emission, respectively.

2.7. Sensitivity analysis

Global sensitivity analyses were performed to test the sensitivity of
the pollen emission model to multiple inputs and parameters based
onMorris's design (Morris, 1991). This design estimates themain effect
of a parameter by computing a number of local sensitivities at random
points of the parameter space. Themean of these randomized local sen-
sitivities indicates the overall influence of a given parameter on the out-
put metric, while the corresponding standard deviation indicates the
effects of interaction and nonlinearity (Saltelli et al., 2000).

The regional mean hourly emission (FhrMn) was selected as a metric
for testing the emission model's sensitivity to multiple inputs and pa-
rameters. The definition of this metric is presented in Eq. (19):

FhrMn ¼ ∑i; j;t Fg i; j; tð Þ
NiN jNt

ð19Þ

where Ni and Nj are the values of spatial indices i and j, respectively.
In the current study, each of the 23 parameters (Table 1) was sam-
pled 6000 times according to Morris' method from 250 random trajec-
tories (each has 24 steps) in the parameter space (Morris, 1991;
Saltelli et al., 2000). Each of the parameters was perturbed between
50% and 150% of its base value or distribution while keeping other pa-
rameters unchanged. Eq. (20) was used to calculate the Normalized
Sensitivity Coefficient (NSC) for regional hourly mean emission at a
local point:

NSChrMn ¼ ΔFhrMn=FhrMn

ΔP=P
ð20Þ

where FhrMn and P are the regional mean hourly emission flux and the
input parameter, respectively; and ΔFhrMn and ΔP are the perturbations
in the emission flux and input parameters, respectively.

The global NSC of a parameter, NSCg, is defined as the mean of the
corresponding local sensitivity. The average absolute global NSC, jNSCgj
, for each parameter and pollen taxon can be derived based on the
means of the absolute NSCg. Similarly, the standard deviations averaged
over each parameter and pollen taxon (STD) can be obtained to evaluate
the interactions and nonlinearity effects of input parameters on model-
ing output.

2.8. Qualitative evaluation of the emission model

Since the emission fluxes are notmonitored ormeasured in the field
for the CONUS, the qualitative evaluation of model performance was
conducted based on known distributions of plants and observed pollen
counts. Correlation analysis of the simulated seasonal total pollen emis-
sions at each cell of themodeling grid and the corresponding plant cov-
erages was done after the data were normalized with mean zero and
unit standard deviation. The correlation of normalized annual total pol-
len counts at pollen monitoring stations with the corresponding nor-
malized simulated seasonal total emission was evaluated similarly.

3. Results and discussion

3.1. Vegetation coverage

Fig. 2 presents the percentage of the area occupied by oak and rag-
weed in each cell of the modeling grid covering the CONUS. Oak trees
are distributed mostly across eight of the nine climate regions of the
CONUS with the highest area coverages (36%–58.8%) in the West, Cen-
tral and Southeast climate regions. Ragweed is mainly distributed in
the western US, with the highest area coverages (60.1%–74.3%) in the
South and the West North Central climate regions. The classification of
the nine climate regions across the CONUS is illustrated in Fig. S3.
These vegetation coverage maps are important inputs to the pollen
emission model, which were used in Eq. (6) to calculate the pollen
emission fluxes in each cell of the modeling grid covering the CONUS.

3.2. Flowering likelihood

Fig. 3 shows patterns of the simulated hourly flowering likelihood
for oak and ragweed. Table S4 lists the parameters and references for
calculating the hourly flowering likelihood. The hourly flowering likeli-
hood of oak was derived from observed hourly pollen counts reported
in the literature; thesewere derived usingmaximum likelihood estima-
tion (Pasken and Pietrowicz, 2005). The bimodal features of hourly
flowering likelihood observed in Fig. 3 for oak reflect the pollen emis-
sions in early morning and late afternoon. The simulated hourly
flowering likelihood captures the main features observed in the hourly
pollen counts. For ragweed, the hourly flowering likelihood was
modeled based on thephysiological characteristics of ragweed via direct
observation of the floral development andmorphology. This model also
relates the distributions of pollen emission to the relative humidity and



Fig. 4. Spatial patterns of mean hourly emission of (a) oak pollen in March 2004; (b) oak pollen in April 2004; (c) ragweed pollen in August 2004; and (d) ragweed pollen in September
2004.
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elapsed time after sunrise (Martin et al., 2010). A recent study by
Šikoparija et al. (2018) observed similar diurnal pattern of ragweed pol-
len emission by direct continuous measurements of the ragweed pollen
concentration in the field during the flowering season. This field exper-
iment collected ragweed pollen samples near the canopy level of the
ragweed field with high temporal resolution. Thus, it was able to cap-
ture the diurnal variation of pollen emission. They also found that the
shape of the diurnal cycle is affected by meteorological conditions
such as relative humidity.

