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A B S T R A C T

In this work we report the results of HYSPLIT numerical simulations of the Chernobyl 137Cs atmospheric
transport, dispersion, and deposition on the regional scale (~1000 km from the source) with the main focus on
the analysis of the deposition processes. In the simulations we used three different gridded datasets of input
meteorology and three release scenarios previously published in the literature. The resistance method and the
predefined constant value of the deposition velocity (0.005m/s) were applied to calculate dry depositions
whereas an approach based on a scavenging coefficient was used for both wet in-cloud and below-cloud re-
movals. The results were statistically evaluated against the measurements of 137Cs total depositions on the
territory of Ukraine. Our simulations show considerable dependence of the HYSPLIT-predicted accumulated
deposition pattern on both the input meteorology and source parameterizations. The best performance of
HYSPLIT was obtained with the ERA Interim reanalysis data and the source model of Talerko (2005) and the
constant deposition velocity. This simulation reproduced fairly well the spatial structure of the 137Cs con-
tamination on the territory of Ukraine with good evaluation statistics. However, not all significant local maxima
of the contamination pattern were captured clearly. Our simulations also show that dry removal processes ac-
count for approximately 50% of the total depositions in Ukraine. Both wet in-cloud and below-cloud removal
mechanisms had roughly equal influence on the total amount of 137Cs radionuclides deposited on the territory of
Ukraine.

1. Introduction

Modeling the atmospheric transport, dispersion and deposition of
radioactive materials released in April/May 1986 from the destroyed
core of the Chernobyl nuclear power plant (NPP) has been subject of
many recent studies (e.g. Evangeliou et al., 2013; Simsek et al., 2014;
Evangeliou et al., 2016; Evangeliou et al., 2017; Giaiotti et al., 2018).
The Chernobyl catastrophe along with the Fukushima Daiichi nuclear
disaster are the two largest accidents on NPPs. Both caused significant
radioactive contamination of large territories. Multiple studies have
aimed to reproduce (through numerical simulation) the physical pro-
cesses determining the fate of the emitted radioactive pollutants on the
regional and global scale (e.g. Pudykiewicz, 1988; Klug et al., 1992;
Baklanov and Sørensen, 2001; Brandt et al., 2002; Talerko, 2005;
Masson et al., 2011; Stohl et al., 2012; Kovalets et al., 2014; Leadbetter
et al., 2015). Yet the simulations results reported in these studies

(pollutant air concentrations and wet and dry deposition fluxes to the
ground) still contain many uncertainties (e.g. Kajino et al., 2018). The
prime cause of these uncertainties seems to originate from insufficiently
accurate input information regarding emitting source characteristics
(e.g. Sugiyama et al., 2012; Evangeliou et al., 2017; Geng et al., 2017).
However, the input meteorology (e.g. Draxler et al., 2013; Arnold et al.,
2015; Leadbetter et al., 2015) and dispersion models (e.g. Draxler et al.,
2013; Leadbetter et al., 2015; Giaiotti et al., 2018) also contribute to
the discrepancy between the calculated results and measurements
(Leelőssy et al., 2018).

The main objective of this work has been to simulate atmospheric
transport, dispersion and deposition of the Chernobyl radioactive
Cesium (137Cs) on the regional scale (~1000 km from the source) using
the well-known dispersion model HYSPLIT (Draxler and Hess, 1998;
Draxler, 1999; Stein et al., 2015). We aimed to achieve deeper under-
standing of the physical conditions, processes, and mechanisms
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responsible for the creation of the extremely complicated deposition
pattern on the territory of Ukraine that features strong contamination
spatial variability (De Cort et al., 1998). Our focus was put mainly on
rather rough separation between dry and wet removal mechanisms.

Some simulations of the Chernobyl 137Cs releases using HYSPLIT
has been already done by other authors (Draxler and Hess, 1998;
Kinser, 2001). In (Draxler and Hess, 1998) the CNPP accidental 137Cs
releases were simulated and used for demonstrating the applicability of
HYSPLIT to model deposition processes. The study modeled only the
emissions during the first day of the catastrophe over the northern part
of Europe and the deposition calculations were compared to available
measurements. In addition to the calculation of the total depositions,
relative influence of different types of deposition processes (dry, wet in-
cloud, wet below-cloud) was also studied. According to the conclusions
of that work, wet deposition processes played a key role in the forma-
tion of contamination (dry removal accounted only for ~1/3 of the
total deposition) with significant domination of the in-cloud removal
processes.

In (Kinser, 2001) the main focus was made on wet deposition of
137Cs on the European territory (continental scale). The main objective
of the work was to propose some improvements to HYSPLIT's calcu-
lating scheme for the in-cloud wet scavenging processes. The results
(deposition fluxes) obtained with the modified parameterization of wet
deposition calculations were compared against measurements (ex-
tracted from the REM (Radioactivity Environmental Monitoring) data-
base (JRC, 2019)) in a rather limited number of sampling sites located
mainly in Western European countries such as Austria and Germany.
The comparison was made for both daily and cumulative depositions.
Unfortunately, the measurements of 137Cs cumulative depositions from
the former USSR (including Ukraine) were not available for evaluation
purposes in that study. The proposed modification to HYSPLIT's wet
deposition parameterization yielded no conclusive evidence of either a
better or worse performance of the model. The main reasons for such a
conclusion are likely to be the large uncertainty of the accidental re-
lease (which did not allow for conducting consistent and accurate si-
mulations) and sparse evaluation data (which did not allow for ob-
taining a reliable assessment of the results).

