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Abstract: Based on the Weather Research and Forecasting Model Coupled with Chemistry (WRF-
Chem) atmospheric chemistry model, a parameterization scheme for the radioactive isotope caesium
(*¥7Cs), considering processes such as advection, turbulent diffusion, dry deposition, and wet deposi-
tion, was constructed, enabling the spatial distribution simulation of the concentration and deposition
of 137Cs. The experimental simulation studies were carried out during the high emission period of the
Fukushima nuclear accident (from 11 to 17 March 2011). Two sets of comparison experiments, with or
without deposition, were designed, the effects of wind field and precipitation on the spatial transport
and ground deposition of '¥Cs were analyzed, and the influence of wind field and precipitation on
137Cs vertical transport was analyzed in detail. The results indicate that the model can accurately
simulate the meteorological and 137Cs variables. On 15 March, 137Cs dispersed towards the Kanto
Plain in Japan under the influence of northeastern winds. In comparison to the experiment without
deposition, the concentration of 13Cs in the Fukushima area decreased by approximately 286 Bq-m 3
in the deposition experiment. Under the influence of updrafts in the non-deposition experiment, a
137Cs cloud spread upward to a maximum height of 6 km, whereas in the deposition experiment,
the highest dispersion of the 13’Cs cloud only reach a height of 4 km. Affected by the wind field,
dry deposition is mainly distributed in Fukushima, the Kanto Plain, and their eastern ocean areas,
with a maximum dry deposition of 5004.5 kBq-m~2. Wet deposition is mainly influenced by the
wind field and precipitation, distributed in the surrounding areas of Fukushima, with a maximum
wet deposition of 725.3 kBq:m~2. The single-station test results from the deposition experiment
were better than those for the non-deposition experiment: the percentage deviations of the Tokyo,
Chiba, Maebashi, and Naraha stations decreased by 61%, 69%, 46%, and 51%, respectively, and the
percentage root mean square error decreased by 46%, 25%, 38%, and 48%, respectively.

Keywords: Fukushima nuclear accident; radionuclides; WRF-Chem model; atmospheric transport;
ground deposition

1. Introduction

Nuclear pollution primarily originates from the proliferation of large quantities of
radionuclides caused by nuclear explosions or leaks. Common radionuclides, including
caesium (137Cs), uranium (?>°U), xenon (133Xe), iodine (!3'1), and radium (??°Ra), are mainly
transported and deposited in the atmosphere as aerosols and gaseous pollutants, posing
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serious hazards to the ecological environment and human health, both locally and globally.
The strong earthquake and tsunami off the northern coast of Japan on 11 March 2011 [1]
led to a major nuclear accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP)
in Japan, where large quantities of radionuclides, such as 137Cg, 1311, 133Xe, and 235U,
were released into the atmosphere and rapidly dispersed by atmospheric transport [2].
Approximately 7 h after the nuclear accident, a concentration of 577 Bq-m~2 of 1¥Cs was
detected at an observation site about 25 km north of Fukushima [3], and subsequently,
high radionuclide concentrations were detected in the Americas [4-6], Europe [7], and
Asia [8-14], where high radionuclide concentrations were monitored. Therefore, it is of
great significance to carry out research on the forecasting and early warning of radionuclides
in order to implement safety precautions, emergency responses, and disaster assessment
regarding nuclear contamination.

The atmospheric dispersion model is an important method for studying the character-
istics of the spatial and temporal distribution of pollutants and for improving air quality
forecasting. The prediction of nuclear pollutants is similar to that of general pollutants,
and the processes of the advection, turbulence, emission, and deposition of radionuclides
in the atmosphere can be predicted by atmospheric dispersion models [15]. The main
models current in use include the Gaussian, Lagrangian, and Eulerian theories [16,17]. The
Gaussian model is suitable for local-scale (below 20 km) simulations [18], and it is the
core module of the standard analysis tools for nuclear power plants, such as ARCON and
MACCS, and is also the main model for early nuclear contamination dispersion prediction
and nuclear emergency response. However, the Gaussian model is poorly applicable to
a wide range of complex meteorological conditions, and it is not capable of describing in
detail the deposition and dispersion of pollutants [19-22]. The Lagrangian model, which
follows the coordinate system of object motion to describe the pollutant concentration
and its changes, is applicable to the prediction of nuclear contamination dispersion in the
range of tens to hundreds of kilometers, and it can track the evolution of diffusers through
particle motion, making it the main business model for nuclear contamination dispersion
prediction in various countries at present [10,23-25]. The Lagrangian model does not
suffer from closure and numerical diffusion problems and is mathematically simpler than
the Eulerian approach, but in regions far from the source of contamination, its accuracy
decreases due to the reduction in the number of particles. In addition, because most of
the meteorological forecasting models are based on Eulerian coordinates, diffusion models
based on Lagrangian coordinates are difficult to couple synchronously with meteorological
models, and they cannot make full use of the fine meteorological forecasting data [15,26,27].

