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The ability of operational atmospheric transport models to simulate the soil contamination caused by deposition
processes is important in the response to a nuclear crisis. The Fukushima accident was characterized by wet
deposition of Cs-137, which is difficult to simulate accurately based on observations. A sensitivity study inves-
tigated seven wet deposition schemes integrated into operational atmospheric transport models. Deposition maps
produced from the multiple simulations are compared with each other and with the observed deposition. Sim-
ilarities and discrepancies in average behavior are presented for a number of modeling cases on the basis of
criteria representing soil contamination crisis management needs. This study confirms the importance of the wet
deposition scheme in a crisis management context. None of the schemes used in the study are the best option to
satisfy all the comparison criteria. This study suggests that crisis managers must not exclusively trust a single
model for selecting responses. At the current time, it is preferable to use several wet deposition schemes in the

modelling tools for emergency responses.

1. Introduction

The accidental discharge of large amounts of radioactive matter into
the environment can affect the health of the population. If the matter is
discharged into the atmosphere, the radioactive substances, emitted as
gases or particles, are rapidly transported far from the discharge site and
partial fallout will occur during transport, leading to radioactive de-
posits on surfaces (soils, roofs, trees, etc.). When these deposits enter the
food chain, they determine the level of long-term exposure faced by
populations eating the contaminated food.

Numerical atmospheric transport models can be used to calculate the
potential environmental consequences of such an accident. Estimated
concentrations of radionuclides in the air and soil deposits can be used to
define protective measures for local populations before field observa-
tions help to understand the situation. On this basis, emergency response
services use forecasts calculated using these models as input to protect
the populations from exposure to radiation.

Deposition is a physical process which drives atmospheric gases and
particles to the ground either by wet or dry processes. If an atmospheric
plume is present during rain, the amount of the total deposit will be
approximately equal to that of wet deposit. This complex phenomenon
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(Slinn, 1977) comprises several processes, including in-cloud scav-
enging (incorporation of particles in cloud droplets and removal of those
transferred to raindrops), and below-cloud scavenging (scavenging by
falling hydrometeors). Many physical values which are complex to
obtain are required for the detailed modelling of the overall situation. In
fact, one pragmatic approach to operational atmospheric transport
models covering spatial resolutions of a few kilometres involves
modelling wet deposition in an extremely simplified manner by applying
a below-cloud scavenging coefficient and an in-cloud scavenging coef-
ficient. In this study, the wet deposition scheme is defined as the combi-
nation of these two scavenging coefficients. Today, each operational
atmospheric transport model has its own wet deposition scheme,
implying a lack of scientific consensus.

The simulated deposits of operational models for the Fukushima
accident show discrepancies (Draxler et al., 2015). Even several years
after the event, no simulation reproduces the deposition map as
measured in a totally satisfactory manner (Kajino et al., 2019; Kitayama
et al., 2018; Korsakissok et al., 2013; Morino et al., 2013; Mathieu et al.,
2018; Sato et al., 2018, 2020; Science Council of Japan (SCJ), 2014).
These difficulties are possibly due to the wet deposition schemes used,
but also to other parameters, such as quantities and the dynamics of the
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discharge of radioactive substances into the atmosphere, and meteoro-
logical data (Nakajima et al., 2017).

The Fukushima accident therefore reminds us that the simulation of
wet deposits using atmospheric transport models is still an open research
question. Beyond this point, this aspect is still worth considering with
respect to responses to future crises and is the core focus of this article.
Our research specifically focuses on the role of wet deposition schemes.
Is it important to select the appropriate wet deposition scheme in an
operational atmospheric transport model? Can an approach centred on
this issue applied to the Fukushima accident be used to determine which
of the schemes used in operational models is preferable?

To date, no literature study has specifically focused on the wet
deposition scheme in operational atmospheric transport models. How-
ever, many authors (Arnold et al., 2015; Draxler et al., 2015; Kitayama
et al., 2018; Leadbetter et al., 2015; Marzo, 2014; Morino et al., 2011;
Quérel et al., 2015; Saito et al., 2015; Sato et al., 2018; Science Council
of Japan (SCJ), 2014) took note of the sensitivity of caesium-137
(Cs-137) deposition models when considering the Fukushima accident,
but without considering its impact on the management of emergency
situations. Arnold et al. (2015) focused on the sensitivity of deposition to
meteorological data by studying deposition in an 80 km radius around
the nuclear powerplant with two different schemes. Leadbetter et al
(2015) compared five in-cloud scavenging coefficients and five
below-cloud scavenging coefficients with precipitation from the nu-
merical weather prediction (NWP) and weather radar measurements in
the same scope. Multi-model approaches also exist. Draxler et al. (2015)
compared deposits according to different atmospheric transport models
and the associated meteorological data. The Science Council of Japan
(2014) compared the results of nine atmospheric transport models, each
using specific source terms, meteorological data and wet deposition
schemes. The sensitivity to wet deposition schemes is not specifically
studied in these two studies. Morino et al. (2013) used three wet
deposition schemes within a single atmospheric transport model. They
showed that the selected scheme had a consequence on estimated
caesium-137 deposits. Saito et al. (2015) thus highlight the importance
of selecting the in-cloud scavenging coefficient, and the impact of
selecting the cloud diagnosis method. Quérel et al. (2015) studied the
impact of several wet deposition schemes using simulations incorpo-
rating several source terms, dry deposition velocities and rainfall data.
This latter study is based on a single source of meteorological data and
mainly focused on evaluating the contribution of more complex wet
deposition schemes.

The traditional approach to determining parametrisation decisions
in a model involves trying several options and identifying which ones
give the best results by comparing with observations. We adopted this
approach by implementing a wet deposition scheme sensitivity study
focusing on caesium-137 deposition after the Fukushima accident. This
case study is the most documented one in the nuclear emergency
response field, including more than a hundred of hourly gamma dose
rate stations (Mathieu et al., 2018) and a hundred of hourly Cs-137 air
concentration stations (Oura et al, 2015). These observations are
important to validate the timing of each plume passing and deposition.

Our study aims to be exhaustive and cover all parameters playing a
role in the simulation of wet deposition. Other components in the
modelling chain, in addition to the wet deposition scheme, were inte-
grated in the study framework, including the source term and meteo-
rological data, among other aspects. We decided to approximate user
needs in emergency situations for the purpose of the analysis by defining
evaluation criteria in relation to crisis management.

This study highlights situations which lead to significant differences
when calculating the deposit, exclusively attributable to the change in
wet deposition scheme. This confirms why the scheme selected is
important, particularly when managing emergency situations. We
compared the performances of several schemes in order to determine the
best one, in terms of their ability to reproduce the deposition observed
for the Fukushima accident. It appears that the best scheme differs
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depending on the objectives of the simulation process. Each of the
schemes covered in this study are more effective in certain
configurations.

