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Abstract Pollen is an important cause of respiratory allergic
reactions. As individual sanitation has improved, allergy risk
has increased, and this trend is expected to continue due to
climate change. Atmospheric pollen concentration is highly
influenced by weather conditions. Regression analysis and
modeling of the relationships between airborne pollen concen-
trations and weather conditions were performed to analyze
and forecast pollen conditions. Traditionally, daily pollen con-
centration has been estimated using regression models that
describe the relationships between observed pollen concentra-
tions and weather conditions. These models were able to fore-
cast daily concentrations at the sites of observation, but lacked
broader spatial applicability beyond those sites. To overcome
this limitation, an integrated modeling scheme was developed
that is designed to represent the underlying processes of pollen
production and distribution. A maximum potential for air-
borne pollen is first determined using the Weibull probability
density function. Then, daily pollen concentration is estimated
using multiple regression models. Daily risk grade levels are
determined based on the risk criteria used in Korea. The mean
percentages of agreement between the observed and estimated
levels were 81.4-88.2 % and 92.5-98.5 % for oak and
Japanese hop pollens, respectively. The new models estimated
daily pollen risk more accurately than the original statistical
models because of the newly integrated biological response
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curves. Although they overestimated seasonal mean concen-
tration, they did not simulate all of the peak concentrations.
This issue would be resolved by adding more variables that
affect the prevalence and internal maturity of pollens.
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Introduction

Reactions to pollen such as allergic rhinitis and allergic con-
junctivitis are disorders of a hypersensitive immune system.
These reactions are caused by specific airborne pollen species.
Medical treatments, such as taking antihistamines before se-
vere symptoms appear, can preemptively reduce the risk of
allergic symptoms. Economic losses because of allergy-
related reduced work efficiency have been estimated to be as
much as $200 million USD per year in Korea (Kim et al.
2009). It has been reported that approximately 10-25 % of
Koreans are affected by airborne pollen (Bousquet et al. 2008;
Oh et al. 2006). The lifetime prevalence of asthma was report-
ed to be 5.3 % in 2000, which was a significant increase from
1995 when the reported prevalence was 2.7 % (Hong et al.
2004). Allergic rhinitis among the young children is increas-
ing even more rapidly; its prevalence in elementary school
students increased from 16 % in 1995 to 20 % in 2000 and
28 % in 2006 (Hong et al. 2008; Jee et al. 2009). In 2009, the
prevalence of allergic rhinitis in preschool children was
40.7 % (Kim et al. 2013), and the sensitization rate of pollen
allergen in students with allergic rhinitis was 41.3 % (Hwang
et al. 2013). During the last 30 years, skin reactivity to tree
pollens of respiratory allergic patients was significantly in-
creased to 36.4 % in the 2010s from 8.8 % in the 1980s
(Park et al. 2014).
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The potential risk of pollen allergies, therefore, is expected
to increase in the future because of this increase in young
patients (Oh et al. 2012) in addition to the prolonging and
intensification of the pollen season associated with global
warming (D’Amato et al. 2015). In Japan, more than 25 %
of the population suffers from allergies to Japanese cedar pol-
len (Okamoto et al. 2009). Daily forecasts for major allergenic
pollens are provided in Japan as well as in many developed
countries in Europe and North America.

Since 1997, daily concentrations of pollen in Korea have
been recorded by the Korea Meteorological Administration
(KMA) in collaboration with the Korean Academy of
Pediatric Allergy and Respiratory Disease. Pollen calendars
for each species and location were developed based on 10-
day average pollen concentration (Park et al. 2008; Oh et al.
2012). The KMA observes daily concentrations of pollen in
12 cities in Korea (Fig. 1).

Weather conditions play a crucial role in the spread of
pollen by influencing processes such as flowering, release,
transportation, and deposition of pollen; therefore, weather
conditions are key variables in the prediction of pollen allergy
risks (Lee et al. 2012; Kim et al. 2014). There are two catego-
ries of models for forecasting pollen based on meteorological
conditions: one category estimates the timing of pollen sea-
son, and the other estimates daily concentrations of pollen.
Models in the former category estimate either the date of the
first pollen appearance (Driessen et al. 1989), or the dates of
the start, peak, and end of pollen seasons (Larsson 1993). For
predictors, they analyze air temperature data as well as data for
previously reported pollen concentrations. Jato et al. (2006)
reviewed various criteria used to constrain the dates of pollen
seasons. Definitions of pollen season include, but are not lim-
ited to, when the sum of daily mean pollen concentrations
reaches 1, 2.5, or 5 % of the yearly total pollen, or when the
daily pollen count exceeds 3, 20, or 30 grains m . Jato et al.
concluded that the criteria selected should meet the purpose of
the survey.