The Eulerian model is suitable for simulating the spatial and temporal variations of the
meteorological field, as well as complex physicochemical processes, especially the on-line
coupled model of atmospheric chemistry that has been developed in recent years, and it
can also take into account the feedback effect of pollutants on the meteorological field, and
therefore, it is more effective in simulating the diffusion of large-scale and long-distance
transport [26,28]. In nuclear pollution dispersion forecasting, Eulerian modeling is one
of the important current development directions. Takemura et al. [29] and Christoudias
et al. [30] simulated the wide-scale transport process of the Fukushima nuclear accident
using the SPRINTARS and EMAC global atmospheric transport models, respectively. Ten
Hoeve and Jacobson [31] developed a nuclide forecasting system for '3!I and '*’Cs based on
the Eulerian-coordinate global-regional nested model GATOR-GCMOM and used it for the
health hazard analysis of the Fukushima nuclear accident. Morino et al. [32] simulated the
spatial and temporal variations in the deposition of 13! and '3’Cs using the WRF-CMAQ
atmospheric chemistry model. Kajino et al. [33] simulated '¥Cs from the Fukushima
nuclear accident using the regional-scale NHM-Chem diffusion-transport model and found
that ensemble-averaged meteorological fields were effective in reducing the simulation
uncertainty. Bilgic et al. [34] used a FLEXPART model to simulate the effects of vertical
distribution patterns of Cs-137, released at eight different heights, on atmospheric diffusion
and settlement during the Chernobyl nuclear power plant accident.
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The Weather Research and Forecasting model Coupled to Chemistry (WRF-Chem)
model [35] allows for the simultaneous computation of dynamic, radiative, and chemical
processes to better simulate the parameterization interaction of meteorological and chemical
fields. Hu et al. [36] added two nuclide variables, 13T and 1%Cs, to the WRF-Chem
model and investigated the effects of the schemes of microphysics, dry deposition, and
wet deposition on the nuclide concentration and deposition for the Fukushima nuclear
accident, and the results showed that the deposition of the radionuclide '%’Cs is very
sensitive to microphysics schemes and wet deposition parameterization schemes. Fang
et al. [37] optimized the atmospheric transport modeling of 13”Cs based on the WRF-Chem
model by coupling 25 different '¥Cs in-cloud and under-cloud online wet scavenging
scenarios with meteorological fields. Zhuang et al. [38] studied in-depth the detailed
processes of 25 in-cloud and under-cloud wet scavenging modes using high-resolution
(1 km x 1 km) meteorological inputs, based on the methods of Fang et al. [37], which
showed that high-resolution meteorological inputs can more accurately reproduce local-
scale 137Cs concentrations.

Previous studies have mainly analyzed the horizontal transport of 1¥’Cs radionuclides,
with fewer studies assessing vertical transport. Povinec et al. [39] used a Lagrangian model
to simulate the dispersion of 13’Cs to the Americas and Europe as a result of the Fukushima
nuclear accident. Fei et al. [40] simulated the dispersion of radioactive contaminants to the
eastern Pacific Ocean and their arrival at the Americas after 5 days by means of the WRF
and the Models-3/CMAQ coupled model. Long et al. [10] simulated the transport of 131
and '¥Cs in the Fukushima nuclear accident using the FLEXPART model and found that
radioactivity was transported via the Northern Hemisphere Rapids and the Northeastern
Monsoon into the tropical Western Pacific Ocean and Southeast Asia.

