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Abstract. The atmospheric transport and ground depositionthe total deposition is mainly influenced by the emission rate
of radioactive isotope$®ll and 13’Cs during and after the for both 1311 and 137Cs; while it is not sensitive to the dry
Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accidentdeposition parameterizations since the dry deposition is just
(March 2011) are investigated using the Weather Research minor fraction of the total deposition. Moreover, fGi,
and Forecasting-Chemistry (WRF-Chem) model. The aim isthe deposition is moderately sensitive (AAD between 10 and
to assess the skill of WRF in simulating these processes and0 % between different runs) to the microphysics schemes,
the sensitivity of the model’s performance to various param-the horizontal diffusion schemes, gas-partitioning and wet
eterizations of unresolved physics. The WRF-Chem modeleposition parameterizations. F&t'Cs, the deposition is
is first upgraded by implementing a radioactive decay termvery sensitive (AAD exceeding 40 % between different runs)
into the advection—diffusion solver and adding three param-+o the microphysics schemes and wet deposition parameter-
eterizations for dry deposition and two parameterizations forizations, but moderately sensitive to the horizontal diffusion
wet deposition. Different microphysics and horizontal turbu- schemes and the size distribution.
lent diffusion schemes are then tested for their ability to re-
produce observed meteorological conditions. Subsequently,
the influence of emission characteristics (including the emis-
sion rate, the gas partitioning é#1 and the size distribu- 1 Introduction
tion of 13’Cs) on the simulated transport and deposition is
examined. The results show that the model can predict thé-arge amounts of radionuclides were released into the atmo-
wind fields and rainfall realistically and that the ground de- sphere after the nuclear accident at the Fukushima Dai-ichi
position of the radionuclides can also be captured reasonabliuclear Power Plant (FDNPP) on 11 March 2011. Later, the
well. The modeled precipitation is largely influenced by the Japanese government reported that the radioactive materials
microphysics schemes, while the influence of the horizontawere detected in the food and water supply in Fukushima
diffusion schemes on the wind fields is subtle. However, theand adjacent areas (Zakaib, 2011). Radionuclides can signif-
ground deposition of radionuclides is sensitive to both hor-icantly jeopardize human health, causing cancer and acute ra-
izontal diffusion schemes and microphysical schemes. Wetliation diseases (Till and Grogan, 2008). Understanding the
deposition dominated over dry deposition at most of the ob-spatial and temporal distributions of radionuclides is key to
servation stations, but not at all locations in the simulatedassessing and mitigating the health impact of radioactive re-
domain. To assess the sensitivity of the total daily depositiorleases; it is thus important to be able to accurately model their
to all of the model physics and inputs, the averaged absolut@tmospheric transport and ground deposition.
value of the difference (AAD) is proposed. Based on AAD, Over the past few decades, many numerical models have
been developed and applied for studying the transport and
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deposition of radionuclides (Andronopoulos and Bartzis, sition within a certain domain; in this paper, it is used in-
2010; de Sampaio et al., 2008; Lauritzen et al., 2007; Lut-terchangeably with ground deposition) from the Fukushima
man et al., 2004; Terada and Chino, 2008; Leelossy et al.accident of'3’Cs (over land and within 80 km of FDNPP)
2011). For this particular accident at Fukushima, the Com-s less than 1.5% 10'°Bq with the emission rate estimated
munity Multi-scale Air Quality (CMAQ) model (Morino et by (Chino et al., 2011) but more than 5¢3.0'°Bq with

al., 2011), the Lagrangian transport models HYSPLIT andthe emission rate estimated by Stohl et al. (2012). The im-
FLEXPART with meteorological conditions provided by the portance of using accurate estimation of emission source
Weather Research and Forecasting (WRF) model (Srinivastrength has been also demonstrated by the sensitivity analy-
et al., 2012), and the WRF-Chem tracer model which di-ses of Morino et al. (2013). However, previous studies solely
rectly couples the simulation of the chemistry and meteorol-focused on the emission rate, and other emission characteris-
ogy (Huh et al., 2012, 2013) have been used. These studieics such as the gas partitioning ¥l were also not con-
together with many previous studies for other events, havesidered. The gaseous fraction b was simply set as a
identified a number of meteorological variables that can sig-constant such as 80% (Morino et al., 2011) a8 2o-
nificantly influence the atmospheric transport and ground defsakissok et al., 2013). A review (Sportisse, 2007) shows
position of radionuclides, including wind and rainfall (Basit that the gaseous fraction varies among different studies: 65
et al., 2008; Mathieu et al., 2012; Takemura et al., 2011; Terto 80% (Chamberlain, 1991), 50-65% (Clark and Smith,
Hoeve and Jacobson, 2012; Yamauchi, 2012). For example]988), and 70-90 % in Baklanov and Sorensen (2001). This
the study of Morino et al. (2011) has shown that during thereview also points out that the partitioning between gaseous
period from 11 to 30 March 2011, the amounts!&¥ and and particulate phases is crucial for capturing the ground de-
137cs transported across the eastern boundary (downwind) giosition of radionuclides. Apart from the gas partitioning, the
their domain are 6.52 10'6Bq and 4.58< 10'°Bq, respec- size distribution of particles is another important characteris-
tively; while those across the western boundary (upwind) aretic that has not been thoroughly studied, since some deposi-
only 1.49x 10'2Bq and 1.13x 10’ Bg, respectively. Thisil-  tion schemes explicitly take the size distribution into account
lustrates how wind direction significantly affects the atmo- (Brandt et al., 2002).

spheric transport of radionuclides. Rainfall is another impor- In this study, to address some of the research gaps detailed
tant factor that can influence the ground deposition of ra-above, we choose to adopt the WRF-Chem framework (Grell
dionuclides considerably. Studies of the Fukushima accidenet al., 2005), which provides multiple parameterizations for
report that the estimated deposition mainly occurred whendifferent unresolved physical processes. WRF-Chem directly
frontal rain bands passed over Japan on 21 March 21 (Yaeouples the forecasting of the chemistry and meteorology,
sunari et al., 2011). Deposition of the radionuclides mainly allowing the transport simulations to exploit the full spatial
occurred between 15 to 17 and 19 to 21 March, when heavyand temporal resolutions of the meteorological simulations.
rainfall was observed, as reported by Srinivas et al. (2012)This is expected to yield better results than offline approaches
During these days, wet deposition was significantly higherwhere pre-computed meteorological fields have to be inter-
than dry deposition. Even over longer periods, wet deposi{polated to drive the chemical transport module. Meteorolog-
tion usually still dominates over dry deposition. Given the ical fields are however not the only source of uncertainty that
findings above, it is clear that an accurate simulation of me-can reduce the accuracy of transport and deposition simula-
teorological fields is a necessary condition for the accuratdions. Previous studies have also shown that different dry and
simulation of the transport and deposition of the radionu-wet deposition parameterizations can cause different depo-
clides. sition rates and accumulated amounts of radionuclides (see

As illustrated by Talbot et al. (2012), wind is usually one e.g., Brandt et al., 2002). In this study, several dry and wet
of the most challenging parameters to simulate successfullydeposition parameterizations are thus also added to the WRF-
Furthermore, it is also quite difficult to reproduce the spatial Chem model to test and intercompare their performances.
and temporal precipitation patterns in numerical models (LiMoreover, we consider the emission Bf1 with different
et al., 2013). However, the previous studies are focused oaseous fractions and that 8f'Cs with different particle
the behavior of radionuclides with the meteorological condi- size distributions. The specific questions this study aims to
tions simply taken from some numerical weather predictionanswer are as follows:
models or analysis/reanalysis products, without an assess-
ment of whether errors in the radionuclides fate and trans- 1. What model setup parameters have the largest influence
port are linked to errors in the meteorological fields orinthe ~ on the simulated meteorological fields and what is the
transport and decay models. influence of these fields on deposition?

Emission rate is another critical factor that controls the
rate of atmospheric transport and ground deposition of ra-
dionuclides (Korsakissok et al., 2013; Morino et al., 2011,
2013). For instance, the study of Korsakissok et al. (2013)
reported that the total deposition (sum of dry and wet depo-

2. What is the relative importance of wet versus dry depo-
sition, and how sensitive are they to the different param-
eterizations?
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3. How sensitive is the modeled deposition to the imposed2.2  Simulation model

emission rates and characteristics, including the gas par-
titioning of 131 and the size distribution df’Cs? In WRF-Chem, advection, turbulent diffusion, emission, ra-

dioactive decay and wet deposition are described using the

4. How close can model results get to observed depositiorfollowing Eulerian advection—diffusion-reaction equation:

given the uncertainties in model physics and inputs, and
i inties i itical? d0A A
which of these uncertainties is the most critical” = £V A=Y - (pKV (_)) “ASA—AAHE (1)
This paper is organized in the following way: Sect. 2 de-

scribes the improvement to the WRF-Chem model and thevhereA is the air concentration (Bqn{), which represents
configuration of the simulations. In Sect. 3, the results arethe radioactivity per unit volume equivalent to the number of
presented and discussed. Section 4 presents a summary aratlionuclides that decay per second in a unit volunis
conclusions. the wet scavenging rate (; A represents the (first-order)
radioactive decay rate(8) andE is the point source for the
radionuclidesk is the turbulent diffusivity tensor, which in-
cludes the effect of dry deposition. Note that WRF treats the
flow as fully compressible. The total number of the radionu-
clides per m atr =0 can be calculated from the following

Two emission data sets are used in the simulations: (1) th&duation

estimate from the Japan Atomic Energy Agency (JAEA) and Ao

(2) the estimate from the Tokyo Electric Power Company No = -~ (2)
(TEPCO). JAEA (Katata et al., 2012; Terada et al., 2012)

estimated the release period, duration and emission rate dh WRF-Chem, the unit used for transport of gases is ppmv
13Y and 1¥7Cs from a combination of observational data and the unit for transport of aerosols is pgkgHowever, the
and atmospheric simulations using the System for Predictiorunit used in the emission module is Bqfwhich is consis-

of Environmental Emergency Dose Information (SPEEDI). tent with the unit used in the emission files from JAEA and
TEPCO (2012) estimated the amount’étl and13’Cs re-  TEPCO. Therefore, in order to use the default units to cal-
leased to the atmosphere using their company’s atmosphericulate the atmospheric transport of the radionuclides, a unit
dispersion calculation program Dose Information Analysis conversion is necessary for input of emissions to WRF, and
for Nuclear Accident (DIANA) and the air dose rate mea- then to convert its output into Bqmi. Based on the Eq. (2):
sured from a monitoring car that moved around the FDNPP.