Fig. 1 Pollen observational
network in Korea, which
comprises twelve Burkard 7-day
recording volumetric spore traps
(Map: Google Earth 2016)
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Many studies have attempted to estimate these forecasts
quantitatively. For example, seasonal and annual total pollen
counts have been estimated based on cumulative air tempera-
ture and rainfall (Emberlin et al. 1999) and on monthly total
rainfall and mean humidity (Subiza et al. 1992), respectively.
Recent studies have estimated daily pollen concentrations
using a number of methods, e.g., cypress tree pollen concen-
tration predicted based on daily maximum temperature
(Sabariego et al. 2012); birch and grass pollen concentration
predicted based on daily air temperature, solar radiation, and
wind speed (Khwarahm et al. 2014); and grass pollen concen-
tration based on weather conditions and previous pollen ob-
servations (De Weger et al. 2014). Models that estimate daily
pollen concentrations are typically developed through multi-
ple regression analysis that incorporates stepwise methods for
the selection of independent variables (Toro et al. 1998).

Pollen season can be divided into two sub-seasons: the pre-
and post-peak periods. These two periods either were ana-
lyzed separately (Khwarahm et al. 2014) or only the pre-
peak season was targeted for model development (Galan
et al. 1995; Toro et al. 1998) because this period is considered
to be more important. Values representing meteorological con-
ditions can be used to forecast pollen concentration and to
issue allergy warnings.

There are two modeling approaches for forecasting the dai-
ly variations of pollen concentrations: source-oriented
methods and receptor-oriented methods. Receptor-oriented
pollen forecasting is the focus of this study. Because of the
complex nature of the distribution of vegetation and the phys-
iological characteristics of the allergenic plants, and receptor-
oriented methods are more relevant for forecasting daily ob-
served pollen concentrations at street level. This approach
estimates concentration in a systematic way based on ob-
served and forecasted variables without calculating source
and dispersion conditions (Norris-Hill 1995). In contrast, the
source-oriented approach is based on atmospheric transport
and dispersion modeling and associated emission modeling.

Site Latitude Longitude Observation
Busan 35.110 N 129.109 E ‘97-
Daegu 35.884 N 128.624 E ‘97-
Daejeon 36.372 N 127.372 E ‘07-
Gangneung 37.818 N 128.858 E ‘97-
Guri 37.601 N 127132 E ‘97-
Gwangju 35.139 N 126.927 E ‘97-
Jeonju 35.814 N 127133 E ‘09-
Jeju 33.458 N 126.565 E ‘97-
KMA 37.494 N 126.918 E ‘07-
Pocheon 37.875N 127155 E “14-
Pohang 36.060 N 129.376 E “14-
Seoul 37.560 N 127.044 E ‘97-'06, ‘13-
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Table 1  Variables utilized in the development of the model

Variable name Unit Description

Ta °C Daily mean air temperature

Tmax °C Daily maximum air temperature

Tmin °C Daily minimum air temperature

DTR °C Daily temperature range (Tmax—Tmin)

DD °C Degree-days (accumulated temperature
above 0 °C from 1 January)

RH % Daily mean relative humidity

WS ms ' Daily mean wind speed

Sh hours 7-day total sunshine hours

P mm Daily total precipitation

Ph hours Daily total hours of measurable

precipitation (hourly 2> 0.1 mm)

Furthermore, receptor-oriented models can be applied in more
complex source-oriented models through improving the
modeling of emissions.

Until 2013, two-day forecasts of daily pollen warnings
were provided for seven cities in Korea: Busan, Daegu,
Daejeon, Gangneung, Gwangju, Jeju, and Seoul. The fore-
casting models were developed from the multiple regression
analysis based on daily observed pollen concentrations and
meteorological variables. The models were developed sepa-
rately for different periods and pollen species; tree pollen
models were developed for April and May, while weed pollen
models were developed for September and October. Tree pol-
lens were categorized as pine or other species (Kim et al.
2012). These models were able to predict daily pollen risk
levels. However, the parameters of the regression models do
not necessarily explain the response of the biological process-
es of pollen production. In addition, there are spatio-temporal
limitations to the application of these models: such a model
developed for a specific location and month cannot be gener-
alized to the other places or times.