In order to improve the accuracy of nuclear contamination model forecasting and to
provide theoretical and technical support for regional nuclear contamination forecasting,
warning, and emergency response, in this study, we constructed a scheme for radionuclide
137Cg, based on the WRE-Chem model, considering the processes of advection, turbulent
diffusion, dry deposition, and wet deposition. We designed two sets of comparative
experiments, with and without deposition, for the period of high emissions from the
Fukushima nuclear accident (11 to 17 March 2011) to simulate the spatial transport of 137¢Cs
and the ground deposition of the radionuclide '¥Cs, to analyze the characteristics of the
spatial transport of the radionuclide '3Cs in the horizontal and vertical directions, and to
evaluate the effects of the wind field and precipitation on the spatial transport and ground
deposition of the radionuclide '¥Cs.

2. Data and Methods
2.1. Data

Radionuclide monitoring concentration data were obtained from hour-by-hour ra-
dionuclide '3”Cs concentration data detected by SPM monitors in Bq-m~3 [3]. As shown
in Figure 1, there are 32 stations in Japan, and the area with the largest pollution values
of 02 UTC is in the inland area, with the highest concentration exceeding 300 Bq-m 3
at the highest station, and surpassing 22 UTC by late night. Thus, it is obvious that the
maximum pollutant concentration on the east coast exceeds 150 Bq-m~3; whereas, at this
time, the pollutant concentration in the inland area is mostly less than 4 Bq-m’3. In this
study, we mainly utilized observation data from four stations with relatively high con-
centrations, namely Tokyo, Chiba, Maebashi, and Naraha. The radionuclide emission
source uses the same radionuclide '3’Cs emission data obtained during the high emission
period of the Fukushima nuclear accident (11 to 17 March 2011) used by Fang et al. [37]
and Zhuang et al. [38].
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Figure 1. Radionuclide Cs-137 observation sites and their concentration distribution on 15 March
2011 (unit: Bq‘m_3).

Wind field data, including temperature, humidity, wind speed, and wind direction,
were obtained from ground-based observatory site data released by the Japan Meteorologi-
cal Agency (JMA), with a time resolution of 3 h (https://www.data.jma.go.jp/obd/stats/
etrn/index.php, accessed on 11 May 2023). In this study, four observation stations, Tokyo
and Chiba, in plain terrain, and Maebashi and Yamagata, in mountainous terrain, were
selected for analysis.

Daily precipitation data were obtained from the Tropical Rainfall Measuring Mission
(TRMM) rainfall figures, with a spatial resolution of 0.25° x 0.25° and a temporal resolution
of 3 h. Daily cumulative precipitation was calculated by summing the results of the
3 h precipitation (https:/ /disc.gsfc.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary,
accessed on 11 May 2023).

Weather-driven data were obtained from the National Centers for Environmental Pre-
diction (NCEP)/National Center for Atmospheric Research (NCAR) Global Final Analysis
(FNL) (https:/ /rda.ucar.edu/datasets/ds083.2, accessed on 11 May 2023), with a temporal
resolution of 6 h and a spatial resolution of 1° x 1°. The main variables included tempera-
ture, humidity, wind direction, wind speed, air pressure at different atmospheric heights,
and sea surface temperature.

2.2. WRF-Chem Model

The WRF-Chem model [35] can calculate dynamic, radiative, and chemical processes
simultaneously to better simulate the interactions between meteorological and chemical
fields, and it has been widely used in global and regional pollution studies [41]. In this
study, version 3.9.1 of the WRF-Chem model was used, and the simulation period was
from 11 March 2011 00:00 UTC (Universal Time Coordinated) to 17 March 2011 00:00
UTC. The simulation area is shown in Figure 2. Three nested grid areas were set up, with
horizontal resolutions of 27 km, 9 km, and 3 km for areas d01, d02, and d03, respectively.
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The d01 includes 181 x 150 grids, the d02 has 253 x 229 grids, and the innermost layer
d03 is the main study area, with 211 x 250 grids, which encompasses the northeastern
region of Japan, including the Kanto Plain region and the surrounding sea areas. The
number of model layers in the vertical direction in regions d01, d02, and d03 was 30.
The main physicochemical scheme of the model is shown in Table 1, which includes
the Lin scheme [42], RRTM [43], and Dudhia [44] longwave and shortwave radiation
schemes, respectively, as well as the Noah [45] land-surface parameterization scheme and
the MY] [46] planetary boundary layer scheme.

o
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Figure 2. Maps of the WRF modeling domain; the color bars represent the terrain altitude. (a) domain
1,2 and 3. (b) domain 3. The red dots on the right panel represent the location of the Fukushima
nuclear power plant, the black dots represent the five ground-based observatories in Japan, and the
black dashed box represents the Kanto Plain region in Japan.