Since the time the above two works were published, more detailed
and accurate parameterizations of the Chernobyl source term have been
proposed (e.g. Brandt et al., 2002; Talerko, 2005; Evangeliou et al.,
2017). Also, many features of the HYSPLIT model have been improved
and updated, and new features have been added (Stein et al., 2015).
Lastly, more detailed and accurate databases of gridded meteorology
have been developed (e.g. Dee et al., 2011) and the capabilities of
applying prognostic models in order to obtain detailed meteorological
input data for dispersion modeling have increased considerably. This all
makes it interesting to reexamine the results by performing HYSPLIT
simulations with newly available information. In the present work,
which we plan to be the first in a series, we focus our attention on the
regional scale. The simulation of the Chernobyl 137Cs fallout on the
European (continental) scale will be the subject of future works.

It is worth noting that besides works (Draxler and Hess, 1998;
Kinser, 2001) HYSPLIT has been used in a number of studies of the
atmospheric transport, dispersion, and deposition of different pollu-
tants (see e.g. Stein et al. (2015) and references therein), including
radioactive materials released from other accidents (e.g. Kinoshita
et al., 2011; Draxler and Rolph, 2012; Draxler et al., 2013; Katata et al.,
2015) or nuclear weapons tests (Moroz et al., 2010; Rolph et al., 2014).
The simulations have demonstrated a fairly good performance of the
HYSPLIT model.

2. Materials and methods

2.1. HYSPLIT model and configuration of simulations

The National Oceanic and Atmospheric Administration (NOAA) Air

Resources Laboratory's (ARL) HYSPLIT model is a complete system for
computing simple particle (indivisible air parcel) trajectories as well as
transport, dispersion, chemical transformation, and deposition simula-
tions under complex (time- and space-varying) meteorological driving
forces (Draxler and Hess, 1998; Draxler, 1999; Stein et al., 2015).
HYSPLIT performs calculations based on gridded meteorological data
that must be prepared separately. To calculate pollutant dispersion, the
model can be configured to use either a 3-D particle mode or a puff
mode. A hybrid scheme (particles in vertical direction and puffs hor-
izontally) can also be used. In our simulations we applied the 3D par-
ticle modeling approach, which is recommended in (HYSPLIT, 2018).
However, the Gaussian puff representation of pollutant emissions was
also used in our work in order to make a reliable comparison with the
pure puff model, CALPUFF, that was previously used to simulate the
Chernobyl 137Cs release on the same domain (Giaiotti et al., 2018).

In the 3D particle computational mode, 10 000 particles were re-
leased every emission cycle. We determined that such number of re-
leased particles was an optimal balance between the computational cost
and accuracy. It was checked based on the sensitivity tests with in-
creasing number of released particles. The results (min and max air
concentration) obtained with 1000 and 10000 particles differed by less
than 5%. Other control parameters of the model were taken equal to the
default values.

The computational domain (Fig. 1) covers the territory of Ukraine
and the nearest parts of its neighboring countries expanding over 20° in
longitude (from West to East) and 10° in latitude (from South to North)
directions respectively with the center at (49.00oN, 31.50oE) and the
spatial resolution of the computational grid of 0.15° (~15 km).

The output concentration field on the domain was calculated over a
vertical layer with 100m in depth.

In our work we paid close attention to the deposition processes. A
brief summary about both wet and dry removal calculation schemes
used in HYSPLIT is provided below according to (Draxler and Hess,
2017; HYSPLIT, 2018). Wet and dry removal processes of aerosol par-
ticles are parameterized through exponential removal constants. That
is, the total deposited pollutant mass, D, over time step, tΔ , is calculated
using the formula

= − − + +D m exp Δt β β β{1 [ ( )]},dry inc bel (1)

where m is the pollutant mass of either a particle or a puff, while βdry,
βinc, βbel are the inverse time constants for dry removal, in-cloud wet
removal, and below-cloud wet removal respectively. The pollutant mass
is then reduced by the deposition amount given by expression (1).

The dry deposition constant βdry is defined as

= −β v ΔZ ,dry d sfc
1

where vd is the deposition velocity, and ZΔ sfc is the depth of the surface
layer (usually defined internally to the model as the second meteor-
ological data level). Pollutants are dry deposited only if they are within
the surface layer. The deposition velocity for particular matter in
HYSPLIT may be computed using the resistance method or may be as-
sumed to be equivalent to the gravitational settling velocity (Draxler
and Hess, 2017; HYSPLIT, 2018), which is defined based on the particle
diameter, density, and shape parameter. However, an explicit definition
of constant vd is also allowed. In our calculations we used two ap-
proaches: the resistance method and a predefined constant value. The
full resistance model appears to be the most consistent with reality as it
takes into account many fine details of dry removal process, such as its
time and space inhomogeneity, dependence on particle properties,
turbulence structure etc.

