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Abstract. The coupled model LMDZORINCA has been
used to simulate the transport, wet and dry deposition of
the radioactive tracer137Cs after accidental releases. For
that reason, two horizontal resolutions were deployed and
used in the model, a regular grid of 2.5◦

× 1.27◦, and the
same grid stretched over Europe to reach a resolution of
0.66◦ × 0.51◦. The vertical dimension is represented with
two different resolutions, 19 and 39 levels respectively, ex-
tending up to the mesopause. Four different simulations are
presented in this work; the first uses the regular grid over
19 vertical levels assuming that the emissions took place at
the surface (RG19L(S)), the second also uses the regular grid
over 19 vertical levels but realistic source injection heights
(RG19L); in the third resolution the grid is regular and the
vertical resolution 39 levels (RG39L) and finally, it is ex-
tended to the stretched grid with 19 vertical levels (Z19L).
The model is validated with the Chernobyl accident which
occurred in Ukraine (ex-USSR) on 26 May 1986 using the
emission inventory from Brandt et al. (2002). This accident
has been widely studied since 1986, and a large database has
been created containing measurements of atmospheric activ-
ity concentration and total cumulative deposition for137Cs
from most of the European countries.

According to the results, the performance of the model to
predict the transport and deposition of the radioactive tracer
was efficient and accurate presenting low biases in activity

concentrations and deposition inventories, despite the large
uncertainties on the intensity of the source released. The best
agreement with observations was obtained using the highest
horizontal resolution of the model (Z19L run). The model
managed to predict the radioactive contamination in most
of the European regions (similar to De Cort et al., 1998),
and also the arrival times of the radioactive fallout. As re-
gards to the vertical resolution, the largest biases were ob-
tained for the 39 layers run due to the increase of the lev-
els in conjunction with the uncertainty of the source term.
Moreover, the ecological half-life of137Cs in the atmosphere
after the accident ranged between 6 and 9 days, which is in
good accordance to what previously reported and in the same
range with the recent accident in Japan. The high response of
LMDZORINCA model for 137Cs reinforces the importance
of atmospheric modelling in emergency cases to gather infor-
mation for protecting the population from the adverse effects
of radiation.

1 Introduction

The Chernobyl Nuclear Power Plant (NPP) accident on
26 April 1986 resulted in the dispersion and deposition of
a large amount of radionuclides into the environment. On
26 April 1986, two explosions took place in the power plant

Published by Copernicus Publications on behalf of the European Geosciences Union.



7184 N. Evangeliou et al.: Simulations of the transport and deposition of137Cs after Chernobyl

releasing and transporting radioactive materials over long
distances. The absence of reliable models in the period of
the accident and the lack of reliable information (e.g. ab-
sence of national well-organised monitoring centres provid-
ing support to the official authorities) on the direction taken
by the released elements motivated several researchers to de-
velop environmental modelling tools, in order to be able to
study potential accidental scenarios. Since then, many na-
tional and international efforts have been initiated to develop
reliable models that will be able to describe transport and
dispersion mechanisms when large amounts of radionuclides
are released. Such tracer models can be used to estimate the
spatiotemporal distribution of the fallout from accidental re-
leases and the output can be used for preventive purposes,
as well as to estimate the exposure and the harmful impacts
from the dangerous compounds on humans, animals and veg-
etation.

It has been estimated that over 10 EBq (× 1018 Bq) of fis-
sion and activation products escaped from the damaged re-
actor (De Cort et al., 1998), whereas 2 EBq (the most re-
fractory) were deposited in the 30 km vicinity of the power
plant (Hatano et al., 1998). The most abundant nuclides
were 133Xe (∼ 6500 PBq), 131I (1200–1700 PBq),132Te
(1000–1200 PBq)137Cs (∼ 85 PBq),90Sr (81 PBq), 134Cs
(44–48 PBq), whereas the most refractory, less volatile ra-
dionuclides were144Ce, 141Ce, 106Ru, 140Ba, 95Zr, 99Mo,
238−241Pu etc. (Devell et al., 1996; De Cort et al., 1998).
However, a radionuclide of major concern is137Cs, due to
its half-life (30.2 yr), the radiation type it emits during its ra-
dioactive decay and its bioaccumulation by organisms. Con-
sequently, it is a chemical analogue of potassium and rubid-
ium with high mobility in biological systems. Its chemical
and metabolic-physiological reactions are similar to those of
potassium (Woodhead, 1973) that is essential for many or-
ganisms. This explains why137Cs gets enriched within tis-
sues and cells. However, Cs cannot easily replace K in its
metabolic functions, and it is not usually received by organ-
isms in the same portion as potassium (Kornberg, 1961). Fi-
nally, it also participates in the augmentation of the total ra-
dioactivity to which the population is exposed.