Table 1. WRF-Chem model parameterized settings.

Physicochemical Scheme Option
Microphysical scheme Lin microphysics scheme [42]
Longwave radiation scheme Rapid radiative transfer model [43]

Shortwave radiation scheme Dudhia scheme [44]
Boundary layer scheme Mellor—Yamada-Janjic scheme [46]
Land surface process Noah land surface model [45]
Cumulus scheme Grell 3-D scheme [47,48]

2.3. Parameterized Design of Radionuclide 137 Cs

Based on the WRF-Chem model and the theory of nuclear contamination dispersion,
and referring to the parameterization scheme of Hu et al. [36], we designed a radionuclide
parameterization scheme based on the description of Euler’s advection—diffusion equations,
including advection, turbulent diffusion, discharge, radioactive decay, and dry and wet
deposition:

0A , , A

T —div(uA) + dlU(pK-V(;)) —NA—-)MA+E 1)
as shown in Table 2, where A is the air concentration of radionuclides (Bq-m~3), which
represents the radioactivity per unit volume of radionuclides. u is the wind vector, V is
the gradient of the air concentration of radionuclides, div is the dispersion of the air concen-
tration of radionuclides, A is the wet scavenging rate of radionuclides (s~!), A represents
the radioactive decay rate (s~!), and E represents the point source of radionuclides. « is the
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turbulent diffusion coefficient. The radionuclide '3’Cs has a half-life of about 30 years, and
the radioactive decay rate (7.33 x 10~19) is low enough to neglect the decay process.

Table 2. List of symbols for the formulas used in this study.

Symbol Meaning Unit
A the air concentration of radionuclides Bg-m~3
\Y the gradient of the air concentration of radionuclides
div the dispersion of the air concentration of radionuclides
A the wet scavenging rate of radionuclides -1
A the radioactive decay rate s71
E the point source of radionuclides
K the turbulent diffusion coefficient
w the air concentration of 3Cs ug~kg_1
M the molar mass of 137Cs g-mol !
Ny Avogadro’s constant mol !
Oair the density of air kgm~3
Dgy the surface dry deposition Bq-m 2
t the deposition duration
Vep the dry deposition rate m-s!
Wer the surface wet deposition Bq-m 2
h the height of the area
Po the precipitation rate mm-h~!
a constant 8 x 107°
b constant 0.8

In addition, in the WRF-Chem model, the default unit of aerosol is ug~kg’1, while the
unit of radionuclide concentration is Bq-m~3: the unit conversion equation between the
two is:

— = x10° 2)
M ANAQqgir
as shown in Table 2, where W is the air concentration of '¥Cs in pug-kg™!; A is the air
concentration of '3Cs in Bq'm~3; A (g-mol~!) is the molar mass of '3Cs; A (s7!) is the
radioactive decay rate of 137Cs; N1 (mol 1) is Avogadro’s constant, and o, (kg-m’?’) is
the density of air.

2.3.1. Dry Deposition

Dry deposition is an important physical process in the modeling of pollutant disper-
sion in the atmosphere, which is assumed to be independent of factors such as clouds and
precipitation and can be calculated using Equation (3):

t
Dgr(t) = /t —OgepAe Mt @3)
0

as shown in Table 2, where Dy, is the surface dry deposition in Bq-m 2, t is the deposition
duration, and vy, is the dry deposition rate.

2.3.2. Wet Deposition

Similar to the calculation of surface deposition for dry deposition, the wet removal
rate must be considered in the calculation of surface deposition for wet deposition, and it
can be calculated using Equation (4):

W (£) = /t: /0 " A2)A(z)e Mzt @)
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as shown in Table 2, where Wy, is the surface wet deposition in Bq:m~2, and / is the height
of the area. The wet deposition rate can be calculated from the precipitation rate:

A = apy” 6)

as shown in Table 2, where py is the precipitation rate (mm-h~!), and 2 and b are constants.
For 13Cs,a =8 x 107 and b = 0.8 [49].