In the current version of HYSPLIT (HYSPLIT, 2018) wet deposition
calculations for particles were simplified to use the same computational
approach for in-cloud and below-cloud removal calculations. Both βinc
and βbel are defined through a scavenging constant ( − −s8·10 5 1) and are
expressed as
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where P is the precipitation rate ( = −P mm h[ ] 1) and P0 is reference
precipitation rate ( = −P mm h10

1). According to (Draxler and Hess,
2017) in-cloud scavenging is applied to particles located within a cloud
layer, whereas below-cloud scavenging is used for pollutant removal in
rain below a cloud layer. The cloud bottom is defined at the level when
the RH first reaches 80% and the cloud top is reached when the RH
drops below 60%.

2.2. Input meteorology

In our simulations we used three different sets of gridded meteor-
ological data which differ in spatial and temporal resolutions and
methods for how they were computed. Feeding the HYSPLIT model
with different input meteorology can help us understand how it can
affect the simulation results. Below we provide a brief description of the
datasets used.

2.2.1. NCAR/NCEP global reanalysis data
The first dataset of the input meteorology was obtained from a re-

analysis conducted jointly by the National Center for Environmental
Prediction (NCEP) and the National Center for Atmospheric Research
(NCAR) (Kalnay et al., 1996). These global 2.5° data with time re-
solution of 6 h were retrieved in the ARL/HYSPLIT format from the
NOAA ARL server (http://www.ready.noaa.gov/archives.php). The
surface data provided are the surface pressure (PRSS), air temperature
at 2m (T02M), horizontal wind components at 10m (U10M and V10M)
and 6-h accumulated precipitation (TPP6). In the vertical direction 17

upper levels are defined (for every pressure level between 1000 and
10 hPa), where the values of height (HGTS), temperature (TEMP),
horizontal wind components (UWND and VWND), vertical wind velo-
city (WWND) and relative humidity (RELH) are provided.

The spatial resolution of these data is coarse. Nevertheless, we used
them in our simulations in order to compare with other results and
understand how the spatial resolution of the input meteorology can
vary the deposition pattern.

2.2.2. ECMWF ERA interim reanalysis data
ERA Interim reanalysis data (Dee et al., 2011) were developed by

the European Center for Medium-Range Weather Forecasts (ECMWF).
The data for April/May of 1986 were retrieved from the ECMWF web
site (https://www.ecmwf.int). Their horizontal spatial resolution is
0.75° (considerably higher compared to the NCAR/NCEP dataset) while
the time resolution is the same - 6 h. The surface data includes: surface
height (SHGT), T02M, U10M, V10M and 12-h accumulated precipita-
tion (TPPT). On 27 upper levels (for pressure levels between 1000 and
100 hPa) the values of HGTS, TEMP, UWND, VWND, WWND and RELH
are provided.

2.2.3. WRF ARW data
The outputs of the prognostic model, WRF ARW version 3.6.1

(Skamarock and Klemp, 2008), were also used in our HYSPLIT disper-
sion calculations. The horizontal grid resolution in our WRF simulation
was 30× 30 km2, whereas the temporal resolution of the model out-
puts was 1 h. 49 layers were defined in the vertical direction in order to
resolve a complex vertical structure of the atmosphere during the cat-
astrophe. The NCEP Climate Forecast System reanalysis data (Saha

Fig. 1. HYSPLIT computational domain (inside the red frame/box) and its terrain. The location of CNPP is shown as a red dot.
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et al., 2010) was used as the initial and boundary conditions. The WRF
physics options included the Thompson scheme (Thompson et al.,
2008) for microphysics, the Rapid Radiative Transfer Model for General
Circulation Models (RRTMG) (Iacono et al., 2008) for both longwave
and shortwave radiation, the Unified Noah land-surface model (Chen
and Dudhia, 2001), the Yonsei University scheme (Hong et al., 2006)
for PBL parameterization and the Grell-Freitas ensemble scheme (Grell,
and Freitas, 2014) for the cumulus option. As the surface/2D data the
WRF output included the SHGT, PRSS, 1-h accumulated precipitation
(TPP1), planetary boundary layer height (PBLH), friction velocity
(USTR), sensible heat net flux (SHTF), T02M, U10M and V10M. At 49
upper levels (in the sigma-vertical coordinate) the following variables
were specified and calculated: PRES, TEMP, UWND, VWND, WWND,
and specific humidity (SPHU).

2.3. Emission data

Three different parameterizations of the vertical and temporal dis-
tribution of the emission rate were used in our simulations. The first
release scenario was published in (Brandt et al., 2002), the second one
in (Talerko, 2005), and the last one was recently proposed in
(Evangeliou et al., 2017). The former two parameterizations represent
the CNPP releases by means of several point sources at different heights
above the ground. In the (Brandt et al., 2002) source model there are 6
emission points at the altitudes of 225, 425, 715, 1090, 1575 and
2225m above the ground level, whereas only 4 points, at 200, 500, 800
and 1200m, are used in (Talerko, 2005). These parameterizations also
differ in the time discretization. In the first source model, the emissions
are specified on the daily scale, while Talerko defines emissions for
every 6 h. Both schemes treat the 137Cs release as a single particle
fraction with mean diameter of 1 μm and particle density of
2.5·103 kgm−3. Such particle parameters suggest that in order to si-
mulate their dry removal, the constant deposition velocity of 0.005m/s
can be assumed and used in simulations (Talerko, 2005). This value of
the deposition velocity of the Chernobyl radioactive Cesium is con-
sistent with the results previously reported in other publications (e.g.
Izrael et al., 1990).

