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An improved simulation of mesoscale dispersion of airborne
cedar pollen using a flowering-time map

S. KAWASHIMA and Y. TAKAHASHI

Kawashima, S. & Takahashi, Y. 1999. An improved simulation of mesoscale dispersion of airborne
cedar pollen using a flowering-time map. — Grana 38: 316-324. ISSN 0017-3134.

A model that simulates emission and dispersion of pollen of Japanese cedar (Cryptomeria japonica D.
Don) was developed and tested for the Tohoku district of Japan. To take into account the effect of
altitude and local climate on flowering time, a flowering-time map was tested. The observed variation in
the number of pollen grains was high in Yamagata City and relatively small in the southern cities.
Sakata, facing the Sea of Japan, shows an individual pattern with two large peaks. Simulation without
a flowering-time map predicted unobserved large peaks at the beginning and end of the cedar pollen
season and tended to overestimate peaks in general. Simulation with a flowering-time map closely
reproduced the changes in the number of airborne pollen grains with time at the beginning and end of
the season and simulated the general variation in airborne pollen number well.
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Pollinosis from Japanese cedar (Cryptomeria japonica D.
Don) occurs in early spring. In recent years, the number of
patients presenting with pollinosis has increased rapidly, and
the allergy is becoming a serious social problem. In response
to the problem, several organizations began monitoring
airborne pollen systematically, and data from these sampling
stations are accumulating. The spatial distribution of
vegetation in Japan has been surveyed in detail and
published as vegetation maps. A dense meteorological
observation network of 1300 automatic weather stations,
called AMeDAS (Automated Meteorological Data Acquisi-
tion System), is used to monitor surface weather conditions
continuously. The mean interval between stations of the
network is about 21 km. It is important to unite these data
and produce detailed pollen information. In urban areas, the
synergism of pollen and air pollutants makes pollinosis
worse. Even when pollen concentrations are low, informa-
tion about the movement and distribution of pollen is very
important.

Studies concerning the relationship between the quantity
of airborne Japanese cedar pollen and weather conditions
can be divided into two types. The first investigates the
relationship between yearly number of airborne pollen
grains and the climate of the previous year (Nemoto 1988,
Saito & Usami 1980, Takahashi et al. 19895, Kawashima
1990a). The second investigates the relationship between
daily or hourly numbers of airborne pollen grains and
contemporary weather conditions (Sahashi et al. 1983, Saito
& Usami 1980, Takahashi et al. 1989a, Giostra et al. 1991).
Results common to these studies are related to variations in
air temperature. Kawashima (1991) developed a model that
express the relationship between the weather conditions and
the amount of pollen emitted to the atmosphere from a
flowering cedar forest.

Many studies have been done of short-range dispersion
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(e.g. Raynor et al. 1972, 1973; Price & Moore 1984, Di-
Giovanni & Beckett 1990) and middle- and long-range
transport (e.g. Markgraf 1980, Mandrioli et al. 1980, Hall
1990, Scott & van Zinderen Bakker 1985, Hjelmroos 1991)
of airborne pollen.

We previously developed a method to estimate the
distribution of airborne pollen of Japanese cedar by using
a simulation method (Kawashima & Takahashi 1995). One
of its drawbacks was related to the flowering time of
Japanese cedar. The calculated pollen numbers tended to be
overestimated at the beginning and end of the season,
because the simulation did not take into account the
variations in flowering time in the study area. The aim of
our research is to develop an improved method to estimate
the detailed mesoscale distribution of airborne pollen of
Japanese cedar by using a simulation to synthesize weather
and vegetation data. We have now revised the model to take
into account the locality of flowering time and applied it to
the Tohoku district of Japan, and investigated the validity of
a flowering-time map with the method.

MATERIALS AND METHODS
Study area

Figure 1 shows the study location, which lies in the southern part of
the Tohoku district of Japan, including the 66 AMeDAS stations
and the 10 airborne pollen sampling stations it contains. The area
includes Yamagata Prefecture and parts of several surrounding
prefectures. It is about 205 km from north to south and 220 km
from east to west.