2 Methodology and data sets

2.1 Emissions

The emission rates df4 and137Cs from 00:00UTCon11 Wi _ 41 ;6 3)
March to 23:00 UTC on 31 March from the two data sets are Vm A1 NA
shown in Fig. 1. The emission rate for TEPCO used in this Wcs Acs 1066 4)

paper is calculated based on the release amount and duratidllcs  Acs NA pair
provided by TEPCO. Since the time interval of the emission
input for the WRF-Chem model is 1 h, the emission rate overwhereW is the air concentration 3% in ppmv; Wesis the
1hintervals is then computed for TEPCO from the data plot-air concentration of*’Cs in pgkg®; A; (Bqm~3) is the air
ted in Fig. 1. If a period for a specific emission rate is lessconcentration ot in Bqm~3; Acsis the air concentration
than 1h, itis treated as 1 h and the emission rate is compute@f *3'Cs in Bqnm3; M; (gmol) is the molar mass df*!i;
as the emission amount (during this period) divided by 1h. Mcs (gmol™?) is the molar mass of*’Cs; 4; (s™) is the
As can be seen from Fig. 1, the emission rate estimatedadioactive decay rate 6f'; Acs(s™) is the radioactive de-
by JAEA is continuous over the simulation period while the cay rate of-*’Cs; NA (mof1) is the Avogadro constant,
emission rate estimated by TEPCO is discontinuous. Thdm®mol™1) is the molar volume of the air; anghir (kg m~3)
most significant release estimated by JAEA covers the periods the air density.
from 12 to 15 March with the peak value on 15 March, while ~ Applying the ideal gas law to atmospheric air:
from TEPCO's estimation the peak occurs on 16 March. In
our simulations, the source is assumed to be a point sourc
at 37.3 N, 141.0 E. Moreover, al®’Cs is assumed to be in
particulate phase with different size distributions, while the
gaseous fraction off1l varies in different simulations. Note RT
that particle size distributions and the gas partitioning mayvm - 7
change during the transport and deposition processes; how-
ever, this is not considered in our simulations due to a lack ofwhere M,y (kg mol~1) is the molar mass of the air and;
measurements or studies to allow us to represent this changém®kg1) is the specific volume of the air.

gVm=RT (%)

thus,

= Mairair, (6)
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Figure 1. The estimated emission rates'éf and137Cs. Top panel311. Bottom panel137Cs. They axis is the hourly radiological activity
(Bgh~1). The emission rate for TEPCO is calculated based on the release amount and duration provided by TEPCO.

Based on the Egs. (3) and (4), we obtain the following humidity for wet deposition, in addition to the default WRF-

equations, Chem parameterization based on the precipitation rate.
A Mair ataj 2.3.1 Radioactive deca
W = I)\ E:jtalrl(ﬁ ) y
' _ The radioactive decay is similar to a first-order chemical re-
Acs Mcs aair . . . . . .
Wes= Wloﬁ. (8) action. The transient air concentration of a radioactive mate-
Cs

rial, A, can be described as follows:

In the advection—diffusion solver of WRF-Chem, we ugge
and Wcs to calculate the transport 8#1 and 137Cs, respec-
tively, and subsequently us§ and Acs converted based on
inversion of Eqgs. (7) and (8) for the outputs.

A= Age M, (9)

where Ag represents the air concentrationsat 0. The ra-
dioactive decay rates are taken from IAEA (2001) (Inter-
national Atomic Energy Agency)d; =9.98x 10~/ (s71)
andics=7.33x 10710 (s~1). Considering the low radioac-

_ B _ ~ tive decay rate of3’Cs (equivalent to a half-life of about
To simulate the transport and deposition of radionuclidesy years), its decay process is neglected in this study, while

more realistically, we added the radioactive decay procesghe radioactive decay dfl is retained (half-life of about
into the advection—diffusion solver. To examine the perfor-g days).

mance of different parameterizations in capturing the ground

deposition of radionuclides, we improved the default resis-2.3.2 Dry deposition

tance method for dry deposition and added two new dry de-

position parameterization schemes: (1) the simple method\s presented in Seinfeld and Pandis (2006), we assume that
and (2) the constant deposition velocity method. Further-the dry deposition flux is proportional to the local air con-
more, we implement a parameterization based on the relativeentration of the radionuclides at the lowest level of the

2.3 Parameterizations of removal processes

Atmos. Chem. Phys., 14, 110631092 2014 www.atmos-chem-phys.net/14/11065/2014/
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atmospheric model; which are affected by the particle density. However, when
P 10 taken together, the particle density does not affect the simu-
= ~VdepA, (10) lation results of the dry deposition considerably.

wherevgepis the dry deposition velocity. In this study, three
different parameterizations of the dry deposition velocity are
tested.

The simple parameterization

According to Brandt et al. (2002), the dry deposition velocity
The resistance method can be calculated by a simple parameterization based on the
friction velocity and the Obukhov length:
Based on Wesely (1989), the dry deposition velocity for

gases is described by three characteristic resistances, as falgep= —, L > 0: stable conditions (15)
lows: a 2/3
. 300\% .
1 vdep=— [ 1+ | — , L < 0:unstable conditions
Vdep= ———— (11) a —L
ra+rp+rs

where r5 is the aerodynamic resistance; is the quasi-  whereu, is the friction velocity and. is the Obukhov length

laminar layer (viscous sublayer) resistance; ayid the sur-  (Stull, 1988);a is a constant, which for low vegetation is set

face resistance (describing the resistance of the surface to the 500 and for forests to 100 (Brandt et al., 2002).

uptake/absorption/adsorption of the gas). The parameteriza-

tions of these three resistances in our study follows Brandt eThe constant deposition velocity method

al. (2002). , o N o
For particles, the surface resistance is neglected while thé? this parameterization, the dry deposition velocity is sim-

gravitational settling velocity is considered instead. The de-Ply @ constant. We use typical values fét1 and *37Cs that

position velocity for particles can be expressed as Seinfeld'® found in the literature: the dry deposition velocity of gas-
and Pandis (2006): phase!®!l is 0.5 (cms?) (Baklanov and Sorensen, 2001),

the dry deposition velocity of particulaté!! is 0.1 (cms?1)
1 , (12) (Baklanov and Sorensen, 2001) and the dry deposition ve-
rat I+ ralblgrav locity of 13’Cs is 0.05 (cm3sl) (Maryon et al., 1991) (the

whereugayis the gravitational settling velocity. According to units of all deposition velocities are converted to Th $or
Brandt et al. (2002), the gravitational settling velocity can beUs€ in WRF-Chem). One could also use othelrggyplcal values
calculated from the Stokes equation (small particles in the at2S the dry deposition velocity for botii' and **Cs (e.g.,
mosphere experience a creeping flow, Reynolds nurepy @S reported by Sportisse (2007), the dry deposition velocity

that appears to change in time due to the larger scale turbd®f gas—phasé3.1_| could range 1;rom 0.1to 0.5cnT$, while
lent eddies): the dry deposition velocity dff’Cs could range from 0.04 to

0.31cms?).

In this study, the accumulated dry deposition at each loca-
tion is calculated. The decay process of radionuclides after
they reach the ground surface follows the same radioactive
decay rate. In addition, additional decay can occur due to

1988) and 3.5gcm® (one could also use another typi- soil activity; this additional decay can be represented by a

cal value 4.93 g cm? proposed by Baklanov and Sorensen constantis, which has the same units as the radioactive de-
. : 1 ”

2001) for lodine (Ristovski et al., 2006) (the units of the & (S )aThl,JS’ tEe ?cilcumulated g_rou'nd deposition can be

particle density are converted to kgthfor use in WRF- ~ Computed using the following equation:

Chem)), p the density of airy the kinematic viscosity of p

air (1.5x 10°m?s~1) and Cc is the Cunningham correc- [ (o)t

tion factor given by (Brandt et al., 2002). Dyr®) = vdep A € d, (16)

fo

Vdep = Ugrav+

d2g(pp— p)Cc
18v ’

wheredp, is the particle diameteg, the acceleration of grav-
ity, pp the particle density (1.88¢ cm for Cesium (Weast,

(13)

Ugrav =

Cc=1
+ dp

0.5
(2'514+ O.80exp<— Aair )) ’ (14) where Dy (Bg m2) is the accumulated ground deposition,

e to the initial time of depositions the duration after depo-
wheredair = 6.53x 10° m is the mean free path at standard sjtion, andx the (first-order) radioactive decay rate . In
temperature and pressure. this study, the reduction rate due to soil activityof 134 and

For particles, it can be seen in Eq. (12) that the dry de-137cg gre specified as 0 and 162072 (s~1), respectively
position velocity not only depends on the gravitational set-(|aAEA, 2001).

tling velocity ugrav, but also depends on the aerodynamic re-
sistancery and the quasi-laminar layer resistange all of

www.atmos-chem-phys.net/14/11065/2014/ Atmos. Chem. Phys., 14, 1106992 2014
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2.3.3 Wet deposition terrain following pressure coordinates in the vertical direc-
o o tion). The emissions are only released at the lowest level
The parameterization based on precipitation rate which is about 25m. The release height reported in the lit-

] ] - ] erature primarily ranges from 20 to 150 m but sometimes
Following Sportisse (2007), the wet deposition rate is de-gxended up to 1km (Korsakissok et al., 2013; Stohl et al.,
scribed as follows: 2012). However, accurate data on the vertical distribution of
AS—aph (17) the emissions is still absent, which remains a source of uncer-

- ro tainty when simulating the transport and deposition from the

: i ; . Fukushima accident. The Global Forecasting System (GFS)
here po is the rain intensity (mmtt); a andb are the pa- . X . . :
w Pol n ity ( ) a P reanalysis, with a 0%5x 0.5° horizontal resolution, is used

rameters for specified radionuclides, which are not dimen-]c initial and bound diti The simulati od
sionless. In this study, we set=4 x 10~% andb = 0.6 for or initial and boundary conditions. The simufation perio

gaseoud®! (Sportisse, 2007 =7 x 10-5 andb = 0.69 for starts from 00:00 UTC, 11 March and ends at 00:00 UTC, 31
particulate!3} (Jylha ’1991) and —8 x 10-5 andb.=0 g  March 2011 with 1h output interval. In this study, we con-

for 137Cs (Baklanov and Sorensen, 2001) duct one reference case simulation (REF) and 12 sensitivity
' ' simulations as summarized in Table 1. One-way nesting is
The parameterization based on relative humidity used for all simulations. Other physics schemes that are not

changed include: (1) the Rapid Radiative Transfer Model for
The parameterization based on the relative humidity (RH)long wave radiation, (2) the Dudhia scheme for short wave
is another scheme for calculating the wet deposition ratgadiation, (3) the Yonsei University scheme for the planetary

(Pudykiewicz, 1989): boundary layer, (4) the Noah land-surface model for non-
urban land-surface physics, (5) the single-layer urban canopy

A®=0, RH<RH;, model for urban-surface physics, (6) the new Grell scheme
AS=35x10"° (RR:s_—?:it) . RH> RH,, (18)  for cumulus parameterization (in this study, cumulus param-

eterization is only used for the domain 1; the other domains
where RH (= 80 %) is the threshold value of the relative hu- have fine resolutions that should allow them to resolve shal-

midity and RH (= 100 %) is the saturation value. low convection).