When facing a crisis management situation with uncertainties, ex-
perts tend to aim to obtain several versions of the same configuration in
order to determine the range of potential scenarios. In parallel, the
decider must ultimately answer a “yes or no question”, i.e. make a
deterministic choice. On this basis, we consider that both a preferred
scheme, used to provide an initial emergency response, and several
schemes covering the full range of potential responses, are required. We
also identified the relative positioning of the responses to the different
wet deposition schemes currently used in operational atmospheric
transport models.

The second part of this article describes the background required in
order to understand the study. The third part describes the sensitivity
study implemented and continues, in the fourth part, with a presentation
of the deposition evaluation criteria used when managing emergency
situations. The fifth and final part gives the results in terms of selecting a
wet deposition scheme.

2. Background

This study focuses on the caesium-137 deposited after the Fukushima
accident. As this radionuclide is transported in the atmosphere as a
particle, this study focuses on the wet deposition of particles (and not
gases).

2.1. Description of the wet deposition scheme for atmospheric particles

In this article, a wet deposition scheme is defined as the combination
of a below-cloud scavenging coefficient and an in-cloud scavenging
coefficient. These two types of particle deposition are considered sepa-
rately based on the different physical mechanisms at play. For a given
rainfall intensity, if aerosols lead to the formation of cloud droplets, in-
cloud scavenging will be more efficient than below-cloud scavenging
(Flossmann and Wobrock, 2010), and complement particle capture by
hydrometeors (rain, snow, etc.). A scavenging coefficient, A (in s, can
be used to quantify the proportion of the activity removed from the
atmosphere per unit of time. The change in the atmospheric concen-
tration c(t) (in Bq m 3 ata given point in time and at a given location is
described in atmospheric transport models using the following equation
(Makhon’ko, 1967):

de(r)
dt

= —Ac(t)

No consensus exists in terms of the values of scavenging coefficients
and a wide range of values is used in the literature (Duhanyan and
Roustan, 2011; Wang et al.,, 2011; Zhang et al.,, 2013). Differences
representing several orders of magnitude can be observed due to the
different approaches used to estimate these coefficients. These co-
efficients can be taken from in situ measurements, obtained directly from
theoretical models or quantified experimentally in laboratories. For
example, the below-cloud scavenging coefficient can be evaluated in situ
by measuring the reduction in aerosol concentration during rainfall and
assuming that this reduction is solely caused by droplet capture (Chate
and Pranesha, 2004; Depuydt, 2013; Laakso et al., 2003; Volken and
Schumann, 1993). This assumption ignores other significant effects:
incoming horizontal air flow, downdraft (Quérel et al., 2014b), etc. This
coefficient can also be determined theoretically (Flossmann and
Wobrock, 2010) on the basis of a micro-physical parameter known as
collection efficiency, which reflects the fact that particles are captured
along the streamlines around rain droplets due to Brownian motion,
turbulence and phoretic and electrical forces. This parameter is subject
to uncertainty of an order of magnitude as values are frequently based
on laboratory experiments, which are complex to both perform and
compare (Kerker and Hampl, 1974; Lai et al,, 1978; Lemaitre et al.,
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2017; Quérel et al., 2014a). The concept of wet deposition schemes was
developed to compensate for the difficulty inherent in describing the
micro-physical phenomena involved in collection in an atmospheric
transport model covering much larger scales in time and space. Wet
deposition schemes are ultimately approximations and are not closely
related to the physical phenomenon.

In order to apply these schemes, several types of input data are
required, however these data may not be available because they are not
saved as output from NWP models or they may be over-approximative of
the physical aspects of the phenomenon in terms of absolute value or
space and time resolutions. In atmospheric transport models, the scav-
enging coefficient can be parametrised based on the type of suspended
matter, for instance, the size distribution of atmospheric particles. The
vertical position of the cloud is used to define the volumes within which
the in-cloud and below-cloud scavenging coefficients are applied.
Finally, precipitation at ground level allows to identify the location of
the wet deposit. In general, precipitation can be described more or less
precisely using several parameters: intensity on the ground, vertical
distribution in the atmosphere and droplet size distribution. This in-
formation is obtained based on meteorological observations (weather
radar, rain gauge, etc.), NWP data or a combination of these two options
(e.g. precipitation nowcasting).

2.2. Characteristics of operational atmospheric transport models

Operational atmospheric transport models are used to simulate and
forecast the changing of emergency situations, such as those arising as
part of nuclear crisis management. The deposition map obtained by
modelling must allow responders to define where specific levels are
exceeded with respect to post-accident management by public author-
ities or to launch a measuring plan. On this basis, one of the targets is to
rapidly and as accurately as possible predict deposition resulting from
atmospheric discharges.

The modelling chain is subject to a range of uncertainties, therefore
models are expected to avoid any amplification of incorrect input data. A
rapid response is also required in a crisis management context. The
actual complexity of the processes modelled is deliberately simplified for
these two reasons. On this basis, an operational atmospheric transport
model must, above all, be reliable and easy to use in order to provide a
suitable response for evaluation objectives when required. Relatively
simple wet deposition schemes are generally used in order to match this
operational context.

An atmospheric transport model runs using input data, which could
be initially poorly constrained and consolidated as progress is made with
the emergency response like, for instance, the radionuclide emission
rate. Differing original estimates can be made available simultaneously
depending on the information used. In the same way, several alterna-
tives can be used to describe the meteorological situation as accurately
as possible, from different bodies. An operational atmospheric transport
model also has the advantage that different sources of input data can be
used.

Several actors are generally involved in the response to an emer-
gency situation, and each actor will use their own model(s). If an acci-
dent occurs, each actor will simulate the deposit, leading to different
results, in principle. Prior awareness of the behaviour of models can be
used to determine the response of a responders and agencies with
respect to the other governmental bodies and to explain any
inconsistencies.

2.3. Case study: caesium-137 deposited after the Fukushima accident

The Fukushima accident involved the accidental discharge of
radioactive matter and is still a subject of scientific investigation.
Mathieu et al. (2018) reviewed the atmospheric transport of plumes and
radionuclide deposits during this accident. The discharges from the
Fukushima powerplant led to deposits in Japan, mainly on 12, around
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15, around 20 and around March 30, 2011 (Chino et al., 2011; Morino
et al, 2011; Tsuruta et al., 2014; Yumimoto et al., 2016). March 31,
2011 is considered as the end date for significant emissions (Terada
et al., 2012). The total deposit includes several combined contributions
from these discharge periods.

It was also caused by several physical phenomena. The wet process
prevails (deposition from rain, drizzle or snow) and represents up to 80
% of the total (Hirose, 2016; Quérel et al., 2015; Tsuruta et al., 2014).
Other types of processes are also involved: dry deposition and local
deposition by fog (Hososhima and Kaneyasu, 2015; Sanada et al., 2018).
Scavenging of radionuclide plumes travelling at high altitudes was also
inferred (Quérel et al., 2016; Mathieu et al., 2018).