The (Evangeliou et al., 2017) source parameterization is more so-
phisticated. Instead of point sources, 6 continuous vertical linear
sources with length of 500m were defined between 0 and 3000m
above the ground. Such representation of the Chernobyl emissions
should be more accurate and consistent with the actual emissions. The
source evolution time step is finer (3 h) than the previously published
source models. Moreover, four fractions of radioactive 137Cs aerosol
particles with mean diameters of 0.4, 1.2, 1.8 and 5.0 μm were defined
and emission rates were provided for every fraction separately. The
particle density of 2.5·103 kgm−3 was assumed for every fraction.

The emission rates on a daily temporal scale for every source
scheme are presented in Fig. 2(a–c), where (Evangeliou et al., 2017) the
source emission rates were integrated over all size fractions. As can be
seen from Fig. 2 (d) the adopted source parameterizations yield quite
similar temporal behavior of the total daily emissions (integrated over
the vertical coordinate). The vertical structure of the emission rates,
however, differs significantly from one parametrization to another.

2.4. Evaluation data and model's performance statistical indices

Similarly to (Giaiotti et al., 2018), to assess the quality of the cal-
culated results we used a set of cumulative deposition data measured at
410 sample sites on the territory of Ukraine (Fig. 3). The data were
extracted from the complete dataset of 137Cs contamination measure-
ments conducted in the early 1990s using a combination of a soil
sampling method and airborne gamma spectrometry (De Cort et al.,
1998). As it can be seen from Fig. 3 the chosen set of verification points
can replicate the geographical structure of the 137Cs deposition pattern
on the territory of Ukraine fairly well. All major radioactive traces

(Western, Eastern and Southern) and all significant local maxima of the
contaminations are captured. This indicates that the evaluation dataset
can be used for meaningful assessment of the simulation results.

Due to a vast range of deposition values (several orders of magni-
tude) it is preferable to use a complementary set of statistical indexes in
order to obtain a reliable measure of a model's performance (Mosca
et al., 1998). The following statistical tests and indices were employed
in the present work: BIAS, geometric mean bias (MG), normalized mean
square error (NMSE), geometric mean variance (VG), Pearson's corre-
lation coefficient (PCC), PCC for data in log-scale (PCClg), factor of
excedance (FOEX), factor of 2 (FA2) and factor of 5 (FA5). Their de-
tailed description can be found in (Mosca et al., 1998; Chang et al.,
2003). All the tests were performed using pairs M C( , )i i , = …i 1, ,410,
where Mi and Ci are the measured and calculated 137Cs total deposition
at the i-th evaluation point respectively.

In addition to the indices we also evaluated the accuracy of the
HYSPLIT-simulated geographic patterns of depositions using Figures of
Merit in Space (FMS) (Mosca et al., 1998). FMSs were calculated for
every contamination interval, according to the map legend in (De Cort
et al., 1998), along with their generalized/weighted estimate, FMSg
(Giaiotti et al., 2018).

Lastly, the scatter diagrams, where calculated depositions are de-
picted against respective measured values, were also built to visually
inspect the quality of the simulations results.

3. Simulation results

3.1. Sensitivity tests

In the first step of our study we performed a number of simulations
(sensitivity tests), which included all combinations of the input me-
teorology, the source models and two approaches for dry deposition
calculation (Table 1). In tests 1–9 the constant deposition velocity of
0.005m/s was used to simulate dry removal processes, whereas the
resistance method was applied in tests 10–18.

The purpose of the sensitivity simulations was to tune the model and
generate the best possible computational results (in terms of the final
deposition pattern) for further analysis. We also wanted to determine
how differences in the final deposition pattern depend on the input
meteorology and source model used.

The values of the statistical indices for every simulation are pro-
vided in Tables 2 and 3. The values highlighted with bold font in these
tables indicate the sensitivity tests with the best performance for each
metric. As can be seen from the tables, the best performance was ob-
served in test 2 (ERA meteorology/(Talerko, 2005) source/const.vd).
Five out of ten measures, namely VG, PCClg, FA2, FA5 and FMSg (only
the generalized estimate of FMS was taken into account) for this si-
mulation reached their highest values. Even though the simulation
yielded rather large negative BIAS (−24.201 kBq m−2, which we at-
tribute to slightly underestimated values in the highest part of the de-
position range) other statistics were relatively close to their best values.
For instance, Pearson's correlation coefficient reached 0.849 and was
almost 0.7 for the data in log-scale. FA5 was equal to 86%, which in-
dicates that the majority of calculated deposition values do not differ
from the measured ones by more than a factor of 5. The final accu-
mulated deposition pattern for this simulation showed the largest
consistency with the geographical distribution of the measured con-
taminations (FMSg=22%).

Two more simulations, test 1 (WRF/(Talerko, 2005)/const.vd) and
test 8 (ERA/(Evangeliou et al., 2017)/const.vd), also showed rather
good values of statistical indices. However, the total deposition struc-
tures generated in these simulations have larger spatial discrepancies
with the measured contamination patterns (FMSg equaled to 17% and
16% for test 1 and test 8 respectively).