Similar to the accumulated dry deposition, in this study, ) .
the accumulated wet deposition is also calculated. The sam@-4.1 Reference simulation
constants for the increased decay rates due to soil activity of ] ] ]
13} and 137Cs are used for wet and dry deposition. In addi- Simple aerosol treatment, using an aerosol scheme in which
tion, the wet deposition ratas is height-dependent in this N0 direct or indirect effects are considered, is used. In the

RH-based model. Following (Seinfeld and Pandis, 2006), theéference case (case REF, as shown in Table 1), the 2-D

WSM 6 (WRF Single-Moment 6-Class) scheme is used for
t h the microphysics. The resistance method is used for param-
Wer(t) =//AS(Z) A(z) e 91 gz, (19)  eterizing dry deposition and the parameterization based on
A precipitation rate is used for wet deposition. The partition-
ing of 131] at the source is chosen to be 80 % gas as recom-
mended by several studies (Korsakissok et al., 2013; Morino
et al., 2011). Moreover, in the reference case, the size distri-
bution of particulate radionuclides is not taken into account:
2.4 WREF configurations all particulate radionuclides have the same size, which is the
average value. The average size'®f and 13’Cs are cho-
The simulations are performed using three nested domainsen to be 0.48 and 0.67 um, respectively (Sportisse, 2007;
with horizontal resolutions of 9, 3, and 1 km for domain 1, Kaneyasu et al., 2012). In addition, one could also use par-
domain 2, and domain 3, respectively (see Fig. 2). Domain Iticle size values o3l and13’Cs as 0.7 um and 1.0-1.5 pm,
and domain 2 are centered at 3™ 141.0 E with 160 grid  respectively (Masson et al., 2013) to perform similar simula-
points in both the north-south direction and the east-westions.
direction. Domain 1 nearly covers the whole of Japan, and
domain 2 covers most of the Tohoku region and the Kanto2.4.2 Sensitivity studies
region where observational stations are located. The inner-
most domain has 160 160 grids and is centered at 3619, As shown in Table 1, a variety of sensitivity simula-
140.4 E. tions are carried out to evaluate the impact of differ-
The simulation uses 27 vertical levels for all domains, with ent physics/parameterizations on the atmospheric transport
the highest level at the 10 000 Pa isobaric surface (WRF useand ground deposition of radionuclides. In case EM2, the

where Wy (Bq m~2) is the wet ground deposition aridis
the height of the domain.

Atmos. Chem. Phys., 14, 110631092 2014 www.atmos-chem-phys.net/14/11065/2014/
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Figure 2. The WRF domain configurations and observational stations. Left: domain 1, 2 and 3. Right: domain 2 and 3. The red star on the
right panel represents FDNPP (source of radioactive release) and the green triangles represent observational stations where deposition ¢
radionuclides was measured (other stations are used for evaluation of the meteorological outputs of WRF).

Table 1. Description of WRF simulations. In the column for wet deposition, “precipitation” is short for the parameterization based on
precipitation and “RH" is short for the parameterization based on relative humidity.

Simulations Emissions  Microphysics  Horizontal Gaseous fraction  Size Dry Wet

diffusion scheme  of3Y distribution ~ deposition  deposition
REF JAEA WSM 6 Smagorinsky 80 % Constant size  Resistance Precipitation
EM2 TEPCO WSM 6 Smagorinsky 80% Constant size  Resistance Precipitation
MP2 JAEA Goddard Smagorinsky 80 % Constant size  Resistance Precipitation
MP3 JAEA Thompson Smagorinsky 80 % Constant size  Resistance Precipitation
DIF2 JAEA WSM 6 1.5-order TKE 80 % Constant size  Resistance Precipitation
GP2 JAEA WSM 6 Smagorinsky 100 % Constant size  Resistance Precipitation
GP3 JAEA WSM 6 Smagorinsky 60 % Constant size  Resistance Precipitation
GP4 JAEA WSM 6 Smagorinsky 30% Constant size  Resistance Precipitation
GP5 JAEA WSM 6 Smagorinsky 0% Constant size  Resistance Precipitation
SD2 JAEA WSM 6 Smagorinsky 80 % Log-normal Resistance Precipitation
DRY2 JAEA WSM 6 Smagorinsky 80 % Constant size  Simple Precipitation
DRY3 JAEA WSM 6 Smagorinsky 80% Constant size  Constgnt Precipitation
WET2 JAEA WSM 6 Smagorinsky 80 % Constant size  Resistance RH

emission rate estimated by TEPCO is used to assess thévely, to parameterize dry deposition; case WET2 uses the
uncertainty in the emission source term and its impact. Inparameterization based on relative humidity for wet deposi-
cases MP2 and MP3, two different microphysics schemestion.

the Goddard scheme and the Thompson scheme, are used toErrors including percentage bias (PBIAS), percentage root
examine the impact of microphysics schemes on rainfall andnean square error (PRMSE) and mean bias error (MBE) are
on the modeling of transport and deposition of radionuclides.used to evaluate the model performance and compare the re-
In case DIF2, the horizontal diffusion scheme is chosen to besults from different sensitivity cases. PBIAS and PRMSE are
the 1.5 order TKE scheme, as compared to the Smagorinskysed for wind speed, precipitation and total deposition; while
scheme that is used in the reference case. Cases GP2, GR3BE is only used for evaluating the wind direction for which
GP4 and GP5 are designed to assess the sensitivity of simypercentage errors are not adequate (e.g., when the observed
lated results o1 to the gas partitioning, with the gaseous value is  and the modeled value is 35%the PBIAS is
fraction of 131l decreasing from 100 to 0 %. In case SD2, the —35 800 %; when the observed value is 3%hd the mod-
log-normal size distribution 0f¥’Cs is considered; the aver- eled value is 359 the PBIAS is—0.57 %; however the abso-
age size remains 0.67 um but the standard deviation is set tlute errors of the wind direction under these two conditions
1.3 um (Kaneyasu et al., 2012). As compared to the referencare both 2).

case, cases DRY2 and DRY 3 use the simple parameterization

method and the constant deposition velocity method, respec-
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Figure 3. Simulated and observed surface wind speeds at eight stations over Japan during the period from 00:00UTC, 11 March to
00:00 UTC, 31 March 2011 (case REF). Output from the simulation is collected every 1 hour, but we only display on the figure data with 3h
resolution for clarity. Red circles represent the simulated data from WRF and the black asterisks represent the observed data.

PBIAS, PRMSE and MBE are defined as follows: by Ministry of Education, Culture, Sports, Science and Tech-
1 S (0; = My) nology (MEXT). In this study, we only select 7 of the 46 sta-
PBIAS =" i=1n ! © %100 (20)  tions to evaluate the model since most of the stations do
22 i=10i not have available data covering the period from 18 to 31
\/l S (0r — Mi)? March (all of the 46 stations do not have available data before
PRMSE= V.1 == Y %100 (21) 18 March). The seven stations are YAMAGATA, IBARAKI,
1\
2 Y40 TOCHIGI, GUNMA, SAITAMA, CHIBA and TOKYO.
MBE = * > (0= M) (22)
n == 3 Results and discussion
where O; represents the observed value avid represents
the modeled value. This section is organized in the following way: in Sect. 3.1,
the simulated wind and rainfall fields are evaluated, and their
2.5 Observational data sets impact on the atmospheric transport and ground deposition

) ) ) ] ) of radionuclides is assessed. Sect. 3.2 analyzes the contribu-
Hourly wind speed, wind directidnand rainfalf data are o of dry and wet deposition to total deposition and exam-
obtained from National Climatic Data Center (NCDC) at jnes the sensitivity of ground deposition to different param-
stations YAMAGATA, CHIBA, TOKYO, ONAHAMA, NI- gterizations of dry and wet deposition. Section 3.3 examines

IGATA, MAEBASHI, SENDAI and ISHINOMAKI. These  hq sensitivity of ground deposition to the different charac-
data are used to assess the WRF-simulated wind and raifgristics of the emission rate, the gas partitioning%f and

fall fields. Daily total deposition ot*!f and*3'Cs are mea- 10 size distribution of3'Cs.

sured by bulk samplers over 46 stations, which are provided

Lhttp://cdo.ncdc.noaa.gov/pls/plclimprod/poemain.cdobystn?
dataset=DS3505&StnList=47409099999

2http://www.ncdc.noaa.gov/cdo-web/datasets/GHCN D/
stations/GHCND:JA000047409/detalil Shttp://Mww.mext.go.jp/english/incident/1303959.htm

Atmos. Chem. Phys., 14, 1106341092 2014 www.atmos-chem-phys.net/14/11065/2014/


http://cdo.ncdc.noaa.gov/pls/plclimprod/poemain.cdobystn?dataset=DS3505&StnList=47409099999
http://cdo.ncdc.noaa.gov/pls/plclimprod/poemain.cdobystn?dataset=DS3505&StnList=47409099999
http://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:JA000047409/detail
http://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:JA000047409/detail
http://www.mext.go.jp/english/incident/1303959.htm

X. Hu et al.: Modeling and sensitivity analysis of transport and deposition of radionuclides 11073

YAMAGATA (38.256 N, 140.346 E) CHIBA (35.6 N, 140.1 E)

=) =)

Y 360 ¥ ¥ N L 360 o

R AN Y O L A Y R ST T R T TR

o 9 X "*tp %@k *§0,.. ° o % Qe %4 o O*% oF %Q% Sa * %‘o%

T 180 R TR IR, T dwd T 1sor ®0 0 %, I T

% c s = C *, & ° . % * g" e X x ¢ * *

T 9 - S AL - Y. 2O PP B g - SN 2 o

S 3/12  3/15 3/18 3/21  3/24 3/27 3/30 = 3/12  3/15 3/18 3/21  3/24 3/27 3/30

S <) ONAHAMA (36.95 N, 140.9 E)