Meteorological data

The AMeDAS data were used to determine the weather conditions
requisite for pollen emission and dispersion by wind. The AMeDAS

© 1999 Taylor & Francis. ISSN 0017-3134
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Fig. 1. Location of the study area in the southern part of the Tohoku district of Japan. The area includes Yamagata Prefecture and

parts of several surrounding prefectures. It is about 205 km from north to south and 220 km from east to west. The black dots show
the locations of AMeDAS stations, and the circled Ps show the locations of the airborne pollen sampling stations.
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stations record air temperature, wind speed and direction, sunshine
duration, and precipitation every hour. Wind speed and direction
are measured at 10 m above ground level. An index file was
prepared, containing the identification number, latitude, longitude,
and altitude of all the AMeDAS stations. Data from February to
March of several recent years were used (Kawashima 19905).

Japanese cedar map data

Japanese bureau of nature conservation surveyed the distribution of
vegetation species and published the results as vegetation maps
(Bureau of Nature Conservation 1975, 1980, 1986). The percentage
areas of Japanese cedar forest in every 2nd-order grid area were
estimated from the vegetation maps. A 2nd-order grid area is a unit
in the Japanese geographical information system (Miyazaki &
Tsukahara 1987). Such a grid area corresponds to 1 frame of a
1:25000 geographical map, and has a size of about 10 by 10 km. To
update the data estimated from vegetation maps, we investigated a
method for detecting cedar forest using satellite images (Takahashi
& Kawashima 19994). This method could be applied to the central
part of the study area. We made up a numerical map of Japanese
cedar by combining the data estimated from the vegetation maps
with that derived from satellite images. The map is shown in Fig. 2
with the 2nd-order grid system.

Airborne pollen data

The Yamagata Prefectural Institute of Public Health systematically
and continuously monitors the quantity of airborne pollen. The 10

observation points cover a wide area from the mountains to the
coast facing the Sea of Japan (Fig. 1). The Durham sampling
method is used at all points for daily data (number day ! cm™2),
and Burkard samplers are used at some points for hourly data
(number per 0.5 m?). The glass slide for daily sampling is changed at
9 a.m. The Burkard sampler pollen counts in the town of Zaou were
used as typical data to construct the pollen emission model.

Flowering time map of Japanese cedar

Takahashi et al. (1991) investigated the relationship between the
weather conditions and flowering time at different localities. They
showed that the integrated air temperature from 1 January could be
used as the criterion for flowering time. Data for 1990 gave a
criterion value of 210°C. A flowering time map of Japanese cedar
was made up based on this value and on the spatial distribution of
the air temperature in 1990.

Pollen emission and dispersion model

A model was constructed to simulate the process of pollen emission
from a forest of Japanese cedar to the atmosphere, and the process
of transport and diffusion of airborne pollen by wind.

The framework of the model is the same as that of our previous
model (Kawashima & Takahashi 1995). The study area was divided
into 22 blocks north to south and 20 blocks east to west to facilitate
calculations. Each square corresponds to a 2nd-order grid area. All
calculations have been based on this grid system. Fig. 3 shows the
flow of data processing. Hourly meteorological data from AMeDAS
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Fig. 2. Vegetation map of Japanese cedar on the 2nd-order geographical grid system. The forest density is shown by the dot density.
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Fig. 3. Flowchart for the pollen emission and dispersion model
used in this study. Hourly meteorological data from AMeDAS
and the density map of Japanese cedar are the primary inputs to
the model. The meteorological data for each grid square area are
interpolated. The spatial distribution of meteorological data is the
input to the pollen emission submodel. The interpolated wind
field and the distribution of emitted pollen are the inputs to the
pollen transport and diffusion submodel for calculating the distri-
bution of total airborne pollen.

and the density map data for Japanese cedar were entered into this
model.

As the AMeDAS stations are not located at regular intervals with
respect to the grid, the meteorological data for each grid square area
were interpolated by the inverse distance method, following a
comparison of the merits of several interpolation methods (Tronci
et al. 1986, Kawashima 1990c). The spatial distribution of each
interpolated datum was entered into the pollen emission submodel
and the pollen transport and diffusion submodel.

Pollen emission submodel

This is based on a formulation of the relationship between the
weather conditions and the quantity of pollen emitted from
Japanese cedar forest to the atmosphere. On the basis of our
previous results (Kawashima & Takahashi 1995), equations (1),
(2), and (3) express the relationship between the weather conditions
and the amount of pollen emitted to the atmosphere from a
uniformly flowering cedar forest. This model simultaneously takes
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account of the effects of daily and hourly changes in weather
conditions.