2.4. Simulation of Experimental Design

In this study, two sets of sensitivity simulation experiments on nuclide forecasting
were designed to assess the effect of the presence or absence of dry and wet deposition on
the spatial transport and surface deposition of 1*’Cs in the atmosphere (Table 3), where the
control experiment was without dry and wet deposition, and EX_Dep was a sensitivity
experiment, with dry and wet deposition. The same WRE-Chem parameterization scheme
and emission sources were used in both sets of tests.

Table 3. Sensitivity simulation test design for radionuclide prediction.

Experiment Name Experiment Design
Control No dry and wet deposition
EX_Dep Dry and wet deposition

2.5. Evaluation of Simulation Results Testing

In this study, the correlation coefficient (CORR), mean bias (BIAS), root mean square
error (RMSE), percent bias (PBIAS), percent root mean square error (PRMSE), and specific
activity of air (FAC5/FAC10) were used to test and evaluate the simulation results of the
WREF-Chem model, the specific formulas of which can be found in Equations (6)—-(11):

CORR = M (6)
0’50’0
N(D.. —D..
BIAS = W 7)
N 2
N(D..—D.:
RMSE = W 8)
1 vN
IvyND.. —D.:
PBAIS = N (N“ oi) x 100% )
y L Doi
1
1 vN 2
=Y N(Ds; — D,;
PRMSE = \/N l (N st ~ D) x 100% (10)
N L Dy
1
D .
FAC5/10 = D—S{ (11)
o1

where N is the number of samples, D, is the set of observations, D; is the set of simulations,
D,; is the observed value, D; is the simulated value, and i represents the first simulated
data in the set of observations or simulations. The air-specific activities FAC5 and FAC10
represent the ratio of simulated and observed forecasts in the range of 0.2~5 and 0.1~10,
respectively, and the larger the value, the smaller the difference between the simulated
value and the observed value and the higher the accuracy of the simulation.
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3. Results and Discussion
3.1. Meteorological Field Simulation Analysis

Figure 3 and Table 4 show the time series plots of the observed and simulated wind
speeds and directions, and the results of the BIAS and RMSE tests of wind speed and
direction for the stations in Tokyo, Chiba, Maebashi, and Yamagata from 11 to 17 March
2011. It can be seen that the model can simulate the wind speed and direction change
characteristics more accurately, especially at the Chiba site, where the simulation results of
the model wind speed are the closest to the observed results. The BIAS of the wind speed
at the Tokyo, Chiba, Maebashi, and Yamagata sites was 0.55 m-s 1,041 m-s~ 1,058 m-s?,
and 1.37 m-s~!, whereas the RMSE was 1.57 m-s~%, 1.54 m-s~1,1.79 m-s~1, and 1.90 m-s~ !,
respectively. The BIAS of the wind direction at the Tokyo, Chiba, Maebashi, and Yamagata
sites was 6.27°, 7.08°,9.10°, and —7.17°, whereas the RMSE was 62.86°, 44.84°, 74.07°, and
72.60°, respectively. At the Maebashi and Yamagata stations, the differences between the
simulation results for wind speed and direction and the observed data are relatively large,
which may be due to the fact that these stations are in the mountainous region, and the
actual wind speeds are usually affected by the friction of the terrain, whereas the modeled
terrain is relatively smooth; thus, the modeled wind speeds are slightly higher than the
actual speed.

Table 4. BIAS and RMSE test results for wind speed and direction from 11-17 March 2011.

Tokyo Chiba Maebashi Yamagata
Wind d 0.55 0.41 0.58 1.37
Bas  Vindspee
. . 6.27 7.08 9.1 —7.17
direction
Wind d 1.57 1.54 1.79 1.90
RMSE W
. . 62.86 44.84 74.27 72.60
direction
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Figure 3. Time series of observed and simulated surface wind speed and direction at four weather
stations in Japan from 11-17 March 2011.