3 360 3 360 ° W

= R 00 of B oF B

T e 9% RF Fo¥ e

S S 7

T 180 k]

o g

S S

© ©

£ £

= =

S NIIGATA (37.917 N, 139.05 E) =)

£ 360 g

5 8 . B a2 5

] * * [§]

Soof ot Whr  yn Wl S

S 52 . g 35

-co“.m‘..‘% ........ T glr oo o aoe oW O

é 3/12  3/15 3/18 3/21 3/24 3/27 3/30 é 3/12  3/15 3/18 3/21 3/24 3/27 3/30

S SENDAI (38.262 N, 140.897 E) S

L 360 Ld e 3 360

S b E > i L. ) o

s [Py midle ¢ ONOY Rteesind o

S ol e S 0o o opt, 8K 2

g 180 *ngi ou go .O% *&% Tr o M ;gé 9 180

= ° o =

° o o © 3 o

kel 0 S (<] * o]

é 3/12  3/15 3/18 3/21  3/24 3/27 3/30 é 3/12  3/15 3/18 3/21 3/24 3/27 3/30
UTC uTC

Figure 4. Simulated and observed surface wind directions at eight stations over Japan during the period from 00:00 UTC, 11 March to
00:00 UTC, 31 March 2011 (case REF). Output from the simulation is collected every 1 hour, but we only display on the figure data with 3h
resolution for clarity. Red circles represent the simulated data from WRF and the black asterisks represent the observed data.

3.1 Meteorological fields and their influence on (Table 2). These statistics are also calculated for the case us-

deposition of radionuclides ing the 1.5-order TKE horizontal diffusion scheme (DIF2)

in addition to the reference case (REF). In the Smagorinsky

This section evaluates the WRF-simulated wind and rainfallscheme, the horizontal diffusion coefficiekitis diagnosed
fields using observational data at various locations. The imfrom the horizontal strain rate magnitude, while in the 1.5
pact of wind and rainfall on the atmospheric transport andTKE scheme a prognostic equation for turbulent kinetic en-
ground deposition of radionuclides is also examined. In parergy (TKE) is used, an& is based on the TKE. The ver-
ticular, the sensitivity of deposition to different microphys- tical diffusion coefficient for both cases are computed by
ical parameterizations and horizontal diffusion schemes inthe Planetary Boundary Layer (PBL) scheme. The values of

WREF is investigated. PBIAS, PRMSE and MBE are quite close for both cases.
) ) ] ] However, as shall be seen later, the subtle differences in the

3.1.1 Evaluation of WRF-simulated wind and rainfall wind fields generated by using two different horizontal dif-
fields and their sensitivity to the horizontal fusion schemes can result in significant differences in the

diffusion and microphysics schemes ground deposition of radionuclides. It is clear that the PBIAS

: . N . for wind speed at CHIBA, SENDAI and ISHINOMAKI are
WRF-simulated wind speed and direction at 10 m in the ref—I wer than 7% and the PRMSE at these three stations are

erence case (REF) from domain 2 are compared 1o observe so lower than at other stations. The PBIAS and PRMSE

data over eight stations in Japan and the results are show, . - :
in Figs. 3 and 4. The wind fields simulated by WRF show ai%r wind speed at YAMAGATA are significantly higher than

q t with the ob i ¢ t of the stati those at other stations, which is in agreement with Figs. 3
good agreement wi € observations at most ot the stallong, y 4 - A for the wind direction, the MBE at CHIBA, NI-

\S/\l;g;as C!:IBA,“SENDAItgndtISdHtlrl:IOI\/_lAdKl. Ne\c/jertth\((al\el\ji IGATA and ISHINOMAKI are lower than 30 Nevertheless,
S'gn.' Icantly overeg ima e. € vym spee a " at YAMAGATA, the MBE of wind direction is about 50for

.GATA durmg the V\.’hOI? S|m_ulat|_on period, W'th. correspond- both diffusion schemes. The YAMAGATA station is located

ingly large biases in wind direction at that station. in an area surrounded by mountains, thus the large biases in

The biases in the WRF-simulated wind fields are quanti- : : . I
fied using PBIAS, PRMSE, and MBE as introduced in Sect. 2the simulated wind speed and wind direction at YAMAGATA
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Figure 5. Simulated and observed daily precipitation at eight stations over Japan during the period from Japan standard £#nméT@ST
+9) 11 to 31 March 2011. Red circles represent the simulated data from WRF and the black asterisks represent the observed data.

may be due to the coarse grid resolution (3km, domain 2)in case REF or MP2 is significantly larger than that in case
that is unable to resolve the subgrid-scale topography. MP3.

The simulated daily precipitation rate in the reference case The errors associated with the simulated rainfall fields are
(REF) is also compared to observational data at the eight staguantified by PBIAS and PRMSE, as shown in Table 3. It
tions and the results are shown in Fig. 5. The WRF-simulateds clear that the PBIAS values at most of the stations are
daily precipitation is in good agreement with the observa-lower than 30 % while the PRMSE values are about 200 %;
tions except at YAMAGATA, SENDAI, and ISHINOMAKI. this indicates that although there are large biases associ-
At YAMAGATA, the WRF-simulated rainfall is a day ahead ated with the time series of rainfall, a significant fraction
of the observed rainfall and the maximum rainfall rate is sig- of these biases are related to timing and the averaged or
nificantly underestimated by WRF. At SENDAI and ISHI- the accumulated rainfall (which cancel the timing errors and
NOMAKI, the maximum rainfall rate is not captured well by are hence more accurately represented by PBIAS) are fairly
WRF, but the timing is almost correct. In order to examine well captured by WRF. This is not the case at station ISHI-
the sensitivity of simulated rainfall to different microphys- NOMAKI where the values of PRMSE and PBIAS are ex-
ical parameterizations, the precipitation patterns generatettemely high. This is because the observational data at this
from three different microphysics schemes are compared irstation is only available after 20 March when the precip-
Fig. 6 (REF with WSM 6, MP2 with Goddard, MP3 with itation is significantly overestimated by WRF simulations
Thompson). The left panels show the daily precipitation on(as shown in Fig. 5). The comparison among the three mi-
21 March and the right panels show the accumulated preerophysical schemes shows that case REF yields the least
cipitation from 11 to 31 March over domain 2. Both the PBIAS at CHIBA, NIIGATA, MAEBASHI, SENDAI, and
daily precipitation on 21 March and the accumulated pre-ISHINOMAKI. In particular, the PBIAS from case REF are
cipitations show quite similar patterns overall, but there aresignificantly smaller than those from cases MP2 and MP3
differences observed among the three cases with the differat NIIGATA, MAEBASHI, and SENDAI. At TOKYO, the
ent microphysical parameterizations. For example, in the leftPBIAS from case REF is comparable to that from case MP2,
panels, around 35.5-36l, 138.5-140.5E (as outlined by  while at ONAHAMA itis comparable to that from case MP3.
the black circles in Fig. 6) where the maximum precipita- Only at YAMAGATA does the REF case produce the largest
tion occurs, the area with high precipitation values (> 20 mm)PBIAS; nonetheless, all of the three microphysical schemes
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Table 2.The PBIAS and PRMSE of wind speed and MBE of wind direction with different horizontal diffusion schemes. “YA’, “CH”, “TOK”,
“ON”, “NI", “MA", “SE” and “IS” represent the stations “YAMAGATA", “CHIBA, “TOKYQO”, “ONAHAMA’, “NIIGATA’, “MAEBASHI”,
“SENDAI” and “ISHINOMAKI”, respectively.

Errors Cases YA CH TOK ON NI MA SE IS
PBIAS of REF 124 % 4% 28% 16% 58% 57% 7% 4%
wind speed DIF2  127% 2% 27% 19% 57% 64% 11% 3%

PRMSE of REF 170% 51% 73% 62% 76% 93% 65% 56 %
wind speed DIF2 176% 50% 73% 63% 76% 98% 64% 56.57%

MBE of wind REF 492 284 327 343 249 370 431 30.3
direction DIF2 50.0 309 314 336 235 36.2 422 26.7

yield very small PBIAS at YAMAGATA. As such, it can be the south of FDNPP). The results of bdi and13"Cs in-
concluded that the WSM 6 microphysical scheme used indicate that the difference between REF and DIF2 is small at
case REF performs the best among the three schemes exai@HIBA but large at YAMAGATA. At YAMAGATA, the total

ined here, at least for this study. daily deposition of botH3Y and13’Cs in REF is only about
half of that in DIF2 on 20 March, while it is slightly higher
3.1.2 Influence of wind and rainfall on the transport in DIF2 than that in REF on 22 and 25 March. Much larger
and deposition of radionuclides differences are seen among different microphysics schemes

at both CHIBA and YAMAGATA. For example, at YAMA-

In order to illustrate the impact of wind fields on the atmo- GATA on 20 March, the deposition df’Cs simulated by
spheric transport of radionuclides, the concentration mapREF is about 3.9kBq m? and it is close to the observed
of 133 at the lowest level of the atmospheric model at four value; while in MP2 and MP3, the amounts of deposition
different times (i.e., 00:00, 06:00, 12:00, 18:00 UTC) on 21 are 2.2 and 7.9kBqn?, respectively. Figure 8 also illus-
March are illustrated in the upper four panels of Fig. 7, alongtrates that the ground deposition of radionuclides are sen-
with wind vector field. At 00:00 UTC, the transport of the sitive to both horizontal diffusion schemes and microphysi-
radionuclides from FDNPP is driven by northerly winds (to- cal schemes. This however does not contradict our previous
wards the south). One can also notice the large concentréinding that at the eight stations with measurements of wind
tions to the east, over the Pacific Ocean, and to the north o§peed and wind directions, the biases generated by the two
FDNPP at 00:00 UTC that are probably the remnants of percases using different horizontal diffusion schemes are rela-
vious northeastward winds. The transport direction changesively similar. The daily accumulated ground deposition at
with wind and becomes northeasterly (towards the south-one particular location is in fact affected by winds over the
west, from the source to the Kanto region) from 12:00 to upwind fetch as well as turbulence levels at a given location.
18:00 UTC gradually. The bottom panels of Fig. 7 shows theHence, despite the fact biases seen in the wind fields over
accumulated daily dry and wet deposition on 21 March. Asthe eight stations are similar for the two horizontal diffusion
suggested by the concentration maps, the deposition is highschemes, the turbulence and upstream winds in the two cases
est in the Kanto region that lies southwest of FDNPP. Dryare not necessarily similar. Furthermore, small differences in
deposition is small compared with wet deposition and thewind fields can generate relatively larger differences in pre-
two depositions display different spatial patterns. In this REFcipitation patterns and locations and thus influence wet de-
case, the parameterization of wet deposition is based on preposition. As such, subtle differences seen in the wind field in
cipitation. As shown in Fig. 6, there is a large amount of pre-Table 2 might result in significant differences in the ground
cipitation in the southwest area and hence the wet depositiodeposition depending on the sensitivity of ground deposition
is also high over this area. Thus, it is evident that the groundand precipitation to the wind field. In addition, the terrain
deposition, including dry and wet deposition, is influenced may also influence the deposition indirectly. For example,
by both wind and rainfall. the YAMAGATA station is located in an area surrounded by