Caesium-137 was one of the main radionuclides deposited during the
Fukushima accident. Cs-137 is easier to measure because it indirectly
emits characteristic gamma radiation and its half-life of 30 years allows
for measurements several years after the accident. A large area is
covered by the deposit, as defined based on the detectability limit (10
kBq m~2), representing 24,000 km? of Japanese territory in April 2011
(Champion et al, 2013), and spreading at least 250 km from the
Fukushima powerplant. The Japanese Ministry of Education, Culture,
Sports, Sciences and Technology has published a map per square km
(MEXT, 2011a; 2011b) of the Cs-137 and Cs-134 deposition, mainly
based on aerial survey.

3. Sensitivity study for deposits based on the wet deposition
scheme

This study is based on 252 simulations combining a common
modelling framework and different sets of parameters, which may be
either input data (e.g. source term) or parametrisations (e.g. several wet
deposition schemes). The aim for each parameter used to model the
deposit is not to obtain exhaustive results but to represent a certain di-
versity of these options. On this basis, the study focuses on the many wet
deposition schemes and on the drive to vary all parameters considered as
significant. We studied 7 wet deposition schemes in 36 configurations,
as described below, after reiterating the common simulation framework.

3.1. Common simulation framework

All of the simulations in this study were run with 1dX (Groéll et al.,
2014), the long-range operational atmospheric transport model used by
IRSN for nuclear atmospheric discharges, included in the IRSN’s C3X
operational platform. This Eulerian type model is taken from the
Polair3D model (Mallet and Sportisse, 2004) under the Polyphemus
platform (Mallet et al., 2007; Quélo et al., 2007), which is designed to
study regional-scale air quality problems. Radioactive filiation and
decay processes have been added. 1dX has been validated in various
contexts such as: the Chernobyl accident (Quélo et al., 2007), ETEX
(Quélo et al., 2007), or during comparisons between operational at-
mospheric transport models by CTBTO (Eslinger et al., 2016; Maurer
et al., 2018). 1dX was repeatedly used to simulate the Fukushima acci-
dent in Japan (Kitayama et al., 2018; Mathieu et al., 2012; Quérel et al.,
2015; Sato et al., 2018, 2020), and also formed the basis for comparisons
at the request of the Science Council of Japan (2014). IdX was recently
applied to the detection of Ruthenium-106 in Europe and the model
agreed with measurements to a satisfactory extent (Saunier et al., 2019).

A calculation domain, a set of input data and physical para-
metrisation values must be defined for 1dX simulations. The parameters
used for all of the 1dX simulations are summarised in Table 1. They relate
to the spatial domain, the time interval, the modelling of turbulent at-
mospheric diffusion and the modelling of the dry deposit. The source
terms comprise a single radionuclide, caesium-137, emitted as mono-
dispersed particles. Due to simplifications applied based on operational
usages, IdX considers particles with a constant size over time, implicitly
taken into account through deposition constants.

The calculation domain covers Honshu island in Japan and part of
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Table 1

Common parameters.
Parameter Value
Radionuclide in question Caesium-137
Horizontal spatial and time- 0.03° - 10 min

based resolution
Vertical spatial resolution [0, 40, 85, 141, ..., 4761, 5546] m - a total of 16
levels.
231 x 231 grid - [136.95-143.911°E for longitude -
[34.0-40.93]°N for latitude - from 11 to 31 March
Troen et Mahrt (1986) in the atmospheric boundary
layer, Louis (1981) above this layer.
Constant deposition velocity of 2 x 107> m s~

Spatial domain and
simulation period
Vertical diffusion

Dry deposition 1

the nearby sea in order to simulate the plumes discharged towards the
Pacific Ocean, which later return over Japanese land (Terasaka et al.,
2016). The horizontal resolution of 0.03° (approx. 3 km) ensures that
mountains are approximately modelled, as well as orographic meteo-
rological phenomena. Simulations covered the period from 11 to March
31, 2011.

Matter is transported in the atmosphere by advection (calculated
using the wind of the NWP data) and by turbulent diffusion. Vertical
turbulent diffusion is modelled in the atmospheric boundary layer by the
Troen et Mahrt scheme (1986). Outside of this layer, turbulent diffusion
is modelled using the scheme of Louis et al. (1981). The decision was
reached not to model horizontal turbulent diffusion as this phenomenon
is assumed to be covered by the numerical diffusion inherent to
modelling advection.

A dry deposition velocity depending on particle size and soil types
(Zhang et al., 2001) failed to demonstrate a major impact according to
Quérel et al. (2015), therefore a constant value of 2 x 10™° m s~! was
used in this study.

3.2. Configurations

Excluding the wet deposition scheme (covered in the following sec-
tion), the source term and meteorological data are the most sensitive
parameters for deposition (Girard et al., 2016). Several options were
considered for each parameter, as listed in Table 2. Close attention was
paid to two meteorological parameters: rainfall and the cloud diagnosis.
A total of 36 configurations were obtained by combining three source
terms, three sources of meteorological data, two types of rain data and
two cloud diagnoses.

The three source terms are taken from an inverse modelling process
used to estimate the discharge rates in order to match observations as
closely as possible. The source term used by Katata et al. (2015) is one of
the most frequently used terms in the literature. This estimation in-
tegrates observations of caesium-137 concentrations on the surface of
the Pacific Ocean, air concentrations of caesium-137 in Japan and dose
rate measurements. Saunier et al. (2013) estimated their source term
based on observed dose rates. Saunier et al. (2016) used air concentra-
tions of caesium-137, particularly those of Oura et al. (2015).

Meteorological data were taken from Sekiyama et al. (2017),

Table 2
Variable parameters other than wet deposition schemes.

Parameter Value

Katata et al. (2015)

Saunier et al. dose rate (2013)
Saunier air concentration (2016)
Sekiyama et al. (2017) — member 1

Source term

Meteorological data
Sekiyama et al. (2017) — member 2
Sekiyama et al. (2017) — member 8
From meteorological data

Radar RAP (Saito et al., 2015)
Fixed cloud height (500 m)

Cloud where Qc > 107° kg kg™

Precipitation data

Cloud diagnosis
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completed by a more recent analysis (Sekiyama et al., 2021). These data
were simulated using NHM (Non-Hydrostatic Model), the NWP model of
the Japan Meteorological Agency (JMA) by implementing a Local
Ensemble Transform Kalman filter (LETKF) data assimilation scheme
specially programmed for the Fukushima accident. Three members of
this ensemble were selected at random: members 1, 2 and 8.

A minimum threshold of 0.1 mm h™! was applied to NWP rainfall
data to eliminate numerical noise (Costa et al., 2010; Stephan et al.,
2008). In addition to these rainfall data, weather radar observations
(Saito et al., 2015) were used, in a similar manner to Leadbetter (2019).
These observations —known as radar RAP — are data measured by a radar
system and corrected by the rain gauges in the AMeDAS meteorological
metrology system (AMeDAS, 2011). Light rain is sometimes absent as
rainfall intensity is below the detection limit of 0.4 mm h~!in this case.