Figure 4 shows the daily precipitation distribution on 15 March 2011 from TRMM
satellite observations and model simulations. As can be seen in the figure, the precipitation
on 15 March is mainly concentrated in the northeastern region of Japan and the eastern
ocean region, and the maximum precipitation of more than 40 mm-day~! is located in
the northeastern region of Japan. The model’s simulated precipitation distribution for
15 March was basically the same as that observed rate; however, it slightly underestimated
the precipitation in the northeastern region of Japan, whereas the simulated precipitation
in the eastern oceanic region was slightly overestimated.

40°N
40N
39°N

38°N &

37°N [ lers

36°N |

35°N

SENMJ:‘ ‘ .

138°E 140°E 142°E 140E
Preciﬁilalion (mm)
0 10 20 30 40 50

Figure 4. Observed and simulated daily precipitation on 15 March 2011. (a) Observed daily cumula-
tive precipitation; (b) simulated daily cumulative precipitation.

Figure 5 shows the time-series plots of precipitation from 11-17 March 2011 at the
Yamagata and Maebashi stations. We only analyzed the time-series plots of precipitation at
the Yamagata and Maebashi stations because there was no precipitation during the study
period in either the observations or simulations at the Tokyo and Chiba stations. As can
be seen from the figure, the simulated and observed precipitation at the Yamagata and
Maebashi stations are in good agreement. The observed and simulated precipitation at
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the Yamagata station occurred on 11, 12, 15, and 16 March, the observed precipitation
at the Maebashi station occurred on 16 March, and the simulated precipitation mainly
occurred on 15 and 16 March. Both models overestimated the maximum precipitation at
the Yamagata and Maebashi stations during the study period.

YAMAGATA MAEBASHI

10.00
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Figure 5. Time series of observed and simulated precipitation at the Yamagata and Maebashi weather
stations from 11 to 17 March 2011.

3.2. Analysis of the Spatial Transport of Radionuclide '3 Cs

Figure 6 shows the simulated near-surface concentrations of 13’Cs from the Control
test and the EX_Dep test on 15 March 2011, which shows that the 137Cs emitted from
Fukushima at 06:00 UTC on 15 March were first dispersed inland in the southwestern
part of Japan, driven by northeasterly winds (Figure 6a,e). At 12:00 UTC, northeasterly
winds increased offshore east of Fukushima, while wind speeds were lower west and
south of Fukushima, thus creating a convergence of the wind field along the coast, and
the 137Cs concentration was distributed in a band along the coastline south of Fukushima
(Figure 6b,f). At 18:00 UTC, '3Cs spread further southward, but owing to the southeasterly
winds in the offshore area south of Chiba, it formed a convergence zone with northerly
winds to the north, which resulted in the formation of an east-west zone of high values over
Chiba and its eastern oceanic surface (Figure 6¢,g). At 23:00 UTC, the entire contaminated
area was pushed east—south due to the strengthening of the north wind and its gradual shift
to the northwest (Figure 6d,h). Since dry and wet deposition were not considered in the
Control test, the simulated 137 Cs concentration was higher, and the 137Cg concentration near
Fukushima at 06:00 UTC was more than 500 Bq-m 3. The EX_Dep test simulated a more
similar distribution of '3’Cs compared with that of the Control test, but the concentration
was much lower than that of the Control test and closer to the observed values. In the
EX_DERP test, 137Cs concentration in the Fukushima area at 06:00 UTC decreased to about
300 Bg'm~3 compared with the results of the Control test, with a reduction of about
286 Bq-m 2 (Figure 6a,e).

Figure 7 shows the height-time profile of the vertical wind field over the Fukushima
nuclear power plant from 14 to 16 March 2011, the time series of hourly precipitation,
and the height-time profile of '¥Cs concentration. As shown in Figure 7a, the lower
atmosphere was dominated by an upward motion from 14 to 16 March, with a downward
motion mainly from 05:00 to 10:00 UTC on 14 March and from 10:00 to 20:00 UTC on 16
March, when the upward flow promoted the upward vertical diffusion of 13Cs, while the
downward flow inhibited the vertical diffusion of '3’Cs. The diffusion heights of 1¥’Cs in
the vertical direction from 05:00~10:00 UTC on 14 March and from 10:00~20:00 UTC on
16 March (Figure 7c,d) were relatively low. However, the diffusion height of 13’Cs in the
vertical direction was relatively high from 06:00 to 18:00 UTC on 15 March, and the highest
diffusion of 13’Cs up to an altitude of 6 km in the Control test was related to stronger
vertical upward motion at the corresponding moment, as shown in Figure 7a. The diffusion
heights of 137Cs in the EX_Dep test were generally lower than those in the Control test
due to both dry and wet deposition, especially on 14 March between 00:00~06:00 UTC, 15
March between 08:00~12:00 UTC, and 16 March between 00:00~10:00 UTC. The vertical
diffusion heights were significantly lower than those of the Control test, which is related
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to the wet deposition caused by precipitation at the corresponding moments, as shown