For this study, new models were developed in two parts.
The first part is a set of probability density functions (PDFs)
that can be used to estimate the optimal meteorological

Table 2 Re-fitted original

regression models using the Site Species  Month  Daily pollen concentration model (1997-2009) R
observation from 1997 to 2009
for the daily pollen concentrations Busan Trees Apr. —0.51 + 0.002*DD + 0.019*P-0.027*Ph 0.116
of tree and weed species Trees May 2.64-0.001*DD-0.011*Sh 0.057
Weeds  Sep. 1.70-0.001*DD + 0.026*Tmax + 0.011*Sh 0.086
Weeds ~ Oct. —0.080 + 0.017*Tmin + 0.003*Sh 0.019
Daegu Trees Apr. 0.036 + 0.002*DD-0.14*WS 0.117
Trees May 2.86-0.035*Ta-0.001*DD-0.007*RH-0.16*WS 0.080
Weeds  Sep. 3.50-0.001*DD-0.012*RH + 0.007*Sh 0.065
Weeds  Oct. —0.11 + 0.051*Ta-0.006*RH 0.103
Daejeon  Trees Apr. —0.23 + 0.13*Tmin + 0.43*WS-0.06*Ph 0.337
Trees May 3.73-0.003*DD + 0.040*Tmin-0.024*Ph 0.574
Weeds  Sep. No variable met the 0.15 significance level for entry into the model -
Weeds  Oct. —1.30 + 0.044*DTR + 0.021*RH + 0.21*WS-0.058*P-0.012*Sh ~ 0.278
Gang- Trees Apr. —0.15 + 0.002*DD-0.11*WS + 0.006*Sh 0.152
neung  Trees May 0.59 + 0.006*Sh 0.010
Weeds  Sep. 0.71 + 0.005*Sh 0.009
Weeds ~ Oct. 2.85-0.001*DD-0.012*Tmax 0.035
Gwangju  Trees Apr. 0.41 + 0.001*DD-0.009*RH + 0.20*WS-0.025*Ph 0.099
Trees May 3.36-0.25*Ta-0.001*DD + 0.11*Tmax + 0.10¥*Tmin-0.018*RH +  0.181
0.030*Ph-0.004*Sh
Weeds Sep. 0.085 + 0.033*Tmax 0.017
Weeds  Oct. —0.012 + 0.024*Ta 0.020
Jeju Trees Apr. No variable met the 0.15 significance level for entry into the model — —
Trees May 2.14-0.001*DD-0.029*Tmin 0.118
Weeds  Sep. 4.02-0.001*DD 0.032
Weeds  Oct. 3.18-0.001*DD-0.005*RH-0.003*Sh 0.059
Seoul Trees Apr. 0.069 + 0.003*DD-0.011*RH + 0.033*Ph 0.191
Trees May 1.43-0.001*DD-0.009*P 0.032
Weeds  Sep. —0.35+ 0.071*Tmin + 0.11¥*WS-0.013*Ph 0.095
Weeds  Oct. 2.23-0.001*DD + 0.018*Tmax + 0.14*WS-0.017*Ph-0.011*Sh 0.117
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Table 3 Criteria for risk

grade levels of tree and Risk grade Trees Weeds

weed pollen _

concentrations Mild 0-49 0-49

(grains m ) in Korea Moderate 50-99 50-99
Severe 100-199 100-299
Extreme >200 >300

conditions for pollen. The second part is a multiple regression
model for forecasting daily concentrations of pollen based on
the daily probabilities that were estimated in the first part.
Thus, the optimal conditions for pollen concentration were
modeled based on biologically meaningful functions and were
integrated as regression models for daily pollen concentration.

Materials and methods

Daily pollen concentrations reported by the pollen
observational network in Korea

Airborne pollen was collected using 7-day recording volumet-
ric spore traps (Burkard Manufacturing Co. Ltd.,
Hertfordshire, UK), which were installed at the 12 sites in
Korea (Fig. 1). The sampling drums from each site were col-
lected weekly at a pre-determined time. The samples were
stained with Calberla’s fuchsine dye by combing 10 ml of
glycerin, 20 ml of 95 % ethanol, 30 ml of distilled water,
and 0.2 ml of basic fuchsine with each sample. Pollen grains
were then identified and counted under a light microscope
(x400). These counts were converted to yield daily concentra-
tion values (grains m ). Allergenic pollen species identified
in Korea include trees such as oak, pine, birch, alder, elm,
plane tree, maple, and Japanese cedar, and weeds such as
ragweed, Japanese hop, sagebrush, and plantain, as well as
grass species. For the development of the statistical models,
daily records from 1997 to 2009 from the seven sites (Busan,
Daegu, Daejeon, Gangneung, Gwangju, Jeju, and Seoul) were
considered. Data from 2010 to 2012 were selected for the

evaluation. The missing period of the Seoul data was filled
with the KMA data from 2007 to 2012.