3.3. Spatiotemporal pattern of allergenic pollen emission

To examine the temporal pattern of pollen emission, the mean
hourly emission fluxes over the early and late flowering period for oak
and ragweed are plotted in Fig. 4. Oak pollen emissions started from
the Southern CONUS in March and then shifted gradually toward the
Northern CONUS in April. In contrast to oak, ragweed pollen emissions
started from the Northern CONUS in August and then shifted gradually
toward the Southern CONUS in September. This pattern is consistent
with long term observations (Zhang et al., 2015; Ziska et al., 2011),
and is simulated for the first time in this study. It has been identified
that summer-flowering ragweed has earlier flower initiation at high lat-
itudes than lower latitudes, which is a typical adaption to the
environment to maximize reproductive success (Stinson et al., 2016).
The time slices of pollen emissions in Fig. 5 display the diurnal variation
of pollen emission. In general, the oak pollen emissionflux in each cell of
the modeling grid at 11:00 UTC is higher than that at 18:00 UTC (aver-
aged over Apr 21–Apr 30, 2004), and the ragweed pollen emission flux
in each cell of the modeling grid at 14:00 UTC is higher than that at
18:00 UTC (averaged over Sept 21–Sept 30, 2004), which is mainly
caused by variation of hourly flowering likelihood. The emission
model developed in this study demonstrated the daily and hourly vari-
ation of pollen emissionflux due to the intrinsic physiological character-
istics of the plants and influences of meteorological factors such as
temperature, wind velocity and relative humidity.

Fig. 6 depicts the spatial patterns of oak pollen emissions during the
entire pollen season in 2004. The spatial patterns were examined for
four metrics: mean, maximum, seasonal total, and standard deviation
of hourly emissions at each cell of the modeling grid covering the
CONUS. These four metrics were calculated using Eq. (18) based on
the simulated hourly emissions of oak pollen between 1 March 2004
and 30 April 2004. The spatial patterns of mean, maximum, seasonal
and standard deviation of hourly emission flux all roughly follow the
pattern of area coverage of oak trees shown in Fig. 2. The oak pollen
emissions varied substantially in different climate regions. The seasonal
total oak pollen emissions in the Southeast, South and Central climate



Fig. 5. Time slices of spatiotemporal emission profiles of (a) oak pollen at 11:00 UTC (averaged over Apr 21–Apr 30, 2004); (b) oak pollen at 18:00 UTC (averaged over Apr 21–Apr 30,
2004); (c) ragweed pollen at 14:00 UTC (averaged over Sept 21–Sept 30, 2004); and (d) ragweed pollen at 18:00 UTC (averaged over Sept 21–Sept 30, 2004).
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regions were higher than those in other regions in the CONUS. The
mean hourly oak emission flux can increase up to 9 × 105 pollen/
(m2 h). The maximum hourly oak pollen emission flux was 5.8 × 106

pollen/(m2 h). As shown in Fig. S4, the spatial patterns of ragweed emis-
sion flux also follow the patterns of ragweed area coverage. The South
and West North Central climate regions had the highest ragweed sea-
sonal total emission of 4 × 109 pollen/m2. The standard deviations of
the hourly pollen emission flux throughout the season were caused by
variations in daily and hourly flowering likelihood, and themeteorolog-
ical factors contributing to pollen emission. The mean hourly ragweed
pollen emission can reach up to 2.4 × 106 pollen/(m2 h). Themagnitude
of the simulated pollen emission flux is comparable to that reported by
Šikoparija et al. (2018), which were obtained through an empirical
study. The observed average hourly ragweed pollen emission flux was
derived from direct measurements of airborne pollen concentrations
in the field and ranged from 2.7 × 106 pollen/(m2 h) to 3.2 × 108 pol-
len/(m2 h).

3.4. Sensitivity analysis

The global sensitivity of the simulated regional mean hourly pol-
len emissions to different parameters is presented in Fig. 7. The
global NSC of all parameters, except the density of oak pollen grain
(ρp), varied within −0.1 and 0.1 for pollen emissions from oak. The
average absolute global NSC of density of oak pollen grain (ρp) is
0.1311. The ragweed pollen emission model is also robust to 22 of
the 23 parameters (−0.1 b global NSC b 0.1), but more sensitive to
diameter of pollen grain (dp), with an average absolute global NSC
of 0.1438.