The scatter diagrams and final deposition patterns for tests 1, 2, and
8 are shown in Figs. 4 and 5 respectively. It can be clearly seen from

O. Skrynyk, et al. Atmospheric Pollution Research 10 (2019) 1953–1963

1956



these figures that test 2 yielded the best performance.
The conclusions drawn from the results shown in Tables 2–3 and

Figs. 4 and 5 can be summarized as follows:
We found an underestimation of depositions obtained with dry re-

moval calculated based on the resistance method compared to the re-
sults obtained with the constant deposition velocity of 0.005m/s and
real measurements. Such conclusion is valid for all the tests except
those, which use the WRF ARW meteorology. Both dry removal ap-
proaches in a combination with the output of the prognostic model give
similar results. A possible reason for this might be the more precise and
detailed information about the boundary layer structure calculated in
the WRF ARW simulation compared to the reanalysis data. However,
we would like to note that a significant underestimation of dry de-
position of the Chernobyl 137Cs particles calculated with the full re-
sistant model has also been reported in many other studies (e.g. Brandt
et al., 2002; Giaiotti et al., 2018). It would be interesting to consider

this issue in detail in a separate study.
The spatial resolution of the meteorological data has a very sig-

nificant effect on the calculated deposition pattern. The simulation with
NCAR/NCEP coarse gridded data (2.5°, ~250 km) yielded worse sta-
tistical indices compared to ERA Interim (0.75°, ~75 km) or WRF ARW
(30 km) simulations. This is an expected result, because a big part of the
depositions were created by means of atmospheric precipitations,
whose spatial representation in the NCAR/NCEP reanalysis data is not
dense enough. However, the differences between the simulations with
the ERA and WRF input meteorology are not very noticeable. Moreover,
the ERA data gives a more consistent geographical picture of the ac-
cumulated depositions compared to the WRF data (see Fig. 5 (b) and (c)
respectively). The values of FMSg are higher for the simulations with
the ERA reanalysis data compared to the simulations with the WRF
output for all three source models.

(Talerko, 2005) source model appears to be the most accurate one,

Fig. 2. Temporal and vertical distribution of the 137Cs daily release rates during the CNPP accident: (a) (Brandt et al., 2002); (b) (Talerko, 2005); (c) (Evangeliou
et al., 2017). The daily release rates integrated over the vertical coordinate (d). Note: the CNPP accident occurred on April 25 at 21:23 (UTC).
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at least for regional simulations on the spatial scale of ~1000 km from
the source. Two of the three simulations that yielded the lowest

discrepancy with the measurements used this source parameterization.
However, it should be noted that (Talerko, 2005) source model was
designed specifically to reproduce the contamination pattern on the
territory of Ukraine. Whether it is applicable at larger spatial scales (the
entire European continent) remains to be seen. The third and most
sophisticated source parameterization (Evangeliou et al., 2017) did not
give any noticeable improvement of the predicted deposition pattern on
the territory of Ukraine.

3.2. Relative contribution of wet and dry deposition processes to the
contamination pattern formation on the territory of Ukraine

In our analysis of the removal processes at the stage of 137Cs con-
tamination formation on the territory of Ukraine we used only the si-
mulations that gave the best statistical indices. Higher values of sta-
tistical indices (including FMSg, the measure of spatial agreement
between the predicted and measured deposition patterns) give more
confidence in the predictive power of the simulation of the dispersion
and deposition processes during active phase of the Chernobyl cata-
strophe. However, even in this case the results should be interpreted
with caution because not all significant local maxima of the cumulative
deposition pattern were reproduced. Some uncertainties remains pre-
sent in the simulation results.

Fig. 3. (a) Location of 410 evaluation points (black dots) on the territory of Ukraine and the 137Cs contamination pattern built on their base; (b) the 137Cs con-
tamination of Ukraine adapted from (De Cort et al., 1998) (from Giaiotti et al., 2018).

Table 1
Specifications of the sensitivity simulations.

N test Meteorology Source Dry deposition calculation

1 WRF ARW Talerko (2005) const. vd (0.005m/s)
2 ERA Interim Talerko (2005) const. vd (0.005m/s)
3 NCAR NCEP Talerko (2005) const. vd (0.005m/s)
4 WRF ARW Brandt et al. (2002) const. vd (0.005m/s)
5 ERA Interim Brandt et al. (2002) const. vd (0.005m/s)
6 NCAR NCEP Brandt et al. (2002) const. vd (0.005m/s)
7 WRF ARW Evangeliou et al. (2017) const. vd (0.005m/s)
8 ERA Interim Evangeliou et al. (2017) const. vd (0.005m/s)
9 NCAR NCEP Evangeliou et al. (2017) const. vd (0.005m/s)
10 WRF ARW Talerko (2005) resist. method
11 ERA Interim Talerko (2005) resist. method
12 NCAR NCEP Talerko (2005) resist. method
13 WRF ARW Brandt et al. (2002) resist. method
14 ERA Interim Brandt et al. (2002) resist. method
15 NCAR NCEP Brandt et al. (2002) resist. method
16 WRF ARW Evangeliou et al. (2017) resist. method
17 ERA Interim Evangeliou et al. (2017) resist. method
18 NCAR NCEP Evangeliou et al. (2017) resist. method

Table 2
Statistical tests of the global verification analysis.