Figure 7b.
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EX_Dep experiment (bottom) on 15 March 2011. (a,b) 06:00; (c,d) 12:00; (e,f) 18:00; (g,h) 23:00. The

scatter indicates the observed value at that moment in time. Concentrations are in Bq-m .

35°N [
d —0.02

[
<

height(km)

Precipitation(mm)
S = N W s M N 0

*' ‘ \
L L

V"v
00 06 12 18 00 06 12 18 00 06

0.0
00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21

time(UTC) time(UTC)
(a) (b)
6.0 6.0 F
5.0 1000 50 - 1000
4.0 4.0
3.0 500 30 500
—_ 200 . r 200
2.0 .
£E4, 100 g 20 100
-g 1.0 50 % 10 50
S 25 g 25
< 1 < 1
0.1 0.1
0.01 0.01
0.0 0.0
00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18
time(UTC) time(UTC)

(c) (d)

Figure 7. Height-time profile of vertical wind field over Fukushima Nuclear Power Plant, time series
of hourly precipitation and height-time profile of 13Cs concentration from 14 to 16 March 2011.
(a) Vertical wind field height-time profiles, (b) hourly precipitation time series plots, (c) height-time
profiles of 137Cs concentrations in the Control test, and (d) height-time profiles of 13”Cs concentrations
in the EX_Dep test. Wind speed, precipitation, and '¥Cs concentration are in dm-s~!, mm, and
Bg-m~3, respectively.
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3.3. Radionuclide 13’ Cs Ground Deposition Analysis

Figure 8 shows the spatial distribution of the dry and wet deposition of '3’Cs on 15
March 2011. It can be seen that the dry deposition is mainly located in the Fukushima
and Kanto areas and their eastern and southern oceanic regions (Figure 8a) due to the
wind field. The wet deposition (Figure 8b) is mainly affected by precipitation, which was
observed in Fukushima and its eastern oceanic regions (Figure 4a) on 15 March and was
mainly concentrated in the vicinity of the Fukushima and Kanto Plain areas and their
eastern oceanic regions. The range of wet deposition was significantly greater than that
of dry deposition, which was much higher than wet deposition, with the maximum dry
deposition of 5004.5 kBq-m~2, and the maximum wet deposition of 725.3 kBq-m 2. As
a result of dry and wet deposition, the concentration of radionuclide '¥Cs in the Kanto
area and its eastern ocean region in the EX_DEP test was substantially reduced compared
with that of the Control test, and the 1¥’Cs concentration was closer to the actual observed
concentration (Figure 6).

40°N
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38°N
37°N
36°N

35°N

138°E 140°E 142°E 138°E 140°E 142°E

| I [ [ |

0.1 5 10 50 100 500 1000 5000

Figure 8. The spatial distribution of dry and wet deposition of '3Cs on 15 March 2011. (a) dry
deposition. (b) wet deposition.

3.4. Analysis of Radionuclide '3 Cs Site Concentrations

Figure 9 shows the time series plots of the observed and modeled concentrations of
137Cs on 15 March 2011 at four different stations sites for the Control and EX_Dep tests. As
can be seen in the figure, the concentration of 137Cg observed at the Tokyo site was relatively
low, with an average concentration of less than 10 Bq-m~2 over the study period, and the
peak concentrations of 137Cs observed at the Chiba, Maebashi, and Naraha sites were
30 Bg'm~3, 59 Bq:m 3, and 93 Bq-m 3, respectively. Due to the dry and wet deposition
effects, the 137Cs concentrations at the Tokyo, Chiba, Maebashi, and Naraha stations in
the EX_Dep test were lower than those in the Control test and were closer to the observed
values. The delay of the peak at the Maebashi station in the Control test was corrected, and
the overestimation of the peak concentration was improved in the EX_Dep test.