24N
AT =T;— (ZTm)/MN ()
j=1

24N
AW; =W, — <Z wij> /24N )
j=1
P=aAT;+bAW;+c (3)

T; is hourly air temperature (°C), W; is hourly wind speed (m/s), N
is the period of averaging (day), and P represents the quantity of
pollen emitted to the atmosphere from the cedar forest per unit
time. In the model, it is assumed that P is an average concentration
of emitted pollen in the transport air layer.

The general level of the parameters a, b, and c are related to the
quantity of male flowers at the year. It was known that the quantity
of male flowers was related to the climate of the previous year
(Takahashi et al. 1989b, Kanazashi et al. 1990). We developed a new
method for predicting the quantity of male flowers of Japanese
cedar based on variation in annual summertime temperature
(Takahashi & Kawashima 1999b). The quantity of male flower is
closely related with the difference between the temperature of the
last summer and that of the summer before last. The general level of
the parameters a, b, and ¢ could be predicted using this method.

Equation (3) was selected because its multiple correlation
coefficient was highest when we compared various combinations
of meteorological variables and their derivations, such as T;, AT;,
Wi, and AW;. The optimum values of the weighting parameters were
calculated as a=1.3, b=1.2, and ¢=0.63 using AT;, AW;, N=19,
and the number of airborne pollen grains recorded in the source
area.

The output of the submodel is the potential quantity of pollen
emitted from a uniform forest per unit time and unit area. The
quantity of emitted pollen for each grid square area is estimated by
multiplying the potential quantity of emitted pollen by the
percentage area of cedar forest for that square. The interpolated
wind vectors for all grid areas and the distribution of emitted pollen
are then entered into the pollen transport and diffusion submodel.

Pollen transport and diffusion submodel

The public health agency of Kawasaki City measured concentration
profiles by helicopter on several occasions in 1988. The helicopter
flew at 300, 600, and 900 m above the ground and sampled airborne
pollen grains with Vaseline-coated glass slide that was mounted
away from the helicopter body. When many pollen grains were
observed, more than half were observed at 300 m. This result
suggests that most of the cedar pollen is transported in the lower
part of the convective boundary layer. The distribution of pollen
concentration with respect to the height and depth of the transport
layer might change with atmospheric instability. However, only very
little information about the vertical profile of cedar pollen
distribution has been obtained. Further measurements of the
vertical distribution of airborne pollen are needed for modeling
the multi-layer diffusion of cedar pollen.

The main objective of this paper was to determine how we can
estimate, as a first step, the horizontal transportation and spatial
distribution of airborne cedar pollen. We used the Eulerian-type
diffusion model with 1 layer specified for the transport of cedar
pollen. The change in concentration of any material that is
transported in the atmosphere is, in general, described by the
following equation:
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Fig. 4. Spatial distribution of airborne pollen obtained from the simulation. The sections with more dots represent areas where the concentra-
tion of pollen is higher. (A) The airborne pollen grains emitted from the cedar forest areas were transported to the Pacific Ocean side of the
district, as the wind blew from a high-pressure area over the Sea of Japan (4 p.m., 10 April 1990). (B) The pollen grains were transported to
the Sea of Japan side of the district, as the wind blew from a high-pressure area over the Pacific Ocean (5 p.m., 11 April 1990).
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where V=0/0x+ 0/dy; M is the concentration of the material in the
air; V is the wind vector; K is the diffusion coefficient; Sg is a source
term; Sy is a sink term; X, y, and z indicate an orthogonal coordinate
system; and t represents time.

This equation shows that the change in concentration of airborne
material at an arbitrary point in the atmosphere depends on the
effects of transportation, diffusion, source, and sink. We applied
this equation to the dispersion of airborne pollen of Japanese cedar
using a discrete grid system. In this study, M is the number of pollen
grains in a unit volume of air. The wind speed of the transport layer
is extrapolated from the surface wind speed by using the logarithmic
law of wind profile. The wind direction in the lower part of the
convective boundary layer is not very different from the AMeDAS
observation. So the surface wind direction, which is interpolated
from AMeDAS data, is used as the wind direction of the transport
layer. The transport term is calculated from the wind vector
corresponding to each grid square area and the spatial distribution
of airborne pollen in the previous time step. The diffusion term is
estimated as diffusion to the surroundings for each air mass after
movement by transportation. This term is calculated, in the actual
calculation program, by using a Gaussian distribution with a
standard width of diffusion that depends on wind speed. The
diffusion width o and the wind speed |V| are related by the
following equation:

s=dl+d2|V| (s)

where dl and d2 are constant variables. The source term Sg is
calculated by multiplying the output of the pollen emission
submodel (P) by the percentage area of cedar forest. The sink
term S; consists of dry deposition and wet deposition such that

Si=D¢M +DyM (6)

where Dy is the dry deposition rate and Dy, is the wet deposition
rate. The parameters d1, d2, and D4 are difficult to predict, because
of the lack of observations. We estimated them after several trial
simulations and comparisons between simulated and observed
pollen data. Dy, is estimated from the changes in airborne pollen
concentration obtained from Burkard sampler records before and
after precipitation.