N of test BIAS MG NMSE VG PCC PCClg FOEX FA2 FA5

kBq/m2 - - - - - % % %
Best 0 Best 1 Best 0 Best 1 Best 1 Best 1 Best 0 Best 100 Best 100

1 22.113 1.039 4.696 5.794 0.826 0.656 1 47 79
2 −24.201 0.928 6.518 3.694 0.849 0.692 −5 47 86
3 14.278 0.672 6.902 12.355 0.853 0.559 −7 39 70
4 −4.697 1.166 5.135 9.798 0.811 0.541 5 36 70
5 −32.001 0.985 12.343 7.407 0.785 0.545 2 35 75
6 19.605 1.156 6.051 69.867 0.735 0.333 8 26 55
7 −21.032 0.819 6.686 7.576 0.819 0.571 −2 37 72
8 −23.816 0.918 7.519 4.111 0.800 0.648 −1 42 85
9 4.866 1.095 4.324 10.598 0.829 0.542 4 34 72
10 10.212 1.029 4.687 5.835 0.802 0.651 1 42 78
11 −43.302 0.421 18.588 24.013 0.821 0.512 −21 27 63
12 −3.116 0.289 6.007 424.338 0.828 0.465 −20 27 51
13 25.421 1.346 6.079 17.804 0.765 0.517 6 30 59
14 −46.044 0.490 26.513 26.525 0.735 0.446 −16 27 61
15 −24.757 0.324 7.531 60.608 0.805 0.509 −26 24 56
16 −7.409 1.186 5.504 10.754 0.800 0.525 6 32 66
17 −49.856 0.607 32.716 15.850 0.802 0.423 −13 35 70
18 −29.938 0.336 8.456 34.118 0.825 0.594 −26 30 60
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As can be seen from Fig. 5 (b) the HYSPLIT three-dimensional
particle model coupled with the ERA-Interim reanalysis meteorological
data (Talerko, 2005), source model and constant deposition velocity of
0.005m/s was capable of reproducing the main radioactive traces
(Western, Eastern and Southern, listed in a chronological order of their
occurrence) on the territory of Ukraine with good accuracy. Several
secondary (those that are far away from the source) local maxima were
also reproduced. For instance, the local maxima in the Eastern part of
Ukraine and in the Ukrainian Carpathians are clearly visible. However,
the significant secondary local maximum in the Southern trace does not
appear clearly.

In order to determine the physical mechanisms (dry or wet, both in-
cloud and below-cloud) responsible for the appearance of the radio-
active traces and local maxima, we conducted two additional simula-
tions. They were similar to test 2 but had dry deposition set to zero. In
the first simulation (the corresponding cumulative deposition pattern is
shown in Fig. 6 (a)) both wet removal (in/below-cloud) processes were
taken into account, whereas in the second simulation (Fig. 6 (c)) only
the in-cloud wet removal scheme was applied. Moreover, in each of
these additional simulations we also computed the ratio between the
calculated deposition values and the total depositions obtained in test 2
(with dry and wet removal processes taken into account). The calcu-
lated results are shown in Fig. 6 (b, d). The scatter diagrams for these
additional simulations are presented in Fig. 7.

Fig. 6 (b, d) shows that the ratio between wet and total depositions
is larger than unity on the significant part of the domain. It is not an
artefact of the simulations. It is a consequence of formula (1) being
applied in HYSPLIT to calculate wet and dry removal of pollutants. The
formula is not additive with respect to different removal processes,
which means that wet and dry depositions can be calculated separately
in HYSPLIT, but their sum can differ from the total depositions
(HYSPLIT, 2018). When simulating dispersion of aerosol particles with
dry deposition set to zero, more pollutants will remain in the atmo-
sphere compared to the case when dry removal is taken into account.
Therefore, the same amount of precipitation can deposit a larger
amount of pollutant, in particular far away from the source. Thus, the
results presented in Fig. 6 should only be looked at in relative terms (i.e.
just to see what kind of removal processes played a more significant
role) and not as an accurate map of absolute deposition values.

According to Fig. 6, wet removal processes contributed to the for-
mation of the western trace on the territory of Ukraine. However, dry
depositions played a significant role here as well. It can be explained if
we assume that this trace was created in the first day of the catastrophe
when the relatively large radioactive debris (with large settling/de-
position velocity) occurred after the explosion, transported and de-
posited along the mean wind direction.

The Eastern trace was created mainly due to wet removal processes.
Wet/total deposition ratio is larger than unity almost everywhere in the

Table 3
Figure of merit in space (FMS, %) for simulations.

N of test Limiting significant levels of total deposition, kBq/m2 FMSg Best 100

0–2 2–4 4–10 10–20 20–40 40–100 100–185 185–555 555–1480 >1485

1 6 16 27 14 6 17 0 7 30 25 17
2 16 29 24 21 14 14 9 0 35 50 22
3 12 17 25 7 5 8 6 0 43 33 16
4 3 23 22 5 8 5 0 0 56 0 15
5 23 26 14 18 6 6 4 0 33 0 17
6 12 17 15 8 4 6 9 2 0 25 12
7 13 18 16 12 7 19 11 0 12 50 15
8 20 19 16 17 8 3 0 0 12 50 16
9 14 3 20 17 4 5 0 0 47 100 13
10 5 18 24 11 10 14 0 9 42 50 16
11 7 14 9 14 3 7 4 0 0 0 10
12 13 8 23 4 8 25 4 0 40 100 14
13 12 22 14 8 8 8 7 0 42 50 13
14 9 13 6 27 7 8 0 0 0 0 12
15 14 6 14 9 1 6 0 0 30 100 10
16 4 16 16 14 6 12 10 0 35 50 13
17 7 14 13 14 7 5 0 0 0 0 12
18 12 6 20 15 10 4 0 0 18 50 13

Fig. 4. Scatter diagrams for selected simulations: (a) test 1 (WRF/(Talerko, 2005)/const.vd), (b) test 2 (ERA/(Talerko, 2005)/const.vd); (c) test 8 (ERA/(Evangeliou
et al., 2017)/const.vd).
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Eastern part of the domain including Eastern Ukraine. Wet deposition is
also a key mechanism for the appearance of a local maximum in the
Ukrainian Carpathians.