The total deposition from cases using different horizontal mountains, so the inhomogeneous terrain might not be well
diffusion schemes and microphysical schemes are comparedescribed by the coarse resolution (3km, domain 2) sim-
in Fig. 8, where we show the daily total deposition at stationsulations (that is, the WRF model is unable to resolve the
YAMAGATA and CHIBA as two examples. Both of the two subgrid-scale topography), which may be an important rea-
stations have typical terrains of Japan, but they are differentson that large biases are witnessed in the simulated precipi-
The YAMAGATA station is located in the north of Japan (on tation. Considering the complex terrain, subtle differences in
the northwest of FDNPP), where surrounded by mountainsthe wind fields in this grid box may have larger influence on
while the CHIBA station is located in the Kanto Plain (on
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Figure 6. The simulated precipitation over domain 2 with three different microphysics schemes. Microphysics schemes WSM 6, Goddard

and Thompson are used in case REF, MP2 and MP3, respectively. The left column shows the daily precipitation on 21 March and the right
column shows the accumulated precipitation from 11 to 31 March.
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Table 3.The PBIAS and PRMSE of precipitation with different microphysics schemes. “YA’, “CH”, “TOK”, “ON”, “NI”, “MA", “SE” and
“IS” represent the stations “YAMAGATA", “CHIBA", “TOKYQ”, “ONAHAMA’, “NIIGATA", “MAEBASH]I", “SENDAI" and “ISHINO-
MAKI", respectively.

Errors Cases YA CH TOK ON NI MA SE IS
PBIAS REF —-17% 2% 29% 18% —20% 14% —7% 285%
MP2 5% 35% 30% 13% —33% 50 % 24% 489 %
MP3 —-9% 3% 1% 18% —-33% 39% 28% 282%

PRMSE REF 190% 101% 282% 136% 182% 197% 204% 463 %
MP2 156% 153% 297% 196% 177% 213% 198% 1009%
MP3 157% 118% 250% 149% 172% 156% 215% 414 %

the precipitation than that in the plain, which then generatebut not in PRMSE. Overall however, since one is interested

large differences in precipitation and deposition. in total deposition even if the timing if not very accurate,
The PBIAS and PRMSE of total deposition 8t and PBIAS might be a better measure of the ability of WRF to

137cs with different horizontal diffusion schemes and micro- simulate the environmental impact of radionuclides deposi-

physics schemes are presented in Tables 4 and 5, respectivetion from the Fukushima accident.

In order to evaluate the performance of different schemes in

a quantitative and consistent way, a ranking system is pro3.2 Dry and wet deposition

posed. At each station, a local rank (LR) is assigned to each
scheme. The scheme with the smallest error has rank 1 andilis section éxamines the contributions of dry and wet de-
the scheme with the second smallest error has rank 2, etdoosition to total deposition, and examines the sensitivity of
Then a global rank (GR) is calculated by summing the local9round deposition to different parameterizations of dry and
rank of each scheme over all stations. Finally, the global rankVet deposition processes.
calculated with PBIAS and that calculated with PRMSE are
summed up to yield a summed global rank (SR), which is
used to compare the performance of different parameteriza-
e e i & aee  BTONTS \imulted ol cly deposions 31 and 7Cs om 11
. . - "\ 31 March at various locations indicate that the total daily
shown in Table 4, the errors in case REF are close to those i
case DIF2. However, the global ranks inferred from PBIAS
and PRMSE are lower in case DIF2 than those in case RE
for both 1311 and 13Cs, indicating that, globally, using the

3.2.1 Contributions of dry and wet deposition to total
deposition

Qepositions o34 and137Cs are significant at all of the seven

'§tations during two periods: from 15 to 16 March (not shown)

and from 20 to 23 March. These periods with high total daily

: - depositions correspond to periods with high emission rates

tlHS ordgr T,:EE ;ch.emet Firgd'CtS the glg(rounr(]j deposition bEme{grom the source (Fig. 1). Since there is no observational data
an using the horizontal smagorinsky scheme. - . for ground deposition before 18 March, the following analy-

: Tablelglshowlsé;he errors In S|muI§ted tota_l daily delOOS"ses will focus on the period from 18 to 31 March, with max-

tions of ™1 and **'Cs with different microphysics schemes. imum total daily depositions occurring from 20 to 23 March.

i i 0,
:)tvlsrst?]c()awsne:/r:;]t Etglﬁ)ﬁslneitlzlethtriﬁa(i?ésfcssa; -?glg\;y”lgcio /0 Comparisons between simulated total daily depositions of
P 13l and 137Cs and observational data are shown in Fig. 9.

1
angl%L(J:NMA.lHowe;/her, rr;gzt(;f the PR'YIIS.E \_Il%%ejlétl q During the period from 18 to 31 March, simulated total
an S are farger than 0, especially In an daily depositions generally follow the pattern observed in

37, N 0% i
Eggl';ﬂrﬁ‘jv;??é;?s ZrR%?)E/O*n tch:Z Ic?tr?(\a/?'[ 152213/2 én Scasees he measurements; however, the simulations significantly un-
v o W » SUGGESHA estimate the observed deposition peak34f around 20

ing that the model cannot capture the total daily deposition of 25 March at most stations. As f&#’Cs. the total daily
1¥7Cs at these two stations. Case REF has the lowest gIObag)epositions are overestimated at TOCH,IGI, GUNMA and

(o Dased on boih tpt'?]'gst‘hae”rg.gs“ﬁsgc‘?;::ﬂ:ww SAITAMA and underestimated at YAMAGATA, IBARAKI
» WHICh SUggests cropnysi nd CHIBA, which is consistent with the results reported by

can better predict the total daily deposition than the GoddarcﬁIorino et al. (2011) using a CMAQ model coupled with

scheme and the Thompson scheme. The much higher Valu‘WRF in their study. Morino et al. (2011) indicated that the

of PRMSE compared to PBIAS indicates that a Slgnlflc"’mtdeposition rates of*’Cs at IBARAKI were underestimated,

component of the errors are due to time shifts in the dep03|-but those at the TOCHIGI. GUNMA and SAITAMA were
t'f).n patterns. Ove_restlmatlt_)ns and underesnmatlo_ns Ofdepoévere:stimated by their model. The reasons of differences
sition at various times partially cancel each other in PBIAS

'between the observed and simulated data are multiple and
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Figure 7. The near-surface concentration and ground depositio?‘?hfon 21 March. The upper four panels show the distribution of
concentration off3 at the lowest level of the atmospheric model at four different times (i.e., 00:00, 06:00, 12:00, 18:00 UTC) on 21
March, in which the near-surface concentration is represented by instantaneous values. The bottom panels show the dry and wet depositiol
accumulated during 21 March. The results are from the simulation REF.
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Figure 8. Daily total depositions in station YAMAGATA and CHIBA with different horizontal diffusion and microphysics schemes.

Table 4. The PBIAS and PRMSE of total daily depositions 5#1 and 137Cs with different horizontal diffusion schemes. GR repre-

sents the global ranks for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown

in Sect. 3.1.2. “YA, “IB”, “TOC”, “GU”, “SA", “CH” and “TOK” represent the stations “YAMAGATA’, “IBARAKI", “TOCHIGI",

“GUNMA’, “SAITAMA’, “CHIBA" and “TOKYQO", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR
PBIAS REF -36% -82% -46% -39% -75% -87% -80% 12 24
of13  DIF2 -28% -80% -55% -55% -—72% -—84% —79% 9 18
PRMSE REF 235% 187% 149% 87% 151% 187% 176% 12 24
of13y  DIF2  288% 183% 143% 134% 150% 181% 174% 9 18
PBIAS REF -36% -43% 218% 157% 65% —-34% -5% 11 22
of13’cs DIF2 -51% -43% 203% 96 % 80% —29% —1% 9 19
PRMSE REF 55% 167% 977% 452% 369%  52%  44% 11 22
of137Cs  DIF2 97% 168% 972% 317% 416% 39% 51% 10 19

sometimes dependent on each other. The discrepancies aséion over all of the stations for bott?ll and 13’Cs. The
partly due to the uncertainties in emissions and partly dueexceptions are TOCHIGI where the dry depositionl&f
to the uncertainties in the simulated meteorological condi-contributes about half of the total deposition on 21 March
tions including wind fields and precipitation. From Fig. 9, it and YAMAGATA where the dry deposition df! is about
is clear that the total deposition is dominated by wet depo-1/3 of the total deposition on 20 March.

www.atmos-chem-phys.net/14/11065/2014/
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Table 5. The PBIAS and PRMSE of total daily depositions'dfl and137Cs with different microphysics schemes. GR represents the global
ranks for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown in Sect. 3.1.2. “YA",
“IB”, “TOC”, “GU”, “SA", “CH” and “TOK” represent the stations “YAMAGATA", “IBARAKI", “TOCHIGI”, “GUNMA’, “SAITAMA’,

“CHIBA’ and “TOKYQ", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR

PBIAS REF -36% —-82% —-46% -39% -75% -87% -80% 12 23
of 134 MP2  -22% —-87% —66% —-8% —-71% -90% -—-84% 12 24
MP3 —-34% -89% —-51% 23% -83% -94% -85% 18 35

PRMSE REF 235% 187% 149% 87% 151% 187% 176% 11 23
of 134 MP2  334% 194% 145% 79% 150% 192% 181% 12 24
MP3  104% 200% 145% 173% 158% 201% 182% 17 35

PBIAS REF -36% -43% 218% 157%  65% -34% -5% 10 20
of137Cs MP2 -48% -62% 192% 297%  83% —-42% -26% 16 31
MP3 8% -55% 272% 496%  17% —73% -29% 16 33