Cloud heights and bases (altitudes) must be available in order to
differentiate between in-cloud and below-cloud scavenging. This infor-
mation is not generally available directly in NWP data. The default
configuration for the 1dX model assumes a single and homogeneous
altitude, which remains constant over time, defining the vertical area
below the cloud and in the cloud. A more realistic cloud diagnosis was
also used. This diagnosis estimates the presence of a cloud above a
threshold based on cloud water contents (Qc), which are defined as the
ratio between the mass of the liquid water content of a cloud and the air
mass for a given volume. Quérel et al. (2017) recommended a threshold
Qc value of 10° kg kg ™!, which is suitable for the meteorological data
used in this study.

3.3. Presentation of the seven selected wet deposition schemes

The wet deposition schemes studied correspond to those used in the
atmospheric transport models: MLDPO, FLEXPART, HYSPLIT, NAME
and RATM. They were used to model atmospheric deposition from the
Fukushima accident as part of the WMO comparison (Draxler et al.,
2012, 2015). These schemes were integrated in the 1dX atmospheric
transport model based on the data available in Draxler et al. (2012).
These are in fact imitations, and the scheme could have been modified
since this time in these models. In order to avoid any confusion, they are
designated as XX wds, where “wds” means “wet deposition scheme” and
‘XX’ corresponds to the first 2 letters of the model.

This list is completed by two wet deposition schemes used in 1dX.
Table 3 shows the formulations used to determine the scavenging co-
efficients for these seven schemes.

The most complex version of below-cloud scavenging coefficients
(A), are of type A = al’, depending on rainfall intensity (I). In-cloud
scavenging coefficients use a wider range of formulations and input
data. The parametrisation of ML wds, inspired by Pudykiewicz (1989)
depends on relative humidity and leads to scavenging above a relative
humidity threshold of 75 %. The FL wds wet deposition scheme is
described in the article by Arnold et al. (2015). In-cloud scavenging
corresponds to the original version of the scheme described by Hertel
et al. (1995), which considers the in-cloud scavenging coefficient as the
ratio between the rainfall water mass and the mass of water in the cloud,
which is then corrected by the integration factor for atmospheric par-
ticles in the cloud droplets and ice crystals. The wet deposition scheme
HY wds is described in the User guide for 2016 (Draxler et al., 2016), with
constant in-cloud and below-cloud scavenging coefficients. The NA wds
wet deposition scheme used here is taken from Leadbetter et al. (2015).
The RA wds wet deposition scheme is formulated as defined by Hertel
et al. (1995) in this study, with a local liquid water content obtained
directly from meteorological data instead of an estimate based on
rainfall intensity at ground level, as was the case in the original scheme.

The 1dX wet deposition scheme used previously to simulate the
Fukushima accident (Girard et al.,, 2016; Groéll et al., 2014; Quérel
et al., 2015; Saunier et al, 2013, 2016) combines identical in-cloud and
below-cloud scavenging coefficients. This scheme is named “IdX wds1”.
This in-cloud scavenging coefficient is low compared with the range of
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Table 3

Wet deposition schemes. I is the rain intensity in mm.h™".
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Atmospheric transport
model

Wet deposition
scheme

Below-cloud scavenging
coefficient

In-cloud scavenging coefficient

Reference

MLDPO (version 12) ML wds None (A = 0) A =F% 3% 10~ 5with f the cloud fraction defined by Pudykiewicz
(1989) with a threshold of 75 %
FLEXPART (version FI, wds A =1074°8 fe Srucl
9.3) T 3.6 x10% xclx H
ol =25 107103
cl estimated cloud water content
frue mass ratio of particles integrated in the cloud (=0.9)
H cloud height
HYSPLIT HY wds A=8x10"° A=8x107°
NAME NA wds A =8.4x 107°[%79 A =3.36x 1074[°7°
RATM RA wds A =298 x 10-5[075 _ 09xI
T IWCxH
with H the cloud height and LWC the liquid water content
1dX (2013) ldX wds1 A =5x10751 A =5x107°I
1dx dX wds2 A=5x10"1 A =5ix. 10064

D’Amours and Malo (2004)

(Arnold et al., 2015; Hertel
et al., 1995)

Draxler et al. (2016)
Leadbetter et al. (2015)
MRI (2015)

Groéll et al. (2014)

This study

values found in the literature, therefore a second formulation
(“ldX_wds2") was defined for which the coefficient a was multiplied by
10 and coefficient b was defined at a value of 0.64 to match the equiv-
alent coefficient in the original scheme from Hertel et al. (1995).

The scavenging coefficients used in this study are plotted as a func-
tion of rainfall intensity in Fig. 1 to illustrate their variation range. These
coefficients were calculated using the meteorological data from member
1 on 15 March. With in-cloud scavenging (Fig. 1b), several scavenging
coefficients exist for each rainfall intensity since the formulation used in
RA wds, FL wds and ML wds include input data other than rainfall
intensity.

The below-cloud scavenging coefficients used in this study are within
the scheme variation range found in the literature, which runs from 1078
to 1072 571 (Duhanyan and Roustan, 2011). They vary by a factor of
approximately ten, except HY wds, which is constant. This scheme is
substantially different to the other schemes, particularly for low rain
levels.

The in-cloud scavenging coefficient is much higher than the below-
cloud coefficient for most wet deposition schemes, with the exception
of HY wds and ldX wds1. For the same rainfall intensity, the scavenging
coefficients of FI, wds can vary by a factor of 10, and by a factor of 100
for RA wds. ML wds varies less around its median value, remaining be-
tween 10 ° and 4 x 10 s L. The in-cloud scavenging coefficients range
from 107> s~ to 0.5 57! and differences between models can reach four
orders of magnitude.

Such differences must be considered based on their use in atmo-
spheric transport models, when they are taken as the power of an
exponential function, mitigating the impacts on deposition. Fig. 2 shows

the scavenging ratio after 10 min, based on rainfall intensity for below-
cloud (a) and in-cloud (b) scavenging coefficients. This scavenged ratio
increases with rainfall intensity, except for HY wds, where it remains
constant. This ratio can vary between a few percent and almost all of the
matter in the atmospheric column. At a given rainfall intensity, the final
deposits obtained thus vary widely depending on the scavenging
coefficient.

Actual emergency situations for atmospheric transport are modelled
as plumes, i.e. fields with inhomogeneous concentrations, which
displace and occasionally cross paths with precipitation of varying in-
tensity. The situation becomes even more complex when exclusively
attempting to compare the effects of wet deposition schemes. Table 4
illustrates the case study by combining the simulated deposits as mean
values for the 36 configurations sharing the same wet deposition scheme
and indicates the distribution of the different deposition components: in-
cloud scavenging, below-cloud scavenging and dry deposition. Results
vary to a fairly small extent when compared with the orders of magni-
tude of the differences between scavenging coefficients.