The southern trace on the territory of Ukraine is primarily caused by
dry depositions. It is likely that dry depositions were also responsible
for a significant secondary local maximum in this trace. However, be-
cause this local maximum was not visible very clearly in our simula-
tions it is hard to make a definite conclusion regarding its nature. Some
ideas aiming to explain the existence of this local maximum have been
proposed previously (e.g. Buikov et al., 1992; Voloshchuk and
Shkvorets, 1993; Skrynyk et al., 2010). Nevertheless, the mechanism of
its creation still remains unclear and needs to be considered in a se-
parate study.

In general, we may conclude that dry deposition played an

important role in the contamination formation on the territory of
Ukraine. It is confirmed by the scatter diagrams presented in Fig. 7. To
quantify in an approximate way the contribution of wet total (in-
cloud + below-cloud) and wet in-cloud removals to the total con-
tamination we calculated an amount of 137Cs deposited on the surface
based on gridded values of cumulative depositions shown in Fig. 5 (b),
6 (a) and 6 (c). We performed the calculations separately for the whole
modeling domain and the territory of Ukraine only. According to our
estimates, the wet total (in-cloud + below-cloud) removal accounts for
~61% of the contamination on the domain (~46% on the territory of
Ukraine), while wet in-cloud removal can explain ~47% of 137Cs de-
posited on the domain (~25% on the territory of Ukraine). We would
like to note it again that these numbers should be interpreted as a rough
estimate (probably, as an upper limit) because of nonadditivity of

Fig. 5. Cumulative (integrated from 2100 25 April to 2300 6 May 86 UTC) 137Cs deposition pattern for selected HYSPLIT simulations: (a) test 1 (WRF/(Talerko,
2005)/const.vd), (b) test 2 (ERA/(Talerko, 2005)/const.vd); (c) test 8 (ERA/(Evangeliou et al., 2017)/const.vd). A star marks the source location.

Fig. 6. (a) Cumulative (integrated from 2100 25 April to 2300 6 May 86 UTC) 137Cs wet deposition pattern resulted from the simulation similar to test 2 (ERA/
(Talerko, 2005)/const.vd) but with dry depositions set to zero; (b) ratio between the cumulative wet and total depositions on the domain; (c) same as (a) but only
when wet in-cloud removal was simulated; (d) same as (b) but only when wet in-cloud removal was simulated.
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formula (1) regarding removal processes. However, the estimate shows
that dry depositions constitute a significant part of cumulative deposi-
tions (approximately one half of the total depositions on the territory of
Ukraine). Such the estimate is significantly larger than those reported in
previous works (e.g. Draxler and Hess, 1998; Lauritzen and Mikkelson,
1999), where a substantial overbalance of wet removal processes
compared to dry ones during the deposition of the Chernobyl 137Cs was
reported. For instance, according to the assessment conducted in
(Lauritzen and Mikkelson, 1999) ~90% of the total depositions of 137Cs
on the European scale after the CNPP accident stems from wet de-
position and only ~10% was due to dry deposition, whereas in (Draxler
and Hess, 1998) the ratio between dry and wet removal was 1/3.

It should be mentioned that our conclusion about the significance of
dry deposition is not totally surprising and does not necessarily con-
tradict to the above-mentioned studies. Our assessment concerns the
regional scale dispersion processes (~1000 km from the source), where
dry deposition is known to be an important factor, whereas the esti-
mates (Draxler and Hess, 1998; Lauritzen and Mikkelson, 1999) were
made based on simulations where the source is far away. In general it
can be assumed that the larger the distance from the source, the less is
the contribution of dry depositions. One of the reasons for such con-
clusion might be the vertical dispersion which decreases near-surface
air pollutant concentration and thus dry deposition amount in down-
wind regions.

It is also interesting to note that according to our results, both in-
cloud and below-cloud wet removals had approximately equal con-
tribution to the radioactivity deposition on the territory of Ukraine (but
in-cloud removal is slightly more important on the whole domain). This
means that pollutants were well mixed across the lowest part of the
atmosphere (they were not concentrated only in the PBL or just above
the PBL). On the other hand, such results may also point out the im-
portance of the convective precipitations (rain-out scavenging pro-
cesses) in the removal processes.