Weather data

The KMA weather stations near each pollen sampling site
were selected to provide data to represent the daily weather
conditions at each site. The weather variables analyzed were
daily mean, maximum, and minimum air temperatures, daily
temperature range, degree-days (accumulated temperature
above 0 °C from the first day of the year), daily mean relative
humidity, daily mean wind speed, 7-day total sunshine hours,
daily total rainfall, and rainfall hours (Table 1).

Original pollen forecasting models for the operational
service in the KMA

The original pollen forecasting system of the KMA became
operational in 2008. It was developed based on multiple re-
gression models, which were separately developed for the
seven sites (Busan, Daegu, Daejeon, Gangneung, Gwangju,
Jeju, and Seoul) and 4 months (April, May, September, and
October) using observational data from 2001 to 2006 (Kim
et al. 2012). These models used daily weather conditions as
independent variables and estimated daily concentrations of
tree pollens in April and May and of weed pollens in
September and October. Several meteorological variables,
listed in the weather data section, were considered for the
development of these models. Regression models were devel-
oped using the stepwise and GLM procedures of SAS soft-
ware. All of these regression models used the identity link
function, which means that the residuals were assumed to be
normally distributed. Models were developed separately for
each site and month. As indicated in Table 2, for comparison
with the new models proposed below, the original models’
equations were re-fitted using the same methods, but with data
from 1997 to 2009. The parameters determined with the
models do not necessarily represent collective responses to
weather conditions. Species of the allergenic trees and weeds

Table4 Percentages of agreement for the daily pollen risk grades using the re-fitted original regression models with data collected by the KMA from

2010 to 2012
Species Month Site/accuracy (unit %)
Busan Daegu Daejeon Gangneung Gwangju Jeju Seoul No. of days All
Trees Apr. 48.9 81.1 44.4 78.9 39.8 - 72.2 90 60.9
Trees May 58.1 69.9 48.4 55.9 68.8 61.3 55.9 93 59.8
Weeds Sep. 63.3 533 - 77.5 48.3 71.1 522 90 61.0
Weeds Oct. 88.2 100.0 97.7 100.0 100.0 86.0 93.6 93 95.1
Mean 64.6 76.1 63.5 78.1 64.2 72.8 68.5 915 69.2
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were not differentiated. All tree species except for pine and all  excluded because it is known to be less allergenic than other
weeds species were grouped together to forecast overall tree  tree pollens, although it is abundantly distributed on the
pollen and weed pollen allergy risks. Pine pollen was  Korean Peninsula.
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relative humidity, wind speed, and sunshine hours. Curves are the probability density functions for fitted Weibull distribution
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The accuracy of the re-fitted original models was deter-  into four levels on the basis of observed allergic symptoms
mined based on the percentage (0—-100 %) of agreement of  after exposure to various levels of pollen (Table 3). The per-
risk levels following the prediction of daily pollen concentra-  centage of agreement ranged from 40 to 100 % accuracy de-
tions during the period of 2010-2012. Risks were classified ~ pending on the site, plant species, and month; the mean
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Table 5 Parameter (o and ¢)

values determined with the Meteorological element Oak Japanese hop
Weibull probability density
function (PDF) for oak and o ¢ p value* o ¢ p value*
Japanese hop pollens based on
daily weather elements from 1997 Ta 17.68 5.60 <0.01 2425 9.99 <0.01
to 2006 for all sites DD 864.24 3.12 <0.01 4145.87 10.65 <0.01
Tmax 23.70 5.50 <0.01 28.90 9.11 <0.01
Tmin 12.54 5.21 <0.01 20.64 9.50 <0.01
DTR 12.03 2.87 <0.01 9.06 3.01 <0.01
RH 61.74 397 <0.01 74.36 7.80 <0.01
WS 2.90 2.70 <0.01 2.39 2.37 <0.01
Sh 51.34 435 <0.01 43.74 3.23 <0.01
P 1.53 0.80 <0.01 2.29 0.64 <0.01
Ph 1.72 0.93 <0.01 1.96 091 <0.01

*Pr>w? by the Cramer—von Mises test

agreement was 69.2 % (Table 4). Predictive accuracy was
higher for weeds in October than for trees or weeds in
September because site-based differences in weed species
phenophases are reduced later in the season when it is beyond
the most suitable period for pollen production.