PRMSE REF 55% 167% 977 % 452%  369% 52% 4% 10 20
of 137Cs  MmP2 90% 169% 926 % 763% 431% 78 % 48% 15 31
MP3 154% 142% 1216% 1207% 227% 176% 50% 17 33

Figure 10 examines the spatial distribution of accumulatedsition, and with the parameterization based on precipitation
dry and wet depositions f1 and'3’Cs over domain 2 from  rate for wet deposition), DRY2 (with the simple parameteri-
11 to 31 March. Fo3Y, the area with dry deposition over zation method for dry deposition), DRY3 (with the constant
100kBqnT? is concentrated near the source and is muchdry deposition velocity) and WET2 (with the parameteriza-
smaller than the area with wet deposition over 100 kBdm tion based on relative humidity) are compared. In Fig. 11 the
The spatial distribution of the accumulated wet depositiontotal daily depositions at stations IBARAKI and TOCHIGI
does not exactly follow that of the accumulated precipitationare shown as examples. The deposition from case REF and
that was shown in Fig. 6, suggesting that other factors such aBRY?2 are nearly the same during the whole period. Except
wind, concentration fields, and the emission rate also play arfior 131 at TOCHIGI, the deposition from case DRY3 is also
important role in determining the distribution of wet deposi- very close to that in case REF and DRY2. The reason why
tion. The wet deposition dfll in the northeast area is much different dry deposition parameterizations do not alter the to-
larger than the dry deposition, while along the east coast, théal daily deposition oft3} at station IBARAKI and those
dry deposition is sometimes higher than the wet depositionof 137Cs at stations IBARAKI and TOCHIGI significantly is
This implies that wet deposition does not necessarily domi-that they are dominated by wet deposition. At TOCHIGI, the
nate over dry deposition at all locations. dry deposition of3Y contributes nearly the same to the total

As for 137Cs, the pattern of dry deposition is quite differ- deposition as wet deposition, as can be seen from Fig. 9. As
ent from that of311; and most of the areas have values lower such, the total deposition éf1l at TOCHIGI is sensitive to
than 5kBqm2. The reason for these differences is that thethe dry deposition parameterizations in WRF. Nevertheless,
dry deposition parameterizations depend on resistances th#te results from REF and DRY2 are still very close t8H
are quite different betweer?!l and13’Cs, and the dry depo- at TOCHIGI, suggesting that the resistance method and the
sition velocity of13’Cs is much smaller than that of gaseous simple parameterization yield similar dry daily depositions.
13Y The wet deposition, on the other hand, shows a simi- As shown in Fig. 11, the total daily depositions in case
lar pattern to that of3Y, but the values are slightly lower WET2 (parameterization based on relative humidity) are sig-
than those o311 in some areas such as north of Fukushima. nificantly lower than those in case REF for bdtHl and
These comparisons imply that the dry and wet depositions of3’Cs at these two stations. For example, in TOCHIGI, the
different radionuclides are affected by wind and rainfall in deposition of'3’Cs from case WET2 is only half of that

different ways. from case REF. Thus, the total deposition is more sensitive
to the choice of the wet deposition scheme than to the choice

3.2.2 Sensitivity of ground deposition to the of the dry deposition scheme, which is due to the fact that
parameterizations of dry and wet deposition the total depositions at these two stations are dominated by

o . . ) wet depositions. However, at TOCHIGI, the comparison of
To assess the sensitivity of total daily depositions to dn‘ferentthe different simulations of34 (Fig. 11, upper right panel)

dry and wet deposmpn paramgter|zat|on schemes, the resu'ﬁﬁdicates that the parameterizations of two depositions (i.e.,
from cases REF (with the resistance method for dry depo-

Atmos. Chem. Phys., 14, 110631092 2014 www.atmos-chem-phys.net/14/11065/2014/



X. Hu et al.: Modeling and sensitivity analysis of transport and deposition of radionuclides 11081

- 311 at YAMAGATA < 137Cs at YAMAGATA

£ 100 £ 16

2 ——— TOTAL 3 ——— TOTAL

24 ° ———— WET 24 ——+—— WET

g 50 . OBS £ 8 . OBS

§ 0 YAY/-\¢ —r 2 0 v"/\;‘LT —t

§ 3/18 3/20 3/22 3/24 3/26 3/28 3/30 g 3/18 3/20 3/22 3/24 3/26 3/28 3/30
- 1317 at IBARAKI < 137 Cs at IBARAKI

£ 100 ——5— _— £ 16 —

e ° ——— TOTAL A . ——— TOTAL

24 ———— WET () —+—— WET

= 50 e  oOBS = 8 e  OBS

g .Ao ‘g

E -+ g o+—+ B e S e S

8 3/18 3/20 3/22 3/24 3/26 3/28 3/30 é’ 3/18 3/20 3/22 3/24 3/26 3/28 3/30
B 1317 at TOCHIGI « 137 Cs at TOCHIGI

£ 100 E 16

a m——f—— TOTAL A m——f—— TOTAL

= ———— WET <4 —+—— WET

= 50 e  OBS = 8 e  0BS
DN [ AN

R e e S g ga——L s

8 3/18 3/20 3/22 3/24 3/26 3/28 3/30 8 3/18 3/20 3/22 3/24 3/26 3/28 3/30
B BT at GUNMA B 1375 at GUNMA

£ 100 E 16

R m——f—— TOTAL R m——f—— TOTAL

< ———— WET S —+—— WET

g 50 . OBS g 8 . 0BS

g 04— :A‘Y S S S e S S g 04— A —

5 3/18 3/20 3/22 3/24 3/26 3/28 3/30 5 3/18 3/20 3/22 3/24 3/26 3/28 3/30
~ 131 ~ 137
a I at SAITAMA N Cs at SAITAMA

£ 100 _— £ 16 ———————

2 ——f— TOTAL R ——f— TOTAL

=< ———— WET 4 —+—— WET

= 50 . OBS = 8 . OBS

S S A

= L] =

g o+—+ 2/\4 — g g+——¥ " ———————+

E 3/18 3/20 3/22 3/24 3/26 3/28 3/30 8 3/18 3/20 3/22 3/24 3/26 3/28 3/30
< 1311 at CHIBA < 137Cs at CHIBA

£ 100 : — — £ 16 — —

& ——— TOTAL & ——— TOTAL

24 ——f—— WET % ——+—— WET

= 50 e  0BS = 8 e  0BS

.S .S

Z s ° E

S b=t o+ &+ + + + g o+—+ A e ey

E 3/18 3/20 3/22 3/24 3/26 3/28 3/30 g 3/18 3/20 3/22 3/24 3/26 3/28 3/30
< BT at TOKYO - 137 s at TOKYO

£ 100 _— £ 16 ——

& e TOTAL & m——f—— TOTAL

24 ———— WET 24 ———— WET

= 50 e  OBS = 8 e  o0BS

8 o o g A

é 04—+ 4/'\'7 — § 0+—+—¥ 4

8 3/18 3/20 3/22 3/24 3/26 3/28 3/30 8 3/18 3/20 3/22 3/24 3/26 3/28 3/30

UTC UTC

Figure 9. The comparison between simulated (REF case) total daily depositions and the observed#4@nafl3/Cs.

wet deposition and dry deposition) have comparable influ-zations are shown in Table 6 and Table 7, respectively. The
ences on the results. This is because their relative contribuPBIAS and PRMSE in REF, DRY2 and DRY3 are quite simi-
tions to the total deposition are comparable, as can be sedar, suggesting that the total daily deposition for this accident
from Fig. 9. is not sensitive to the choice of the dry deposition scheme,
The PBIAS and PRMSE of total daily depositions'dtl again we reiterate that this can be different for other cases
and137Cs with different dry and wet deposition parameteri- where the dry deposition contributes a larger fraction of the
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Figure 10. Distribution of accumulated dry and wet depositioné%h and137Cs over domain 2 in the reference case (REF) from 11 to 31
March. The upper panels show the accumulated dry and wet deposiili%H;dhe area with dry deposition over 100 kB(t His concentrated
near the source and is much smaller than the area with wet deposition over 100€Bje lower panels show the accumulated dry and wet
deposition of37Cs, the pattern of dry deposition is quite different from thatdf and most of the areas have values lower than 5 kBﬁ.m

total deposition. This is in agreement with Fig. 11. To se-recommendation about the choice of the optimal dry deposi-
lect the “best” dry deposition scheme, the sum of global ranktion model.

(SR) is compared. Case REF and Case DRY2 have the low- The PBIAS and PRMSE in case WET2 are of the same
est SR fort31| while case DRY3 has the lowest SR fCs, magnitude over most of stations as those in case REF. As
indicating that the resistance method and the simple paramfor 131, case REF has the lowest SR; while f6fCs, case
eterization have the best performance in capturing the totaWET2 has the lowest SR. These results suggest that using
deposition of'31. Note the gas partitioning of*ll at the  the wet deposition parameterization based on precipitation
source is chosen to be 80 % as recommended by several stuthte can predict the total daily deposition'dl better, while

ies and changing this value may alter our results. The methodor capturing the total daily deposition 8f’Cs, using the
with a constant dry deposition velocity (0.05crishas the  wet deposition parameterizations based on relative humidity
best performance in capturing the total depositiod%€s, has a better performance.

which essentially precludes making any robust inferences or
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Figure 11. Daily total depositions in station IBARAKI and TOCHIGI with different dry and wet parameterizations.