The standard deviations of NSCs for pollen emissions of oak and rag-
weed were between 0.4626 and 0.6836. This indicated low interaction
and nonlinearity effects among parameters for pollen emissions of oak
and ragweed.

Uncertainties in sensitive and interactive input parameters can re-
sult to large deviations of model predictions. In particular, we acknowl-
edge that there are substantial uncertainties in dry deposition velocity
(Eq. (15)), plant area coverage (Eq. (7)), flowering likelihood
(Eq. (9)), and our assumptions of quasi-steady state and quasi-
equilibrium balance of pollen fluxes (Eq. (2)). A new parameterization
of deposition velocity has been developed similar to that in Zhang and
Shao (2014) and Zhang and He (2014). Particularly, deposition velocity
for large particles such as pollen still has substantial uncertainties, and
will need to be further investigated. Plant area coverages calculated
using land use data in combination with annual pollen counts seem
more reasonable than those calculated based on plant inventory or eco-
logical model (Zink et al., 2016).



Fig. 6. Spatial patterns of mean, maximum, seasonal total and standard deviation of hourly emission of oak pollen. (a) Hourly mean, (b) hourly maximum, (c) seasonal total, and
(d) standard deviation.

Fig. 7.Mean and standard deviation of Normalized Sensitivity Coefficient (NSC) for each
parameter for the pollen emission model of oak and ragweed. All parameters are
described in Table 1.
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3.5. Evaluation of model performance

To investigate the accuracy of the simulated pollen emissions with
respect to plant coverage, scatterplots of normalized coverage and sea-
sonal total emission for oak and ragweed pollen are shown in Fig. 8. The
Pearson correlation coefficients for oak is 0.813 (p-value b 0.0001), and
0.892 (p-value b 0.0001) for ragweed. The data points should fall on or
near the 45-degree line in Fig. 8 if there is linear relationship between
the two normalized variables. The deviations from the diagonal line
are caused by various factors such as temperature, humidity, wind
speed, etc. that were fully considered in the emission model. The corre-
lation of observed annual total pollen counts at selected pollenmonitor-
ing stationswith the corresponding simulated seasonal total emission is
illustrated in Fig. 9. Due to the incompleteness of pollen observations at
themonitoring stations in 2004, only stationswith N20 days of valid ob-
servations were selected. Data from 36 monitoring stations for oak
show a Pearson correlation coefficient of 0.421 (p-value is 0.0105),
while data from 34 monitoring stations for ragweed result in a Pearson
correlation coefficient of 0.787 (p-value b 0.0001). Pollen counts at
monitoring stations are affected not only by pollen emission, but also
by atmospheric transport of pollen,whichwill be incorporated and sim-
ulated in a new pollen transport model that is currently being devel-
oped and tested by our group.



Fig. 8. Scatterplot of normalized coverage and normalized seasonal total emission in 2004 for oak and ragweed pollen with 45-degree line.
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4. Conclusion

The present study described the development of a new semi-
mechanistic emission model for allergenic pollen and tested the
model performance for oak and ragweed. This model was derived
through application of mass balance of pollen grain fluxes in the imme-
diate surroundings of allergenic plants. It considers the physiological
characteristics of the plants, consists of direct emission and resuspen-
sion, and accounts for influences of temperature, wind velocity and rel-
ative humidity. Modules of this emission model have been developed
and parameterized using data driven statistical modeling with multiple
years of observed daily pollen counts to provide pollen season onset and
duration, hourly flowering likelihood, and vegetation coverage. The
simulated spatiotemporal patterns of pollen emissions generally follow
the corresponding patterns of area coverage of allergenic plants and di-
urnal patterns of hourly flowering likelihood. This study, for the first
time, simulated the ragweed pollen onset pattern that starts from the
cold north and transits to thewarm south. A systematic sensitivity anal-
ysis showed that the emission model presented here is robust with re-
spect to parameterizations developed for the emission of oak and
ragweed pollen. Qualitative evaluations of the model performance
Fig. 9. Scatterplot of normalized annual pollen counts observation and normalized s
revealed that the simulated emission of oak and ragweed pollen are
strongly correlated with their spatial distributions over CONUS and
the observed pollen counts at pollen monitoring stations. Pollen emis-
sions are crucial inputs for pollen transport modeling, which could
also quantitatively evaluate the emissionmodel. The transport of pollen
will be simulated using an adapted CMAQmodel, which is the subject of
our next paper.
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