A novel modeling scheme for unified pollen allergy risk
A novel approach for predicting daily pollen concentration

Each pollen count was observed under the microscope inde-
pendently. Therefore, one count of the observed airborne pol-
len is equivalent to one sample of the daily weather conditions
that have successfully produced and delivered a pollen grain
from a plant to the pollen sampler and microscope. The pro-
duction of pollen involves enzymatic chemical activities, with
rates determined by substrate properties such as temperature
and pH. The delivery of pollen depends on physical processes
such as wind and rainfall. The distribution of the recorded
weather conditions therefore represents the optimal overall
conditions for pollen concentration in the air. Suitable weather
conditions for pollen can therefore be analyzed based on their
frequency distributions.

Table 6 Multiple regression models to predict daily pollen
concentrations for oak and Japanese hop based on the Weibull
probability (e.g., w_Ta for air temperature) for weather conditions of all
sites from 1997 to 2006

Model R?

Oak ~14.97 + 196.12%w _Ta + 33,245*w DD
~271.08*w_DTR + 1061.18*w_RH
+642.29%w_Sh

~15.80 + 34,151*w_DD + 253.03*w_Tmin
~69.19*w DTR + 187.94*w RH +
476.50*w_Sh

0.035

J. hop 0.096

The distributions of oak and Japanese hop pollen for all
sites combined from 1997 to 2009 show asymmetrical bell
shapes with optimal conditions in the middle (Figs. 2 and 3).
These distribution data were fitted to the Weibull probability
density function (PDF, Eq. 1, curves in Figs. 2 and 3). The
parameters of the function for each weather element and pol-
len species are listed in Table 5.

== () e ®) where (x> 0, ¢> 0,0 > 0)
(Eq.1)

The Weibull function has a scale parameter (o) that repre-
sents relative optimal conditions, and a shape parameter (¢)
that represents the skewness. Fitted functions represent the
probability of the pollen appearance under selected weather
conditions. The maximum probability depends on how the
conditions are clustered; if the favorable weather conditions
were confined to a relatively small range, then the maximum
probability values in the distribution would be relatively
higher and vice versa (Figs. 2 and 3).

Table 7 Mean concentrations of observed oak and Japanese hop
pollens and rainfall compensation factors calculated as the ratio
between the amount of pollen accumulated during rainfall divided by
the amount of pollen without rainfall

Oak Japanese hop
Rainfall >0.1 7.98 8.02
Rainfall <0.1 25.77 21.45
Rainfall compensation factor 031 0.37
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Pollen concentration and risk models

Multiple regression analysis was performed to estimate daily
pollen count using probabilities obtained from the Weibull
PDF. Relevant points from the Weibull PDF curves calculated
using daily weather values were utilized as the predictor var-
iables instead of the original values. Daily observed pollen
concentrations from 1997 to 2009 were used to identify suit-
able variables following the stepwise procedure of the SAS
software (Table 6). Although the regression models did not
include rainfall variables, the observed daily pollen concentra-
tions were significantly lower during rainy days, which is a
phenomenon known as the washout effect. Therefore, to com-
pensate for this effect, the observed ratio of pollen concentra-
tion on rainy vs. non-rainy days was incorporated into the
daily estimates of pollen concentration for rainy days (daily
rainfall >0.1 mm). For daily forecasting, rainfall compensation
factors were applied to daily estimates regardless of the rain-
fall amount. These factors were 0.31 and 0.37 for oak and
Japanese hop pollens, respectively (Table 7).

Evaluation of the new models

The new models were evaluated using the daily observed data
from 2010 to 2012 for the seven cities. The calculated daily
risk levels from the observed pollen concentrations and esti-
mated risks from the new models were compared. Monthly
percentages of agreement were calculated for comparison with
the original forecast models.

Another important characteristic of a pollen season for its
allergenicity is its start date. To exclude the effects of long-
range transport, the predicted and observed first dates with
pollen concentrations greater than 5 % of yearly total pollen
in grains m > were compared.