Table 6. The PBIAS and PRMSE of total daily depositionsléf'l and137Cs with different dry deposition schemes. GR represents the global
ranks for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown in Sect. 3.1.2. “YA’,

“IB”, “TOC”, “GU", “SA’, “CH" and “TOK” represent the stations “YAMAGATA", “IBARAKI", “TOCHIGI", “GUNMA’, “SAITAMA’,
“CHIBA’ and “TOKYQ", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR

PBIAS REF -36% -82% -46% -39% -75% -87% -80% 7 16

of 13Y DRY2 -36% -82% -46% -39% -75% -87% —80% 7 16
DRY3 -50% -82% -69% -45% -79% -87% -82% 17 28

PRMSE REF 235% 187% 149% 87% 151% 187% 176% 9 16
of 13]) DRY2 235% 187% 149% 87% 151% 187% 176% 9 16
DRY3 257% 186% 148% 104% 155% 187% 179% 11 28

PBIAS REF —-36% -43% 218% 157%  65% —-34% -5% 11 26
of13’Cs DRY2 —-36% -43% 217% 157% 65% -34% -5% 10 22
DRY3 -39% —44% 212% 153% 59% —-35% -7% 11 20

PRMSE REF 55% 167% 977% 452% 369%  52%  44% 15 26
of137Cs  DRY2 55% 167% 974% 451% 368%  52% @ 44% 12 22
DRY3 59% 166% 963% 442% 353% 55%  40% 9 20

www.atmos-chem-phys.net/14/11065/2014/ Atmos. Chem. Phys., 14, 1106992 2014
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Table 7.The PBIAS and PRMSE of total daily depositions'dtl and137Cs with different wet deposition schemes. GR represents the global
ranks for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown in Sect. 3.1.2. “YA",

“IB”, “TOC”", “GU", “SA", “CH” and “TOK” represent the stations “YAMAGATA", ‘IBARAKI’, “TOCHIGI", “"GUNMA", “SAITAMA’,
“CHIBA’ and “TOKYQ", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR

PBIAS REF —-36% —-82% —-46% -39% —-75% -—-87% —-80% 8 17
of 134 WET2 -25% -89% —-64% -57% —-75% -91% -82% 12 24

PRMSE REF 235% 187% 149% 87% 151% 187% 176% 9 17
of 13y WET2 219% 198% 144% 154% 152% 195% 178% 12 24

PBIAS REF —-36% -43% 218% 157%  65% —34% -5% 12 22
of137Cs WET2 -31% -65% 64% 56% 87% —30% 3% 9 20

PRMSE REF 55% 167% 977% 452% 369% 52% 4% 10 22
of 137Cs  WET2 61% 172% 445% 228% 414% 47 % 56% 11 20
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Figure 12.Daily total depositions in station GUNMA and TOKYO with different emission rates, gas partitionit}ldnd size distribution
of 137Cs.

3.3 The influence of emission rates and characteristics  the figure, there are significant differences in the daily depo-
sitions of 134 and 13’Cs at these two stations between the
case using the emission rate estimated by JAEA and the case

This section examines the sensitivity of ground deposition Ofusing emission rate estimated by TEPCO. The simulated de-

131 and1¥7Cs to the different characteristics of the emiSSiO”Tpositions using the emission rate estimated by JAEA (REF)

source, including the emission rate, the gas partitioning ofgre |ower than those from the case using emission rate esti-

131|, and the size distributions éf’Cs. Figure 12 shows the mated by TEPCO (EM2) on 19-23 March when deposition

WRF-simulated and observed daily depositions%f and  gccurs at these two stations. In particular, at GUNMA, the
137Cs at stations GUNMA and TOKYO. As can be seen in
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deposition of'31] in EM2 is about 15 times that in REF and suggests that the GP4 case with gaseous fraction of 30 %
the deposition of3’Cs in EM2 is about 4 times of that in gives the best result, while the PRMSE indicates that the GP3
REF. Figure 13 depicts the spatial patterns of the accumuease with gaseous fraction of 60 % yields the best result. The
lated depositions 0?1l and13’Cs from REF and EM2 from  two cases also have very close SR values (the SR of GP4 is 28
11 to 31 March. Fot®l], the area with accumulated deposi- and that of GP3 is 27). Since there were no simulations with
tion exceeding 100 kBq If is much larger in EM2 than that  intermediate gaseous fractions, the results can only indicate
in REF, covering nearly half of domain 2 over the southeastthat the optimal gaseous fractions'dtl lie somewhere be-
area. Fort®’Cs, in the west of FDNPP (37-38l, 139.5- tween 30 or 60 % for the model setup in this study, which is
140.8 E), REF produces higher depositions than EM2. Thealso consistent with the result from the study by Momoshima
above results clearly demonstrate that the emission rategt al. (2012).
and their temporal distributions, have a major influence on WRF-simulated total daily depositions éf’Cs at the
ground deposition of radionuclides. Temporal variability is seven monitored stations using a log-normal size distribution
important since it interacts with changes in wind speed andor 13’Cs emission (i.e., case SD2) are compared with those
direction to result in the concentration maps that produce theusing a constant particle size (i.e., case REF) in the bottom
deposition maps. panels of Fig. 12. The results at GUNMA and TOKYO indi-
The PBIAS and PRMSE of total daily depositions’é#l cate that the difference between REF and SD2 is small during
and3’Cs with different emission rates are shown in Table 8.the period of 18—-30 March. The comparisons at the other five
It is evident that the PBIAS and PRMSE of the total daily stations show similar results (not shown here). Consequently,
depositions of31l and 13’Cs in case EM2 are significantly the total deposition of3’Cs is not very sensitive to the size
higher than those in case REF over most of the stations, indistribution from the comparisons at these 7 stations. This
dicating that case REF better reproduces the observationss also consistent with the study by Morino et al. (2013), in
This is also reflected by the lower SR value of case REFwhich the reference case and the sensitivity case have nearly
Morino et al. (2013) used different emission data sets in theirthe same errors including FAC2, FAC10 (the proportions of
CMAQ model simulation for the same accident and also re-simulated data that reproduce the observations within a fac-
ported that the emission rate estimated by TEPCO generallyor of 2 or 10, respectively) and the correlation coefficient
overestimated the observations, which agrees with the resultsetween the observed and simulated depositions.
reported in this paper. The PBIAS and PRMSE of total deposition '6fCs with
In addition to emission rates, the gas partitioning-ti two size distributions are shown in Table 10. As can be seen,
and the size distribution df’Cs are the two emission char- the PBIAS and PRMSE values are similar in the two cases,
acteristics examined in our study. In the cases REF, GP2which is consistent with Fig. 12. The SR value in case SD2
GP3, GP4 and GP5, the gaseous fractiod®F is defined (= 20) is slightly lower than that in case REE 22), which
as 80, 100, 60, 30 and 0 %, respectively. As shown in the topndicates that the case with a log-normal distribution for the
panels of Fig. 12, total daily depositions b¥l increase as  size of 13’Cs in the emission has a slightly better perfor-
the gaseous fraction decreases (i.e., as the fraction of particumance than the case with uniform particle sizé%9€s.
late species increases from GP2 to GP5), which is especially
prominent at the station in TOKYO. This result indicates that 3-4 The assessment of the sensitivity of the total daily
the total deposition of3!] is sensitive to its gas partitioning deposition to the model physics and inputs

at the source, which has high uncertainty (Sportisse, 2007). o i .
The fact that total daily depositions increase as the gaseou 0 assess the sensitivity of the total daily deposition to all of
e model physics and inputs, the difference between the er-

fraction decreases also suggests that for the same amount

radionuclides released from the source (these two station&r in the reference case and that in specific sensitivity cases

are considered far from the source), more particulate specie'§ calculated and compared. Table 11 shows the averaged ab-

can be transported to the stations far away from the Sourc?é)flg:gr:/iucea(s)fetgﬁgitgzeir?%eiff(gér?t)sbeer?gg\?irt] tzgseggo(!” thtehe
than gaseous species. Th|§ is because.that gas&ohss a AAD for PBIAS of 131 between REF and El)\//lz o (%)
larger dry deposition velocity than particuldt&!; as a re- '

sult, larger amounts of gaseotil deposit within a smaller AAD iS defined as follows:

area around the source (at least according to the depositiogap — (Z” |ErTolRer — ErrOFSENs(i)I) /n, (23)

models used here). Hence, less gasédtiss transported to i=1

areas that are far away from the source. Apart from that, thevhere Errogeris the error in the reference case, EgigNsis

change in the partitioning 31l over time is also associated the error in the specific sensitivity casds the index of the

with a high uncertainty, which may influence the removal observational station and is total number of the stations,

rates since the gas to particle conversioh®F typically oc- heren =7.

curs on time scales from 2 to 3 weeks (Masson, 2011). In order to compare the sensitivity of the total daily depo-
The PBIAS and PRMSE of total deposition b1 with sition to all of the model physics and inputs, the sensitivity

different gaseous fractions are shown in Table 9. The PBIASs divided into three groups based on AAD. If AAD >40 %,
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Figure 13. Distribution of accumulated total depositions ¥4 and 137Cs over domain 2 with different emission rates. Emission rates
estimated by JAEA are used in case REF and those from TEPCO are used in case EM2.

the sensitivity is defined to “very sensitive”, if AAD >10% WET?2 are larger than 40 %, so the total daily deposition is

and <40 %, the sensitivity is defined to “moderately sensi-also very sensitive to the microphysics schemes and wet de-

tive”, while if AAD <10 %, the sensitivity is defined to “not  position parameterizations, and it is moderately sensitive to

sensitive”. the horizontal diffusion schemes and the size distribution, but
It can be seen that the AAD in terms of both PBIAS and it is not sensitive to the dry deposition parameterization.

PRMSE for botht3lf and137Cs is larger than 100 % for REF

(with emission estimated from JAEA) — EM2 (with emission )

estimated from TEPCO), thus the total daily deposition is4 Conclusions

very sensitive to the imposed emission rate. Based on AAD,_ .
we can also conclude that fbt4, the total daily deposition is This paper focuses on the atmospheric transport and ground
.deposition of radionuclides following the Fukushima Dai-

moderately sensitive to the microphysics schemes, the hori:

zontal diffusion schemes, gas partitioning and wet depositio ¢ accident using the WRF-Chem model and observational

parameterizations, and the total daily deposition is not sensid@ta- The sensitivity of WRF-simulated results to a variety of

tive to the dry deposition parameterization. E¥Cs, almost parameters, including microphysics schemes, horizontal dif-
all of values of AAD for REE-MP2. REE-MP3 and REE- fusion schemes, parameterizations for dry deposition and wet
’ deposition, the emission rate, the gas partitionintpdf and
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Table 8. The PBIAS and PRMSE of total daily depositions’dfi and137Cs with different emission rates. GR represents the global ranks
for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown in Sect. 3.1.2. “YA",
“IB”, “TOC”, “GU”, “SA", “CH” and “TOK" represent the stations “YAMAGATA’, “IBARAKI’, “TOCHIGI”, “"GUNMA", “SAITAMA,

“CHIBA’ and “TOKYQ", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR
PBIAS REF -36% -82% —-46% -39% -75% -87% -80% 10 18
of 13Y EM2 —-61% -100% —38% 920% 45% —-87% —-9% 11 23

PRMSE REF  235%  187% 149% 87% 151% 187% 176% 8 18
of 13Y EM2 199%  223% 161% 3395% 434% 187% 253% 12 23

PBIAS REF -36% -43% 218% 157% 65% —-34% -5% 8 15
of137cs EM2 -65% —81% 204% 775% 128% —47% 15% 13 27