The deposit simulated by the different wet deposition schemes may
vary by twice as much, however the measurement remains within this
range (1.84 x 10%° Bq, MEXT 2011a; 2011b). This correlates with the
scavenging efficiencies of the different schemes. The distribution of the
different processes has not been measured. On this basis, only distri-
bution differences between schemes can be identified, their pertinence
cannot be assessed. FL, wds and RA_wds on the one hand, and ldX wds2
and NA_wds on the other hand, generated similar mean deposits (around
2.4 x 10%° Bq and 2.15 x 10'® Bq respectively). The percentage of the
deposit attributable to in-cloud scavenging for RA wds is mostly

10° 10°
Below-cloud scavenging
T 107 < 10%
u )
= =
a2 5 o
S 107 J S
£ £
(] [
o [s]
(&} o
o o
E £
o o
C ( o
Q v
> o
m© (1]
o O
(2] (%]

In-cloud scavenging — RA_wds (mean)

RA_wds (10t"-90t" percentiles)
ML_wds (mean)

ML_wds (10th-90t" percentiles)
FL_wds (mean)

FL_wds (10th-90th percentiles)
HY_wds

NA_wds

ldX_wds1

IdX_wds2

Rainfall intensity (mm/h)

Fig. 1. Scavenging coefficients of the different wet deposition schemes. Solid lines represent the mean on the spatial domain on the March 15, 2011. Dashed lines

represent the first and ninth deciles of the scavenging coefficient distributions.
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Table 4
Deposition in Japan and distribution between the different processes according
to the wet deposition scheme. Mean values are shown for all configurations.

Wet deposition Deposit (x 10" in- below- Dry
scheme Bq) cloud cloud deposition
FL wds 2.47 49 % 25 % 26%

RA wds 2.42 61 % 12% 27 %

ldX wds2 2.20 50 % 20 % 30 %

NA wds 213 40 % 30 % 30 %

HY wds 1.99 24 % 44 % 32%

1dX wds1 1.50 20 % 36 % 44 %

ML wds 1.16 39% 0% 61 %

consistent with its higher scavenging efficiency compared with other
schemes (cf. Fig. 1). ldX wds2 and NA wds make relatively similar con-
tributions. This could be due to the identical formulation of scavenging
coefficients based on A = al® with similar constants. ldX wdsl and
ML wds lead to the smallest deposits. IdX wds1 is different due to its
lower in-cloud scavenging efficiency and ML wds due to the lack of
below-cloud scavenging.

4. Deposit evaluation criteria based on crisis management needs

Decision-makers involved in post-accident nuclear crisis manage-
ment have three concerns in terms of deposition: where? How much?
How? A statistical indicator can be assigned to each of these questions.
The indicators used in this study are defined later in this section. They
are generally used to evaluate the performances of atmospheric
dispersal models. They can be used to rapidly and objectively evaluate
the agreement between two deposition maps as part of this process.

Where are the deposits located? One of the first actions required when
managing a crisis is to define which areas may be contaminated. The
Figure of Merit in Space (FMS) can be used to appraise this criterion by
indicating if two surfaces (S4 and Sg) coincide, by calculating the ratio
between the intersection and where these surfaces overlap. Perfect
agreement will lead to an FMS of 1. In this study, contaminated surfaces
are defined by a threshold equal to 10 kBq m 2 for caesium-137 depo-
sition, which corresponds to the detectability limit for the airborne ob-
servations provided by MEXT (2011a, 2011b).

What quantities are expected? Identifying contamination levels in
affected areas helps to prepare for crisis management in these areas. The
Factor 2 indicator (FAC2), which determines the proportion of points
where values differ by less than a factor of two, was used to aggregate ad
hoc deposition evaluations. FAC2 is between O and 1 and agreement
increases as the value approaches 1.

FAC2 = !
N,

Cle(%,u? S 21“1?)

FAC2 was calculated within a surface area with a known total
number of grid squares N.;. When comparing a simulation and the
observation, the surface with an observed deposit in excess of 10 kBq
m~? is used. When comparing two simulations, the union of surfaces

with a simulated deposit in excess of 10 kBq m 2 is used. u# is equal to
the surface deposit in grid square i on map A (spatial mean ;) and ulis
the value of this same grid square on map B (spatial mean 15).

How is the deposit distributed? Variation in deposition within a given
area must also be entered in order to allow crisis operators to plan for
likely variations in deposition levels. The Pearson Correlation Coefficient
(PCC) was used to model this criterion. This coefficient quantifies the
linear relation between two variables, i.e. these variables vary in the
same direction and with the same intensity. In this study, the PCC was
calculated within the same surface as described for FAG2. The PCC is
between —1 and 1 and agreement increases as the value approaches 1.

S (it = 1) (w8 )
Nee ( A TR 2 Neet { . B 7B 2
Yot — ) DI (W —u

In practice, the three statistical indicators (FMS, FAC2 and PCC) have
been calculated to quantify the differences between the simulated
deposition maps (252 simulations of caesium-137 deposits) and the
agreement of each of these deposition maps with observations. The in-
dicators are given as percentages throughout the remainder of this study
to simplify understanding.

PCC=

5. Results and discussions

This section presents results over three sections (5.2, 5.3 and 5.4),
which relate to the problems mentioned in the introduction: the
importance of selecting a wet deposition scheme when managing acci-
dent situations, attempting to identify the most effective schemes based
on observed deposits after the Fukushima accident and, for the latter,
knowledge of their relative responses.

5.1. General scope of the study

Prior to the study of the wet deposition scheme, the general scope of
the results of the study was considered. Step one involved checking that
the simulated deposits, as a whole, could be used to study the influence
of the wet deposition scheme, and particularly check that this input is
not masked by a different and more decisive parameter. The second step
involved checking that no systematic error occurred when comparing
with observations, which would annul the efficiency of the deposition
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schemes. Although modelling of the Fukushima accident is known to be
incomplete (Nakajima et al., 2017), the schemes generally applied in
conditions such as the radionuclide plume must still be correctly com-
bined with rainfall.

This paragraph focuses on the type of deposits simulated as a whole.
These deposits are taken as a statistical sample within a parametric
space. Are the deposits distributed in a continuous and homogeneous
manner? At what point do the simulated deposits diverge? A scatterplot
of the simulations is presented in Fig. 3. Each point on the scatterplot
corresponds to a simulated deposition result and the colour changes in
the 4 sub-figures depending on which parameter is highlighted. The
distance between two points is inversely proportional to the PCC of their
deposits. On this basis, two points are similar if the deposits represented
strongly correlate. This scatterplot is centred with few clusters and each
parameter gives a plume distribution. Only the source term shows 3
clusters of points. On this basis, the parametric space covered by this
study corresponds to a single block with a homogeneous distribution.
The most influential variable is the source term, however this variable
cannot systematically explain the PCC between two simulated deposits.
The same process was applied to the FMS and FAC2 (not shown here)
and led to similar conclusions. The influence of the wet deposition
scheme can therefore be studied in this framework.