Results

Optimal condition models using the Weibull probability
density function

Each Weibull probability density model was used to de-
termine the distribution of optimal conditions for a pol-
len outbreak for the selected weather variable. The opti-
mal ranges are indicated by the parameter o of the
Weibull PDF. For example, the o for air temperature
for oak pollen was 17.7, whereas that for Japanese hop
was 24.3, and the distribution for Japanese hop was
skewed to the right compared to that of oak (Table 5,
Figs. 2 and 3). The fitted curves are reasonable matches
for the histograms in Figs. 2 and 3. The Weibull param-
eters were significant at p < 0.05, except for the rain
variables; because there were too many cases of zero

rainfall, the Weibull PDF was not able to match the ob-
served patterns very well for rainfall.

Multiple regression models for daily pollen concentration

Daily pollen concentrations of oak and Japanese hop pollen at
the seven sites from 2010 to 2012 were estimated using mul-
tiple regression models and then compared with the observed
data, as shown in Figs. 4 and 5. The models fit the data for all
sites. The observed concentrations of oak pollen were much
higher than those of Japanese hop pollen. Overall, predictions
also matched the observational data, and Japanese hop pollen
concentration was fairly well-predicted across sites and years,
but the oak pollen concentration predictions were
overestimated early in the season and underestimated later.

The comparison of the observed and predicted start dates
with cumulative pollen concentrations greater than 5 % of the
annual total pollen indicates that the new models were able to
predict the beginning of pollen seasons in most cases
(Table 8). However, the difference between the predicted
and actual date varied across the sites and years. The predicted
start date for oak pollen was estimated to be much earlier than
was observed, whereas that for Japanese hop pollen was rela-
tively accurate.

Pollen concentration and risk models

In Korea, pollen allergy risk levels have been divided into four
grades based on the relationship between daily pollen concen-
tration and the severity of patients’ symptoms (Kim et al.
2009; Oh et al. 2009; Han et al. 2012; Kim et al. 2014).
These grades are used as standard warning levels in daily
pollen allergy forecasting by the KMA (Kim et al. 2012). It
is reasonable to compare the observed and predicted pollen
risk grades for the assessment of model performance. The risk
grade criteria (Table 3) were applied to the estimated daily
pollen concentration values to determine daily pollen risk
grades.

The differences between predicted and observed risk
grades are shown in Table 9. The models successfully predict-
ed the risk grades for 85 to 95 % of the evaluation period in
2010-2012. They underestimated for 3 to 4 % of the days and
overestimated for 2 to 11 % of the days during the evaluation
period.

The monthly percentages of agreement for each site and
month are shown in Table 10; these values are used to assess
model accuracy. The lowest predictive accuracy for oak pollen
was found for either in April or May depending on the site,
whereas Japanese hop pollen concentration was least accu-
rately predicted in September. The minimum accuracy,
47.3 %, was observed for oak pollen at Daejeon in May. The
mean accuracy was in the range of 81 to 98 % by site and 65 to
100 % by month.
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< Fig. 5 Predicted and observed daily Japanese hop pollen concentrations
during the evaluation period from 2010 to 2012 at the seven validation
sites in Korea

Discussion and conclusion

The observed pollen concentrations show nonlinear relation-
ships with meteorological variables. Although, as reviewed by
Motulsky and Ransnas (1987), nonlinear regression is
regarded as superior to linear regression of transformed data,
it is more challenging to fit the nonlinear regression curves
with the data and to interpret the resulting parameters. The
development of the new models involved data-driven
rescaling of predictor variables in a regression; the frequency
distributions of pollens based on meteorological parameters
were the independent variables, which showed unique distri-
bution patterns with optimal ranges for each weather condition
analyzed. The Weibull PDF was used as a transformation
function to account for the distribution patterns associated
with each meteorological variable; then, multiple regression
was performed with the transformed meteorological variables
to estimate daily pollen concentrations. Nonlinear transforma-
tion of the predictor variables can enhance the predictive abil-
ity of linear regression models. For example, a nonlinear trans-
formation was applied for forecasting the daily peak electrical
load based on weather conditions (Haida and Muto 1994). The
weather—load relationship from the previous year was trans-
formed, translated, and then fitted using the latest daily load
and weather data. Although this method yielded better perfor-
mance than simple linear regression, the study year’s recorded
data and the previous year’s weather—load relationship data
were needed to develop operational forecasting models. This
approach is regarded as impractical for pollen prediction be-
cause the critical information of the timing of the pollen’s first
appearance of the year cannot be predicted in this way. In

contrast, the novel models developed for this study by design
incorporate information from many years of observation, and
therefore, yearly updates are not necessary for their applica-
tion in operational pollen forecasting.