PRMSE REF 55% 167 % 977 % 452%  369% 52 % 44% 7 15
of 137Cs  EM2 148 % 192% 1003% 1831% 595% 85% 115% 14 27

Table 9. The PBIAS and PRMSE of total daily depositions’dfi with different gas partitioning of3li. GR represents the global ranks

for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown in Sect. 3.1.2. “YA",
“IB”, “TOC”, “GU", “SA’, “CH" and “TOK” represent the stations “YAMAGATA", “IBARAKI”, “TOCHIGI", “GUNMA", “SAITAMA",

“CHIBA’ and “TOKYQ", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR

PBIAS REF -36% -82% -46% -39% -75% -87% -80% 22 39
of 131 GP2 —47% -93% -45% -60% -—-86% -—-96% -93% 29 52
GP3 -25% -72% —44% —18% —-63% -78% -68% 14 27
GP4 7% -56% —41%  14% -44% -62% -51% 7 28
GP5 -63% -91% -79% -—-69% -—-90% -95% -93% 33 63

PRMSE REF 235% 187% 149% 87% 151% 187% 176% 17 39
of13y  Ggp2 233% 207% 136% 152% 164% 206% 197% 23 52
GP3  240% 173% 152%  63% 150% 172% 165% 13 27
GP4  273% 167% 155% 144% 171% 158% 169% 21 28
GP5 257% 203% 161% 181% 169% 204% 197% 30 63

the size distribution of3’Cs in the emission is examined. 1. The wind fields are overall well reproduced by WRF.
The simulated meteorological fields such as wind speed, The wind speed and wind direction simulated using
wind direction, and precipitation are evaluated by compar- the Smagorinsky horizontal diffusion scheme (REF)
ing to observations; the simulated total daily depositions are and those using the 1.5 order TKE horizontal diffusion
also compared to measurements. The percent bias (PBIAS) scheme (DIF2) yield similar results. However, the sub-
and percent mean square error (PRMSE) are used to assess tle differences in the wind fields still result in a signif-
the errors in the simulated results; the sum of the global rank icant difference in the ground deposition of radionu-
(SR), which is based on the calculated PBIAS and PRMSE, clides (e.g., the AAD for PRMSE of wind speed be-
is then used to identify the schemes that perform the best. The  tween REF and DIF2 is only 1.76 % calculated based
averaged absolute value of the difference (AAD) betweenthe  on Table 2 and Eq. (23); however, the AAD for PRMSE
error in the reference case and that in different sensitivity of the deposition of3!| between the same two simu-
tests is used to assess the sensitivity of the simulated total lations is 17 % and that 0f’Cs is 36 % as shown in

daily depositions to all model physics and inputs. If AAD Table 11). Based on SR, simulations using the 1.5 or-
> 40 %, the sensitivity is defined to “very sensitive”, if AAD der TKE scheme predicted the ground deposition better
>10% and <40 %, the sensitivity is defined to “moderately than those using the horizontal Smagorinsky scheme.
sensitive”, while if AAD <10%, the sensitivity is defined to The averaged or the accumulated rainfall was fairly well
“not sensitive”. captured by WRF, but the maximum rainfall rate was
The main conclusions, which are linked to questions 1 to not as accurately predicted in the sensitivity cases with
4 that we raise in the introduction, are as follows: three different microphysics schemes (REF: WSM 6;
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Table 10.The PBIAS and PRMSE of total daily depositions3fCs with different size distribution of3’Cs. GR represents the global

ranks for PBIAS or PRMSE, and SR represents for the sum of the global ranks. The definition of GR and SR is shown in Sect. 3.1.2. “YA",
“1B”, “TOC”, “GU", “SA", “CH” and “TOK” represent the stations “YAMAGATA", “IBARAKI", “TOCHIGI”, “GUNMA", “SAITAMA",

“CHIBA" and “TOKYQ", respectively.

Errors Cases YA 1B TOC GU SA CH TOK GR SR
PBIAS REF -36% -43% 218% 157% 65% —-34% -5% 12 22
of137Ccs sSD2  —26% -42% 212% 169% 88% —18% 3% 9 20
PRMSE REF 55% 167% 977% 452% 369%  52% 44% 10 22
of137cs  sD2 45% 168% 963% 479% 430% 28% 56% 11 20

Table 11.The averaged absolute value of the difference (AAD) between the error in the reference case and that in different sensitivity cases.

AAD (PBIAS AAD (PRMSE AAD (PBIAS AAD (PRMSE

of 131y of 131 of 137Cs) of137Cs)
REF — EM2 172% 536 % 114% 265 %
REF — MP2 11% 19% 35% 70%
REF — MP3 13% 37% 80% 199 %
REF — DIF2 6% 17% 16% 36%
REF — GP2 11% 22% - -
REF — GP3 11% 10% - -
REF — GP4 30% 25% - -
REF — GP5 19% 28% - -
REF — SD2 - - 11% 21%
REF — DRY?2 0.02% 0.03% 0.20% 0.53%
REF — DRY3 7.17% 6.69 % 3.46% 7.33%
REF — WET2 9% 16 % 45 % 118%

MP2: Goddard; MP3: Thompson). The sensitivity of
WRF simulated rain field to microphysics parameteri-
zation illustrates the difficulty in reproducing the spatial
and temporal precipitation patterns as also concluded
in previous studies (e.g., Li et al., 2013). The results
demonstrated that the total daily deposition is very sen-
sitive to the microphysics scheme and the WSM 6 mi-
crophysical scheme performed the best among the three
schemes.

. The simulated total daily depositions generally agreed
with the pattern observed in the measurements. But the
model did not estimate the observed deposition peaks
and magnitudes very well for bof#ll and137Cs. Wet
deposition dominated over dry deposition at most of the
observation stations, but not at all locations in the sim-
ulated domain. Moreover, the dry and wet depositions
of different radionuclides are affected by wind and rain-
fall in different ways. Based on SR, the resistance model
and the simple parameterization for dry deposition yield
the best performance in capturing the total deposition of
134 while the model with constant dry deposition ve-
locity (0.05 cm s1) has the best performance in captur-
ing the total deposition of3’Cs. Using the wet depo-
sition parameterization based on precipitation rate can

Atmos. Chem. Phys., 14, 110631092 2014

better predict the total daily deposition &, while
using the wet deposition parameterizations based on rel-
ative humidity can better predict the total daily deposi-
tion of 13’Cs. Again these finding could be related to
differences between gaseous and particulate species.

. The results illustrate that the total daily deposition is

very sensitive to the emission rate, whose estimates by
two different studies had large discrepancies. At some
of the stations, the gas partitioning Bl is also an im-
portant parameters that controls the total daily deposi-
tion. The total deposition 0f’Cs is not very sensitive

to the size distribution. Based on SR, case REF (with
emission estimated from JAEA) reproduced the obser-
vations more accurately than case EM2 (with emission
estimated from TEPCO); the cases with gaseous frac-
tions of 30 or 60 % had comparable performances and
can better reproduce the total depositioddf for this
particular event. The case with a log-normal distribution
for the size of'3’Cs in the emission has only a slightly
better performance than the case with uniform particle
size of13’Cs. Based on the averaged absolute value of
the difference (AAD) between the error in the reference
case and that in different sensitivity cases, the total de-
position is most sensitive to the emission rate for both
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131 and 137Cs, while it is not sensitive to the dry de-  Finally, the current study has some limitations that the
position parameterizations since the dry deposition isreader needs to bear in mind when using the findings in
just a minor fraction of the total deposition. Moreover, other studies. First, changes during the transport and depo-
based on AAD, for'3l], the total daily deposition is sition processes of the proportion of organic and inorganic
moderately sensitive to the microphysics schemes, thédorms and of the gas partitioning and the particle size distri-
horizontal diffusion schemes, gas-partitioning and wetbutions were not considered in this study due to the limited
deposition parameterizations. FOYCs, the total daily ~ knowledge of these processes, though they may strongly af-
deposition is also very sensitive to the microphysics fect the transport and deposition of radionuclides. Second, a
schemes and wet deposition parameterizations, and it ifonger term assessment of the fate and transpoft‘@fs is
moderately sensitive to the horizontal diffusion schemesnot conducted in this study, but it may be required for as-
and the size distribution. sessing the heath and ecological impacts of the radionuclides
_ ) i release sinc&*’Cs has a very long half-lifex 30 years). Fu-

4. While the analysis allowed us to assess the important,,re ork involving idealized cases to examine in more detail
physics schemes and inputs that significantly influenced,q, weather conditions affect the atmospheric transport and
model performance and to provide conclusions abouty g ng deposition of radionuclides is needed since out re-
what model options and inputs seem to produce bettek s confirm that slight modifications in the wind fields and

outputs, general conclusions about the best model cong e ipitation can significantly influence deposition.
figuration are difficult to make due the potential error

cancellation between different options and due to fact
that for some cases the best configuration or input seem
to vary from one station to another. Despite this inherent
uncertainty, it is clear that WRF-Chem is generally able
to produce realistic deposition patterns and values, and
that temporal errors in the deposition partially cancel
out as evidenced by the lower values of the PBIAS com-
pared to PRMSE. Moreover, in many cases, simulations
with different options bracket the observation. As such,
while it seems the uncertainty in inputs and configu-
ration precludes very high accuracy in simulations of
ground deposition, ensemble simulations with different
options and a focus on accumulated deposition should
prove useful in environmental impact assessments for
past or potential future accidents.
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Appendix A: The improvement to WRF-Chem

In this paper, WRF-Chem is used to simulate the atmospheric
transport and ground deposition of radionuclides. The de-
fault WRF-Chem model has no radionuclides; to implement
the radionuclides into WRF-Chem, we add a new chemistry
package to the registry file registry.chem to include air con-
centration variables (in the chem array), ground deposition
variables (in the misc array) and variables related to the emis-
sions (in the emis_ant array) 8#1 and 137Cs. Moreover,
several modules in the chem subdirectory are modified to ac-
count for new transport and deposition mechanisms. The ra-
dioactive decay process is added into the advection—diffusion
solver. Dry deposition parameterizations for gaseous species
are added into the module_dep_simple; while dry depo-
sition parameterizations for particulate species are added
into the module_gocart_drydep. Wet deposition parameteri-
zations are added into the module_wetscav_driver. The emis-
sion rates used by the simulations are imported by the pro-
gram prep_chem_sources.

Atmos. Chem. Phys., 14, 110631092 2014
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