In order to ensure that the wet deposition schemes were applied in
satisfactory conditions, scores reflecting agreement with observations
were compared with previous publications using values for the same
statistical indicators used in this study. Table 5 shows the minimum and
maximum values of these indicators taken from five similar studies.

The deposits simulated in this study moderately agree with obser-
vations: FMS vary between 29 and 48 %, FAC2 between 16 and 44 % and
PCC between 26 and 59 %. The differences between minimum and
maximum indicators are relatively minor, reflecting homogeneous per-
formances for all simulations. The ranges of values obtained are globally
smaller than that of other studies, with lower maximum values. A
possible explanation is the use of a very positive configuration where the
source term was reconstructed to match the observed deposits. Another
possible explanation is the use of a less positive configuration where the
source term was not reconstructed to match the observed deposits. We
selected source terms unaffected by either observed deposits or meteo-
rological data for our study, to avoid any unrealistic bias when applying
the deposition schemes.

These rather low indicators could mean that none of the schemes
tested are sufficiently representative of the scavenging processes.
However, we consider that modelling errors for the other simulation
components for the Fukushima accident (meteorological data and the
source term in particular) led to many incorrectly modelled episodes for
which the attempts to obtain correct results by applying better wet
deposition schemes were fruitless. To give one example, meteorological
modelling errors are known to be significant in Nakadori valley
(Mathieu et al., 2018) — home to the town of Koriyama, 61 km to the east
of the Fukushima powerplant. This town is located in a region where
deposition is difficult to model due to the air trapped in the valley,
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Table 5
Minimum and maximum values of the statistical indicators taken from several
studies.
Study FMS FAC2 PCC
[min- This study [29 %- [16 %- [26 %
max] 48 %] 44 %] 59 %]
values Quérel et al. (2015) [0 % [0 % [34 %
59 %] 60 %] 92 %]
Katata et al. (2015) - [39 %- [41 %-
43 %] 67 %]
Morino et al. (2013) - [35 % [31 %
57 %] 72 %]
SCJ model intercomparison [26 % [14 %- [27 %
(Science Council of Japan (SCJ), 74 %] 57 %] 85 %]
2014)
(Sato et al., 2018)* [39 % = [50 %
*Only models using met. data, 63 %] 64 %]

Sekiyama et al. (2017)

complex wind directions and low rainfall. In this location, the deposition
occurred in the form of wet deposits and they were measured on March
15, 2011 between 04:00 and 06:00 UTC (Saunier et al., 2013), which is
not the case for all of the simulations run in the study. To understand this
point, variation over time on this date was extracted at this location and
can be seen in Fig. 4 for air concentration at ground level, rainfall and
deposits.

Fig. 4 (a) shows the air concentrations and indicates that the model
simulates the passing of a plume at various times, all before 05:00. Fig. 4
(b) shows the different rainfall data. None of these figures shows rainfall
between 04:00 and 06:00. Fig. 4 (c) shows variation over time for
simulated deposits (shown in green) and the final deposits measured
after the event (dashed red line) (MEXT, 2011a; 2011b). The earliest
deposit starts at 06:00, however the main deposits formed either at
08:00 or between 14:00 and 18:00, caused by the simultaneous presence
of the plume and rainfall. On this basis, no simulation can reproduce the
conditions of the observed deposits, between 04:00 and 06:00 UTC, at
Koriyama. While two simulations indicated deposition with less than 5
kBq.m’2 in discrepancy from observations, they focused on the incorrect
time span, in conditions where the plume passage and rainfall do not
match the actual situation, in principle.

The wet deposition schemes are sometimes applied in modelling
conditions which do not accurately represent the conditions at the time.
On this basis, it appears preferable to consider the results of this study
comparing modelling with observations with caution (section 5.3). The
other results (sections 5.2 and 5.4) can be considered as general in scope.

5.2. The importance of selecting a wet deposition scheme when evaluating
the consequences of accidents

This section considers the impact of changing wet deposition scheme
on how emergency situations are managed based on deposition data.
The importance of this aspect was highlighted by focusing on the
maximum potential differences obtained for the deposits simply by
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(c) rainfall data (d) cloud diagnosis

Fig. 3. Scatterplot representing deposits from all simulations — the distance between two points corresponds to the degree of correlation (PCC). The colour depends
on the selected parameter. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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changing this scheme. The quantification and type of differences ob-
tained in this way were examined using the statistical indicators
described in 4.

Three configurations (one for each statistical indicator) were
selected to illustrate the impact of the wet deposition scheme. These
configurations are described in Table 6 with the source term, meteoro-
logical data, rainfall and cloud diagnosis indicated. A pair of wet
deposition schemes is selected and listed in the table for each configu-
ration. The statistical indicator is used to quantify differences between
the deposition maps resulting from each wet deposition scheme of the
pair. The value of the selected pair is indicated in row 2 and the mini-
mum value over all the possible configurations is given between
brackets.

Configuration 1 gives the lowest FMS (53 %) out of all of the simu-
lations. This configuration involves the deposit surface areas obtained
using ML wds and FL wds. The respective maps can be viewed in Fig. 5 —
maps (a) and (b). If the central part of the deposit covers similar surfaces,
FL wds leads to deposits to the north of the discharge site, unlike ML wds.
On the other hand, ML wds is the only scheme to generate a deposit over
a large surface area to the south west. In order to more clearly highlight
agreements and discrepancies, three coloured areas are added to Fig. 5
(c): blue = the surface area only simulated using ML wds, red = the
surface area only simulated using FL wds and magenta = the surface area
simulated using both schemes. The different deposits identified for the
two schemes are attributable to the different formulations used, as
ML wds excludes wet below-cloud deposition. On this basis, if the plume
is located under the cloud, the simulation with FL wds generates a wet
deposit in case of rain, whereas no such deposit occurs with ML wds.

In configuration 2, the deposition maps obtained using ML wds and

Table 6
Configurations used to illustrate the impact of selecting a wet deposition
scheme.

Configuration 1 - To illustrate 2 - To illustrate 3 - To illustrate
number FMS FAC2 PCC
Statistical FMS 53 % (min. FAC2 24 % (min. PCC 82 % (min.
indicator 53 %) 17 %) 82 %)
Source term Saunier et al. Katata et al. Saunier et al.
(2016) (2015) (2013)

Met. Data
Rain data
Cloud diagnosis

Wet deposition
schemes

8th member of
Sekiyama et al.
(2017) ensemble
Radar RAP

Based on cloud
water mixing ratio
ML wds

FL wds

2nd member of
Sekiyama et al.
(2017) ensemble
Model

Based on cloud
water mixing ratio
ML wds

NA wds

2nd member of
Sekiyama et al.
(2017) ensemble
Model

Based on cloud
water mixing ratio
RA wds ldX wds1

NA_wds were shown in Fig. 6 - maps (a) and (b). The deposit simulated
by ML wds is less widespread than that simulated using NA_wds, how-
ever no systematic bias is observed: areas with thicker deposits under
one of the schemes and vice versa. The ratio between the two deposition
maps is shown in Fig. 6 (¢) in order to highlight this aspect. The surface
area where the two schemes give equal deposition give or take a factor of
2 (shown in green on the map) represents 24 % of the coloured areas.
The surface areas where one of the two simulations overestimates the
other by more than a factor of 2, and vice versa, (shown in orange and
red) represents the rest of the map.