The new models were able to estimate daily risk levels for
oak and Japanese hop pollens based on Weibull PDFs that
represent the favorability of the weather conditions for pollen
concentration. The Weibull PDF was chosen to mimic the
effects of biological processes on pollen production as they
vary with weather conditions. The influence of biological pro-
cesses on the production and emission of allergenic pollen is
substantial. Although a comprehensive understanding of these
processes has not been achieved, data from previous years and
for different pollen species have been used in some forecasting
models (e.g., Reciio et al. 2012; De Weger et al., 2014). These
models have had limited applicability, however, because they
require either spatial distribution data for the previous years’
observations or real-time observational data, which can be
time consuming and laborious to collect.

The entire data set for the seven sites included in the na-
tional pollen observational network over the model develop-
ment period (1997-2009) was used with the Weibull PDF.
The multiple regression models, which predict daily pollen
concentrations using the Weibull probability densities as inde-
pendent variables, produced wide variation in the differences
between the predicted and observed concentrations by year
and by site. In fact, pollen concentrations obtained both from
the models and from direct observations varied substantially
from site to site and year to year. Therefore, the developed
models are forced to predict the mean response of the plants
to weather conditions so that they are free from overfitting.

In addition, the patterns in the differences between predict-
ed and observed daily pollen concentrations of oak and
Japanese hop (Figs. 4 and 5) are nearly indifferent among
the sites and years. This finding suggests that the models can

Table 8 Observed and predicted starts of the pollen seasons for oak and for Japanese hop at the seven validation sites in Korea from 2010 to 2012
based on a start date defined as when yearly cumulative pollen concentration rises to greater than 5 % of the yearly total

Species Year Date (month/date) Busan Daegu Daejeon Gangneung Gwangju Jeju Seoul
Oak 2010 Obs 4/26 4/26 51 5/24 4/29 4/26 51
Pred 3/20 3/23 42 4/4 3/22 3/14 4/6
2011 Obs 4/19 5/4 5/3 52 4/29 5/3 4/26
Pred 3/25 4/1 4/4 3/30 322 3/10 4/1
2012 Obs 4/26 4/13 4/18 4/25 4/24 4/27 4/21
Pred 3/22 3/28 4/4 3/31 327 3/12 3/28
J. hop 2010 Obs 8/13 8/28 8/27 9/7 9/5 9/20 8/27
Pred 8/28 8/18 8/25 8/4 8/19 8/21 8/24
2011 Obs 9/9 8/25 827 8/28 8/25 8/29 8/29
Pred 8/22 8/18 8/23 8/19 8/23 8/18 8/23
2012 Obs 8/30 8/31 9/1 8/27 8/11 9/12 821
Pred 8/23 8/21 822 8/8 8/11 8/20 8/22
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Table 9  Percentage differences between observed risk grades and risk
grades predicted with the new models at the seven validation sites in
Korea from 2010 to 2012

Difference (Predicted/observed) Oak Japanese hop
=3 0.66 0.00
-2 1.80 1.11
-1 1.95 2.05
0 85.01 94.72
10.58 2.13

be applied to new sites in Korea without significant bias.
Systematic assessment of the spatial applicability of these
models, such as through leave-one-out cross-validation, may
be important for validation of the models, but this assessment
was not explicitly carried out for this study because of the
indifferent distribution patterns among the sites and years, as
well as the diminished possibility of overfitting.

The reason why there is overestimation early in seasons
and underestimation later in seasons is that the Weibull PDF
estimates the favorability of each weather element for pollen
production and dispersal; the actual pollen released by an in-
dividual plant would be suppressed before the completion of
flower maturation, then increased with full maturation, and
then finally diminished after the peak release. The model’s
favorability early in the season is therefore overestimated be-
cause of lower favorability for pollen production at that stage
in the plants’ growth. The incorporation of such “negative”
effects on pollen production may improve the process of de-
termining daily pollen favorability. Negative impacts may in-
clude detrimental factors over previous seasons such as
drought in the late fall or low temperatures in the early spring.
However, this seasonal variability may require separate
modeling with longer and/or denser observational data.