Simulation

The weather data were for 1990, when the most abundant pollen
was observed in the Tohoku district. The parameters of the pollen
emission submodel were a=1.3, b=1.2, ¢=0.63, and N=19 days.
In this paper, we assume that the same model can be used to
represent the relationship between the amount of pollen emitted and
the weather conditions for the same species of Japanese cedar in the
study area. Several parameters of the pollen transport and diffusion
submodel were set after we repeated the trial and error calculations
and compared the results with the time sequence and spatial
distribution of observed airborne pollen data. The optimum
parameters for calculating the diffusion and sink terms were
dl =10 km, d2=500sec, D4=0.02, and D,,=0.99.

The daily airborne pollen densities were calculated for the fixed
sampling sites by summing the hourly simulated pollen concentra-
tion considering the exchange time of the glass slide, and the
simulated results were compared with the observed pollen data. To
clarify the applicability and the effect of the flowering-time map,
simulations were run with and without the flowering-time map.
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RESULTS AND DISCUSSION

Figure 4 shows examples of spatial distribution of airborne
pollen obtained from the simulation. The sections with more
dots represent arecas where the concentration of pollen is
higher. In Fig. 4A (4 p.m., 10 April 1990), the pollen grains
emitted from the cedar forest areas were transported to the
Pacific Ocean side of the district, as the wind blew from a
high-pressure area over the Sea of Japan. In Fig. 4B (5 p.m.,
11 April 1990), the pollen grains were transported to the Sea
of Japan side of the district, as the wind blew from a
high-pressure area over the Pacific Ocean.

Simulations without the flowering-time map

Simulation was done under the hypothetical condition that
the cedar was flowering uniformly across the area after 20
February. This condition corresponds to a case of no
information available about the regional differences in
flowering time. Fig. 5 shows the observed and calculated
changes in the number of airborne pollen grains with time.
Volumetric data were converted to gravitational data by
using the relationship between the Burkard sampler data
and the Durham sampler data at the same observation
point.

Yamagata I is located at the Yamagata Prefectural
Institute of Public Health in the central area of Yamagata
City. Most of the surrounding ground surface is covered by
buildings and asphalt road. Yamagata II is located at the
Yamagata meteorological observatory in the northeast part
of the city. The surrounding ground surface condition there
is the same as that at Yamagata I. Yamagata III is located
in the southeastern suburbs, surrounded by housing and
agricultural fields. Sakata is located in the northern region,
facing the Sea of Japan, and is apt to be affected by seasonal
winds. Nagai is located in a wide basin in the southern
region of Yamagata Prefecture. Yonezawa is located in a
basin surrounded by mountains.

At Yamagata I, unobserved large peaks were calculated at
the beginning and end of the season, and the observed large
peak at the end of March was not reproduced by the
simulation. Although the problems in simulation at
Yamagata II were almost the same, the agreement between
the observed and calculated values during the main pollen
season was better at Yamagata II than at Yamagata I. This
means that Yamagata II is more representative than
Yamagata I in Yamagata City. At Yamagata III, unob-
served large peaks were also calculated at the beginning and
end of the season, and the observed peak at the beginning of
April was overestimated by the simulation.

In Sakata, unobserved large peaks were calculated at the
end of the pollen season, and the observed large peak at the
beginning of March was underestimated by the simulation.
However, the large peak at the end of March was
reproduced very well by the simulation.

The problems in Nagai and Yonezawa were similar to
those at Yamagata. Unobserved large peaks and over-
estimated peaks were calculated at the beginning and end of
the pollen season. In general, the observed variation in the
number of pollen grains was high in Yamagata City and
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relatively small in the southern two cities. Sakata, facing the
Sea of Japan, shows an individual pattern with two large
peaks.