In configuration 3, the two deposition maps were obtained using the
wet deposition schemes RA wds and ldX wdsl — maps (a) and (b) in
Fig. 7. The grainy appearance of these deposits is more significant when
simulated using RA wds rather than IdX wdsl. This aspect is quantified
by a 82 % correlation (PCC). Fig. 7c complements these data and shows a
particularly dispersed scatterplot for deposits for all values.

To summarise, for the three configurations highlighted, simply
changing the wet deposition scheme in one simulation has a significant
impact on the deposition map, which is likely to affect crisis manage-
ment by modifying contaminated surfaces and deposition levels. The
importance of selecting this scheme is thus underscored.

This sensitivity to the selected scheme varies across the simulations:
from 53 to 95 % for FMS, from 17 to 95 % for Factor 2 (FAC2) and from
82 to 99 % for correlation (PCC). This demonstrates that changing
scheme will not systematically have the same effect depending on the
configuration parameters. To illustrate this point, deposition surfaces in
excess of 10 kBq.m’2 obtained using the seven schemes were superposed
for two configurations (Fig. 8), those leading to the minimum and
maximum envelope FMS out of the 7 schemes. All aspects of these
configurations are different, particularly rain data, which are taken from
two different meteorological models (see legend). The yellow areas on
the maps identify the overlapping surface of the deposits simulated
using the seven schemes, while the magenta colour identifies the surface
areas where only a single scheme gives a deposit in excess of 10 kBq
m~2. On map (a), the surface area with seven overlapping schemes
(yellow) is relatively small for the others compared with map (b)
particularly in the area to the north of the discharge point. The map
configuration (a) therefore shows the full influence of selecting a wet
deposition scheme. On the other hand, for map (b), the contaminated
surface is approximately similar for all of the wet deposition schemes.

Although the scavenging efficiencies of deposition schemes vary
from one extreme to the other (cf. Fig. 2), this is not the case for deposits,
which are all rather similar in some configurations and vary in other
configurations. An attempt was made to identify common points for
configurations which are sensitive to the selected wet deposition
scheme, however this process was unsuccessful. When taken
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individually, configuration parameters are sometimes influential, but
not always, which illustrates the complexity of studying the wet depo-
sition scheme.

5.3. Selecting a wet deposition scheme by comparing with observations

This section uses observed deposit data, as available after the
Fukushima accident. To begin with, the three simulations with the
highest FMS, FAC2 and PCC scores respectively were selected for a list of

potential candidates for the “best wet deposition scheme”. This scheme
must be both effective for all of the statistical indicators, but also reliable
in terms of providing an acceptable response, even if an item of input
data is incorrectly entered. Secondly, the notion of “best” wet deposition
scheme was therefore specified in the context of use for emergency
response management.

The three simulations leading to the highest statistical value are
identified in Table 7. It appears that these simulations used different
meteorological data and source terms. The following wet deposition
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Table 7
Wet deposition scheme used to obtain the highest statistical indicator (FMS,
FAC2 and PCC) when compared with deposition observations.

Configuration Best FMS — 48 % Best FAC2 — 40 % Best PCC — 59 %
Wet deposition NA wds ML wds NA wds
schemes
Other statistical FAC2: 35 %; PCC: FMS: 48 %; PCC: FMS: 43 %; FAC2:
indicators 55 % 43 % 26 %
Source term Saunier et al. Saunier et al. Saunier et al.
(2016) (2013) (2016)
Met. Data 8th member of 2nd member of 1st member of
Sekiyama et al. Sekiyama et al. Sekiyama et al.
(2017) ensemble (2017) ensemble (2017) ensemble
Rain data Model Model Model
Cloud diagnosis Based on cloud Based on cloud Based on cloud

water mixing ratio  water mixing ratio = water mixing ratio

schemes were used: NA wds for FMS and PCC, and ML_wds for FAC2. The
simulation with the highest FMS obtains relatively good scores for FAC2
(—5% compare to the best FAC2) and PCC, (—4% compare to the best
PCC). The simulation with the highest FAC2 also has an FMS equal to the
best score. On the other hand, this simulation obtains a very poor PCC
score (—16 %). The simulation with the highest PCC has a satisfactory
FMS (—5% vs. the highest FMS), but obtains a less satisfactory FAC2

bcs FMS_10k

bes fac2_tshld

(—14 % vs. the highest score). It would therefore appear that NA wds is
the stand-out wet deposition scheme for the best simulation criterion.

However, the wet deposition scheme is intended for use with various
types of input data (cf. 2.2) and must ideally lead to results which are as
reliable and solid as possible in any context. On this basis, the concept of
performance when managing emergency responses led to the definition
of several scheme properties: property 1: selecting this scheme (instead
of another scheme) generally improves the deposits simulated; property
2: this improvement is significant in this case; property 3: the degra-
dation is never substantial in all other cases.

The impact of selecting one scheme rather than another is estimated
based on the difference between the score obtained using this scheme
and using another scheme. 216 differences were obtained in this way,
from 36 configurations and 6 other schemes used for the purposes of
comparison. Fig. 9 shows the distribution of these differences as box-
plots with the median value, the first and last quartiles, the first and
ninety-nine percentiles and values beyond these percentiles. A median
value of O % indicates a neutral impact: the statistical indicator is
improved (degraded) for half of the simulations using this scheme rather
than another scheme. A sub-figure is provided for each statistical
indicator.

No scheme has a boxplot entirely above the O % horizontal line,
which would indicate a systematically preferable scheme. However,
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Fig. 9. Comparing the relative impact of wet deposition schemes. Boxplots prepared by comparing simulations with (a) FMS; (b) FAC2; (c) PCC. Green (red) outlines
are used for the boxes showing the best (worst) schemes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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some boxes are mostly above this line. In best-case conditions, some
boxes have the first quartile above the O % line, which means that the
corresponding scheme improves deposition values in 75 % of cases. At
least one scheme satisfies this property for each statistical indicator
(framed in green). The reduction in performance is less significant for
FMS, negative values do not exceed —13 %, unlike FAC2 and the PCC,
where values exceed —15 %. The most insignificant reductions in per-
formance reach 3 % for FMS, 8 % for FAC2 and 7 % for the PCC.