For oak pollen, there may be additional factors, such as
differences in species composition and distribution: typical

oak forests include several species that differ in their flowering
periods and pollen maturation, but the pollens of which cannot
be differentiated under a microscope. Jato et al. (2006) con-
cluded that the number of species included within the same
pollen type significantly affected the duration of the pollen
season. They also noted that the distribution of oak trees
across different altitudes, which is common in Korea, would
lead to longer pollen seasons. Data from a broad range of oak
species and vegetation altitudes are utilized in the models
development so that prediction at an individual site is less
dependent upon specific local conditions.

Spatial differences, which are currently not considered in
the models, may play an important role in the models’ remain-
ing imprecision. Expanding the capability of the current sta-
tistical modeling scheme to examine spatial characteristics
would require substantial effort; for example, wind speed
and direction as well as detailed spatial distribution of vege-
tation should be considered at each grid point, among other
parameters. These spatial considerations are also potential ex-
planations for underestimates of pollen concentration.

The predicted start dates for oak pollen were well before
the observed start date, whereas that of Japanese hop pollen
was reasonably predicted. The early predicted start date for the
oak pollen season can be explained by its broader distribution
pattern with lower peak concentrations in the developed mod-
el. Early prediction is regarded as preferable to a missed start
date for the purpose of allergy preparedness. The deviation in
start date prediction was affected by many sources of uncer-
tainty, and it has also been observed in other specialized
models (Andersen 1991).

Models that depend solely on weather conditions, such as
that of Norris-Hill (1995), are more practical for operational
forecasting because they do not require real-time pollen ob-
servation. Norris-Hill (1995) subtracted the influences of daily
variation associated with weather conditions to estimate daily
pollen concentration from a potential pollen concentration de-
termined solely based on the calendar date. The composition

Table 10 Percentage agreement

between the daily predicted Species  Month  Site/accuracy (unit %)
pollen risks from the new models
and the observed pollen risks Busan  Daegu  Daejeon  Gangneung  Gwangju  Jeju Seoul  All
from 2010 to 2012 at the seven
validation sites Oak Mar. 100.0 100.0 100.0 100.0 100.0 92.5  100.0 98.9
Oak Apr. 63.3 74.4 833 92.2 72.2 56.7 95.6 76.8
Oak May 79.6 72.0 473 55.9 64.5 76.3 57.0 64.7
Oak Jun. 100.0 100.0 100.0 98.9 100.0 100.0  100.0 99.8
Mean 85.7 86.6 82.7 86.8 84.2 81.4 88.2 85.1
J. hop Aug. 98.9 96.8 98.9 100.0 95.6 98.9 96.8 98.0
J. hop Sep. 74.4 74.4 84.4 93.8 80.0 73.3 86.7 81.0
J. hop Oct. 98.9 100.0 100.0 100.0 100.0 979  100.0 99.5
J. hop Nov. 100.0 100.0 100.0 100.0 100.0 100.0  100.0  100.0
Mean 93.1 92.8 95.8 98.5 93.9 92.5 95.9 94.6
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of the new forecast models in this study is largely comparable
to his models, but the daily potential pollen concentration is
instead determined dynamically based on biological responses
of pollen production and transportation to weather conditions.

Using these novel models, operational pollen forecasting
by the KMA has been simplified. This methodology has been
used to provide information about the distribution of the pol-
len allergy risks in Korea through the KMA’s Digital Weather
Forecast since 2014. Because these models incorporate bio-
logical responses into pollen production forecasting, it is ex-
pected that the risk forecast will grade more reliably across
various weather conditions and environments. This system
also integrates all information of observed pollen concentra-
tions from the seven cities across the country into one model.
It now provides expanded pollen information to improve the
quality of life of allergy patients. It is a significant improve-
ment to a nationwide pollen forecasting compared to the pre-
vious system, which was only able to provide pollen forecast-
ing for the seven cities included in the pollen monitoring
network.

The two-part composition of the new models, i.e., the po-
tential and actual pollen concentrations, has an advantage for
application beyond daily operational forecasting: because the
models were developed based on analysis of observed pollen
and meteorological conditions in Korea without considering
vegetational variation, the models can easily be applied with
local climate change scenarios to estimate future vulnerability
to pollen allergies. However, it must first be noted that the
models are fitted based on the present climate; the statistical
relationships for present-day conditions may not hold in the
future.

The main advantage of the new models is their incorpora-
tion of biological processes such as flowering and pollen pro-
duction. The best available probability functions, which have
been developed and integrated in this study, may further be
improved by incorporating limits for application. Such limits
may include regional and cultivar differences in the areas of
vegetation, flower production, and overwintering quality.
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