Table 5 shows the results of 3”Cs concentration on 15 March 2011 for the Control and
EX_Dep tests for each station. As can be seen in the table, the single-site test results of the
EX_Dep test were all better than those of the Control test, with the Tokyo, Chiba, Maebashi,
and Naraha sites experiencing improvements in CORR of 8%, 4%, 5%, and 4%, respectively.
For the Tokyo, Chiba, Maebashi, and Naraha stations, improvements in FAC10 of 17%, 16%,
6%, and 6%, decreases in PBIAS of 61%, 69%, 46%, and 51%, and decreases in PRMSE of
46%, 25%, 38%, and 48%, respectively, were observed.
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Figure 9. Time series of observed and simulated concentrations of '3 Cs at four sites for the Control
and EX_Dep experiment on 15 March 2011.

Table 5. Single station test results for 137Cs concentration in Control and EX_Dep experiments on 15
March 2011.

Station Experiment Name CORR PBIAS PRMSE FAC5 FAC10
Tokyo Control 0.75 79% 162% 0.54 0.54
EX_Dep 0.81 31% 89% 0.58 0.63
. Control 0.81 42% 102% 0.50 0.50
Chiba EX_Dep 0.84 13% 7% 052 0.58
, Control 0.78 112%  184% 0.75 0.83
Maebashi EX_Dep 0.82 61%  114% 075 0.88
Control 0.85 87% 137% 0.46 0.63
Naraha EX_Dep 0.88 43% 71% 05 0.67

4. Conclusions

By analyzing in detail the diffusion and deposition of 13’Cs radionuclides, especially
vertical diffusion, as well as the effects of the wind field and precipitation on diffusion
and deposition, this study provides an important basis for a more comprehensive under-
standing of the behavior of radionuclides after nuclear accidents, offering theoretical and
technical support for regional nuclear pollution prediction, early warning, and emergency
response. In this paper, a parameterization scheme for radionuclide '*”Cs was constructed
based on the WRF-Chem model, and two sets of comparison experiments, with and without
deposition, were designed to simulate the spatial transport of 13’Cs and the ground depo-
sition process after the Fukushima nuclear accident from 11 to 17 March 2011. This was
conducted to analyze the characteristics of the spatial transport of 13Cs in the horizontal
and vertical directions and to evaluate the effects of the wind field and precipitation on the
spatial transport of 137Cs and the ground deposition. The main conclusions are as follows:

Wind field and precipitation are important factors affecting the horizontal and ver-
tical dispersion of 13’Cs in the atmosphere. On 15 March, 1¥Cs was generally dispersed
towards the Kanto Plain region of Japan under the influence of northeasterly winds, and
the concentrations were mainly concentrated in the Fukushima and Kanto Plain regions.
Compared with the no-deposition test, the concentration of '*’Cs in the Fukushima area in
the deposition test decreased by about 286 Bq-m~3; 137Cs in the no-deposition test could be
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dispersed upward up to an altitude of 6 km under the effect of updraft, while those in the
deposition test could only be dispersed up to an altitude of 4 km.

Dry and wet depositions are important processes for removing radionuclides from the
atmosphere and are significantly influenced by wind fields and precipitation. On 15 March,
the dry deposition and wet deposition area of '¥Cs was mainly located in Fukushima,
the Kanto Plain, and the eastern ocean region, under the influence of the wind field and
precipitation, with the maximum dry deposition of 5004.5 kBq-m~2 and the maximum wet
deposition of 725.3 kBq-m 2.

The single-station test results of the deposition test were better than those of the no-
deposition test, with correlation coefficients at the Tokyo, Chiba, Maebashi, and Naraha
sites improving by 8%, 4%, 5%, and 4%, respectively, the air specific activity improving
by 17%, 16%, 6%, and 6%, the percentage deviations decreasing by 61%, 69%, 46%, and
51%, and the percentage root mean square errors decreasing by 46%, 25%, 38%, and 48%,
respectively.
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