When considering details per scheme, FL wds and RA_wds give the
best two FMS. HY wds achieves the highest results in terms of FAC2 and
PCC, but reduces the FMS (64 % of simulations have less satisfactory
results). RA wds gives higher FMS more often (74 % of cases), but re-
duces the PCC (for 76 % of simulations). FL, wds is almost as satisfactory
as RA_wds in terms of FMS, but is less effective for FAC2 and reduces
scores by more than 10 %. NA_wds is neutral in terms of FMS and FAC2
scores, while this scheme ranks second in terms of PCC. ldX wds2 is the
third best scheme for FMS and FAC2, while the PCC remains neutral.
Finally, ML wds and IdX wds1, the two schemes with the lowest depo-
sition values, are poorly classified out of the three statistical indicators.

The best FAC2 compared with observations for all of the simulations
was obtained with ML wds (cf. Table 8). In this specific configuration,
selecting this scheme improves FAC2 compared with the other schemes.
However, selecting this scheme is more likely to degrade FAC2 than
improve it considering all configurations. On this basis, a scheme can be
the best option in the most positive configuration while providing a less
efficient performance if several configurations are taken into
consideration.

To summarise, according to results, no scheme is systematically more
efficient for all three statistical indicators. If no preferable scheme is
identified, some schemes will appear as mostly irrelevant considering
the inherent systematic errors for some indicators, while other schemes
stand out thanks to their more solid impact or at least neutral impact on
all indicators.

5.4. Situating a wet deposition scheme by peer comparison

This section focuses on the behaviour of schemes with respect to
other schemes. This section considers the different responses suggested
by wet deposition schemes independently to observations. Depending
on the emergency situation, one specific response may be preferred due
to priorities, based on either mean values or by maximising options. In
order to reach this decision, preliminary information on the response of
a scheme is helpful, particularly to plan for whether the response is
likely to be similar to or differ from the other responses. The differences
between the responses of schemes were estimated as a mean value for all
configurations.

Schemes were compared in pairs for each configuration. The mean
value for statistical indicators can be found in Table 8. High mean values
are highlighted in blue in this table, for each indicator, while low mean

Table 8
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values are highlighted in yellow. These mean values fall in an interval of
between 54 % and 91 % for FMS (Table 8a), between 29 % and 91 % for
FAC2 (Table 8b) and between 92 % and 100 % for the PCC (Table 8c).
On this basis, the PCC varies little with the wet deposition scheme when
compared with FMS or FAC2.

The colour graduation between yellow and blue is almost identical in
tables (a) and (b). This infers that FMS and FAC2 identify the same
similarities between wet deposition schemes. The two most similar
schemes are ldX wds2 and NA_wds (mean value of FMS and FAC2 = 91
%). Out of all of the other schemes, HY wds is the most similar to
ldX wds2 and NA_wds (with, for example, mean FMS between 84 % and
87 %). RA_wds and FL wds are equidistant around this trio, with a mean
FMS of 82 % between FL wds and RA_wds, and 81 % between FL_ wds and
ldX wds2, for example. The latter two schemes, IdX wdsl and ML wds
give more dissimilar mean deposits compared to the other five. On this
basis, the mean FAC2 between ML wds and FL wds is only 29 %. To
summarise, IdX wds2, NA wds and — to a lesser extent, HY wds and
RA wds —lead to similar mean results. FL, wds, ML wds and ldX wds1 give
different mean results to the other five simulations.

6. Conclusions and prospects

The performance of an operational atmospheric transport model
should constantly be reconsidered in order to optimise responses to
future crises. Wet deposition is a key process when predicting soil
contamination and therefore for post-accident management. The pur-
pose of this study was to reconsider the role of wet deposition schemes
when simulating deposition using an operational model for emergency
response management. The case study focuses on the Fukushima acci-
dent, which once again raised the question of whether wet deposition
models are valid. We carried out a sensitivity study for this purpose,
based on the use of several wet deposition schemes and varying the main
input parameters used to model wet deposition, in order to integrate
some of the complex interactions involved.

According to our results, the wet deposition scheme can have a
substantial effect on the simulated deposition map by affecting the
distribution of deposits, which highlights the importance of selecting a
suitable scheme when managing emergency responses. This impact
varies and depends on other modelling parameters: two different
schemes can lead to very similar or very different deposition maps for
the same event, simply by changing the rest of the configuration (e.g.
meteorological data or source term). The modelling of the wet deposi-
tion in an operational atmospheric transport model, requires a fore-
warned choice of the scheme representing it.

The Fukushima accident is still subject to uncertainty due to the
complex situation, and wet deposition schemes are applied in simulated
conditions which are sometimes not representative of the actual situa-
tion. This case study failed to identify a preferable scheme from the list
of schemes used in operational models. A further case study, possibly

Mean values for statistical indicators for the 21 pairs of wet deposition schemes. The colour code used in the table depends on the value.

The schemes are shown in decreasing order of total deposition.

Fwds pawds [ nawds Hiwas X s FLwds RA_wds ldX wds2 NA_wds HY wds lX_wdsl Mi_wds Fi_wds RA_wds IdX_wds2 NA_wds HY. wds IdX_wds1 Mi_wds
Fi_wds 2% B1% 8% 7%  B4% FI_wds 75% 71%  69% 63% | i was 98% 98% 98% 96% 94% 92%
RA_wds  82% 82% 77% 75% 64% 60% |RA wds 75% 70%  61% 56% | Ra_wds  98% 98%  96% 94% 9% H%
lax_wds2 81%  82% 91%  84%  71% 6% [dX wds2 71% 70% 91% 77% | 52% | 32% |dX_wds2 98% 98% 100% 98% 97% 95%
NA_wds 82% T7% 91% 87% 72% | 59% |NA wds 69% 61% 91% 8a%  53% | 31% |NAwds 98% 96% 100% 90% 98%  96%
HY_wds 77% 75% 84% 87% 74%  62% |HY_wds 63% 56% T77%  84% 60%  40% |HY.wds 96% 94% 98% 99% 99%  97%
lax_wds1 64% 64% 71% 72% 74% 70% JdX wds! 44% 43% 5%  53% 60% 58% [iox wds1 94% | 92% | 57% 8%  99% 99%
ML_wds 61% 59% 62% 70% ML_wds mg&’ 34%  32% 31%  40% 58% Mi_wds | 92% «s}gx[ 95% 96% 97% 99%

(a) FMS (b) FAC2 '~ (c) PCC
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based on on-site recordings designed for this purpose, should be inves-
tigated in order to improve the modelling of this process.

However, the quality of available data for future crisis management
will probably be similar to that of available data for the Fukushima
accident. Attempting to identify the best scheme may be fruitless in this
context, and efforts must rather be focused on attempting to find better
schemes. This study highlights that crisis managers must not exclusively
trust a single model for responses. We recommend obtaining both a
default scheme, used to provide an initial emergency response, and a
panel of schemes, or an envelopes of schemes, with a wide range of
known behaviours, allowing an expert to make an informed decision
based on the purpose of the evaluation process.

Wet deposition schemes themselves could also be improved. For
example, taking into account the electrostatic effects or the particle size
diameter like done by von Schonberg et al. (2021).
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