3.3. Qualitative comparison with CALPUFF results

A simulation of the Chernobyl 137Cs dispersion and deposition
processes over the territory of Ukraine was recently reported by Giaiotti
(Giaiotti et al., 2018). That simulation employed the CALPUFF model.
CALPUFF is a dispersion modeling system that is based completely on
puff representation of the pollutant releases. According to (Giaiotti
et al., 2018) the model was able to capture the main radioactive traces
on the territory of Ukraine. The final deposition pattern appeared to be

oversmoothed, however. It was speculated that the oversmoothing
could come from the calculating algorithm for wet depositions applied
in CALPUFF. Therefore, it would be interesting to compare the CAL-
PUFF results with some other Lagrangian dispersion model such as
HYSPLIT, that can be applied in the same computational mode (the
pure puff approach).

In Fig. 8 (a) and (b) the final 137Cs deposition patterns calculated
with HYSPLIT (puff mode in both vertical and horizontal directions)
and CALPUFF are presented respectively. In these simulations the same
137Cs release scenario, namely (Talerko, 2005), and gridded meteor-
ology, namely the WRF ARW outputs, were used for both models. We
should emphasize that the WRF ARW data was the only possible option
to apply the same meteorology to both dispersion models. This is be-
cause CALPUFF cannot accept reanalysis data. HYSPLIT can be fed with
WRF ARW calculated results directly, whereas CALPUFF adopts such
meteorology through the meteorological preprocessor CALMET. To
prevent CALMET from distorting the gridded meteorological field we
used recommendations published in (Scire et al., 2012). In addition,
both models were tuned to simulate dry removal of pollutants through
the constant deposition velocity of 0.005m/s and wet removal through
the scavenging coefficient of 8·10−5 s−1. The CALPUFF simulation was
performed with the puff split option activated, whereas HYSPLIT ap-
plies puff splitting by default.

As can be seen in Fig. 8, even when using the pure puff mode, the
HYSPLIT cumulative deposition pattern appears to be more consistent
with the actual contamination pattern than that of CALPUFF. Radio-
active traces and local maxima in the HYSPLIT-predicted cumulative
depositions are clearly seen whereas the CALPUFF-generated deposi-
tion pattern is clearly oversmoothed.

We should note that we did not make any quantitative comparison
of HYSPLIT and CALPUFF results based on the measured deposition
data. According to our results, the combination of the WRF ARW me-
teorology and (Talerko, 2005) source model was not the one that pro-
duced the best contamination pattern. Hence, it was of little practical
value to compare these calculated results with measurements. Such a
comparison would not give us any new information about the deposi-
tion processes. The main focus of this section was just to make a relative
comparison at the qualitative level and show that the CALPUFF com-
putational algorithm for wet depositions must be modified (as it was
pointed in (Giaiotti et al., 2018)) if the fine details of the spatial
structure of the depositions far away from the source need to be re-
produced.

Fig. 7. Scatter diagram for simulations when only wet total (in-cloud + below-cloud) (a) and wet in-cloud removal were taken into account.
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4. Conclusion

This work reports simulations of the Chernobyl 137Cs transport,
dispersion, and deposition on the regional scale (the territory of
Ukraine) performed with HYSPLIT model. Three datasets of gridded
meteorology and three scenarios of pollutant releases published pre-
viously in the literature were used as input information for the simu-
lations. The main focus of our study was the deposition patterns and
associated physical mechanism. To simulate dry removal of radioactive
aerosol particles we used a constant deposition velocity of 0.005m/s
and applied an approach based on the resistance method. The wet re-
moval (both in-cloud and below-cloud) was modeled based on the same
approach using the scavenging constant of 8·10−5 s−1.

The results of our simulations show that both the meteorology and
pollutant source parameterization have a very significant influence on
the 137Cs accumulated deposition pattern that comes out of HYSPLIT.
According to the statistical evaluation and visual inspection of our
predicted contamination patterns the result that agreed best with the
measurements was obtained with the ERA-Interim reanalysis data
(Talerko, 2005), source model and a constant deposition velocity of
0.005m/s. In this simulation the main radioactive traces and nearly all
significant secondary local maxima on the territory of Ukraine were
reproduced. Similar values of the statistical indices were also obtained
in the simulations where the combinations WRF/(Talerko, 2005)/
const.vd and ERA/(Evangeliou et al., 2017)/const.vd of input informa-
tion were used. However, the total deposition structures generated in
the latter simulations have larger spatial discrepancies with the mea-
sured contamination pattern. It should be noted that the use of high-
resolution meteorological data (WRF simulation) and more detailed
information regarding pollutant emissions did not improve HYSPLIT
predictions.

We have found that the application of the constant deposition ve-
locity of 0.005m/s gives much better consistency of the calculated
contamination pattern compared to when an approach based on the
resistance method is used. In the latter case an underestimation of the
calculated depositions occurs.

Our simulations also showed that dry deposition played a significant
role during the contamination formation on the territory of Ukraine.
According to our estimates, approximately 50% of the total depositions
are due to dry removal processes. The relative influence of wet in-cloud
and below-cloud removal was about the same.

These new HYSPLIT simulations have improved our understanding
of the physical mechanisms and conditions of the 137Cs contamination
formation in Ukraine after the Chernobyl catastrophe. However, the
elucidation of how some local maxima in the Southern radioactive trace

were formed remains a difficult task. We believe that further simula-
tions may help shed light on these unresolved issues and clarify the
mechanisms of the radioactivity removal on the regional scale after the
Chernobyl accident.

Lastly, we can report that the overall performance of the HYSPLIT
model in terms of the deposition calculations was rather good. We
believe it can be used successfully in other deposition studies on the
regional scales.
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