Simulations with the flowering-time map

Simulation was done using the flowering-time map from a
former study (Takahashi et al. 1991). Spatial variability in
flowering time in the study area is large, because of the
widely ranging altitude and complex topography. Taira et al.
(1991) surveyed the cedar forest in Toyama Prefecture and
showed that the duration of pollen emission for an
individual cedar tree varies from 7 to 27 days, and that
the main emission period when abundant pollen could be
released lasts about 9 days. Takahashi et al. (1993) surveyed
the flowering period at 11 points along the way from
Yamagata City to Mt. Zaou, and found a mean duration of
flowering of 10 days. The flowering duration in this
simulation was set to 10 days. Figure 6 shows the observed
and calculated changes in the number of airborne pollen
grains with time.

At Yamagata I, the unobserved peaks were absent at the
beginning and end of the pollen season. The simulation
reproduced very well the changes in the number of airborne
pollen grains with time during the beginning and end of the
season. Although the simulation reproduced the general
variation during the season, the maximum peak at the end
of March was underestimated. We believe this to be because
the simulation does not take into account the re-emission of
the dropped pollen grains in the urban area. Re-emission of
pollen grains dropped on concrete or asphalt needs further
examination.

At Yamagata II, the simulation reproduced the observed
changes in the number of airborne pollen grains very well.
The agreement between the observed and calculated values
is better than at Yamagata I. Thus Yamagata II is a more
representative location for monitoring airborne cedar pollen
grains in Yamagata City area. However, the maximum peak
at the end of March was still underestimated. This problem
and the overestimation 2 days before the maximum peak
remain to be solved by further analysis.

At Yamagata III, the simulation reproduced the general
variation in airborne cedar pollen very well, and also
simulated the variation in the broad peak at the beginning
of April. The error for the maximum peak at the end of
March is smaller than at Yamagata I and II, because the
observed peak is smaller.

In Sakata, although the simulation reproduced all
observed peaks, the simulated values are generally smaller
than the observed values. This problem is most notable in
the broad peak at the beginning of March. In Nagai, the
agreement between the observed and simulated variations
improved very well. The simulated values show a tendency
to be larger than the observed values at the beginning and
middle of the pollen season. In Yonezawa, although the

Fig. 5. Observed and calculated changes in the number of air-
borne pollen grains with time, simulated without the flowering
map. The calculated pollen numbers tended to be overestimated
at the beginning and end of the season.
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agreement between the observed and simulated variation
improved well, the simulated dispersion period is later than
the observed period. The simulated values are lower than the
observed values at the beginning of March and higher at
the beginning of April. This problem suggests an error in
the flowering-time map of the high-altitude area around
Yonezawa. The algorithm and the accuracy for estimating
the flowering time need to be improved, especially for high-
altitude regions.

CONCLUSIONS

The use of a flowering-time map allowed the simulation of
cedar pollen dispersion to reproduce very well the increase
in the number of airborne cedar pollen grains at the
beginning of the season and the decrease at the end of the
season. The variation in the number of airborne cedar pollen
grains during the season could be simulated well in general.
The merits of the methodology described in this paper are as
follows.

1. Our method takes into account various physical pro-
cesses, such as the fact that cedar pollen is emitted from a
cedar forest, and that the pollen is transported and
diffused by wind.

2. We also take into account the spatial variation of
flowering time using a flowering-time map.

3. It is possible to estimate the concentration of airborne
pollen for every 10 km x 10 km square. Thus a more
detailed spatial distribution of airborne pollen can be
made.

4. Using this methodology and data of numerical weather
forecasts such as GPV (Grid Point Value), the distri-
bution of airborne pollen on the following day can be
predicted.

5. The location of the main source area of cedar pollen that
reaches a specific city, and the aerial routes taken by the
pollen can be investigated.

6. The information obtained from this methodology cannot
only be used as pollen information for the pollenosis
patients, but can also be utilized for the management of
cedar forests.

There are 3 remaining problems:

1. The simulation could not reproduce the large peak in the
urban area. Re-emission from paved ground surfaces
should be examined.

2. The estimated flowering times for the high-altitude region
tend to be late.

3. Although the general variation in the number of airborne
pollen grains could be simulated, the estimation errors
for each day must be decreased further.

These problems will be reduced to make the model match
more closely to actual results and to improve the algorithm

Fig. 6. Results of simulation with the flowering map. The calcu-
lated changes in the number of airborne pollen grains were
greatly improved. Although several peaks were not estimated
precisely, the improved model could simulate most of the daily
variation and spatial distribution of airborne pollen during the
pollen season.
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and the accuracy of the simulation. The structure and
parameters of the model could be improved by analyzing
data from other years and occasions.
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