Despite the dramatic consequences of the Chernobyl reac-
tor accident, the atmospheric releases and the observed depo-
sition of radionuclides provide a challenge for the modellers
to test and improve their long-range dispersion models. For
many years, operational codes have been developed to quan-
tify the global fluxes of chemical pollutants (Elliassen, 1978;
Elliassen and Saltbones, 1983; Prather et al., 1987; Lee et
al., 2001; Stier et al., 2005; Koch et al., 2009; Huneeus et al.,
2011; Olivíe et al., 2012). At the same time, some authors
proposed the use of certain codes to analyse and/or predict
the atmospheric transfer of radionuclides (ApSimon et al.,
1985, 1987; Jacob et al., 1987, 1997; Albergel et al., 1988;
Lange et al., 1988; Hass et al., 1990; Piedelievre et al., 1990;
Balkanski et al., 1992; Klug et al., 1992; Ishikawa, 1995;
Brandt et al., 2002; Qúelo et al., 2007). It is well established

that such models provide a good description of the climato-
logical long-range transport. However, the inconvenience in
such studies arises from the fact that the simulations of the
pollution episodes cannot be easily validated due to the lack
of real-time qualitative measurements.

Many simulational studies have been performed in order
to predict how the radioactive137Cs migrated after the acci-
dent (e.g. Albeger et al., 1988; Hass et al., 1990; Bonelli et
al., 1992; Desiato, 1992; Salvadori et al., 1996; Hatano et al.,
1998; Brandt et al., 2002). The primary subject of these stud-
ies was emergency evacuation planning over regions within
30 km from the site (called “the exclusion zone”), although
most of the results were proven to be inconsistent with the
measured data obtained afterwards. Today, more than 25 yr
after the accident, a better understanding of the fate of ra-
dionuclides has been obtained in terms of total deposition.
Furthermore, high quality deposition measurements over Eu-
rope have become available from the Chernobyl period by the
EU Joint Research Centre (JRC) called “the REM database”,
whereas high resolution maps have been created called “At-
las of caesium deposition on Europe after the Chernobyl ac-
cident” (De Cort et al., 1998). These data have being contin-
uously collected by the EU since 1986 in the frame of the
REM (Radioactivity Environmental Monitoring) project pre-
senting atmospheric activity concentrations and deposition
inventories from European countries, and then used in this
paper to validate the model ability to represent the spread
and deposition of137Cs. For the creation of the map (here-
after, referred to as the Atlas), the data have been corrected
for radioactive decay to 10 May 1986. A similar map has also
been published by Peplow (2006).

Consequently, the main goal of the present work was to
study the efficiency of the model described here for the tracer
137Cs using the reported patterns of the Chernobyl releases
and transportation over Europe. Therefore, (i) the altitude of
the emissions after the episode was considered assuming that
the emissions occurred (a) at the surface and (b) at several
heights. Moreover, the resulting dispersion and deposition of
137Cs is presented using (ii) the regular grid (2.5◦

× 1.27◦)
and (iii) the zoom-version of the model. Finally, the results
of the two versions are evaluated by using two different ver-
tical resolutions: 19 and 39 vertical layers for the regular
grid configuration. All the results have been compared with
raw data from the REM database. Given the large global risk
of human exposure to radiation, especially in areas around
reactors in densely populated regions, notably in West Eu-
rope and South Asia, where a major reactor accident can
expose around 30 million people to radioactive contamina-
tion (Lelieveld et al., 2012), a reliable transport model for
radioactive substances would be a benefit. The recent deci-
sion by Germany (following the Fukushima Daiichi accident
in Japan) to phase out its nuclear reactors will reduce the
national risk, though a large risk will still remain from the
reactors in the neighbouring countries.

Atmos. Chem. Phys., 13, 7183–7198, 2013 www.atmos-chem-phys.net/13/7183/2013/
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2 Global atmospheric transport model

The aerosol module INCA (INteractions between Chem-
istry and Aerosols) is coupled to the general circulation
model (GCM), LMDz, developed at the Laboratoire de
Mét́eorologie Dynamique in Paris, and the global vegetation
model ORCHIDEE (ORganizing Carbon and Hydrology In
Dynamic Ecosystems Environment) (LMDZORINCA) (see
also Szopa et al., 2012). Aerosols and gases are treated in
the same code to ensure coherence between gas phase chem-
istry and aerosol dynamics as well as possible interactions
between gases and aerosol particles. The simulations using
the regular grid described below were performed with a max-
imum horizontal resolution of 2.5 degrees in longitude and
1.27 degrees in latitude (144× 142) (Fig. 1a). However, the
GCM also offers the possibility to zoom over specific re-
gions by stretching the grid with the same number of grid-
boxes (Fig. 1b). In the present study the zoom version was
used in Europe obtaining a maximum horizontal resolution
of 0.6 degrees in longitude and 0.51 degrees in latitude. On
the vertical dimension, the model uses sigma-p coordinates
with 19 levels extending from the surface up to about 3.8 hPa
corresponding to a vertical resolution of about 300–500 m in
the planetary boundary layer (first level at 70 m height) and to
a resolution of about 2 km at the tropopause (with 7–9 levels
located in the stratosphere). Moreover, a vertical resolution
of 39 layers has been installed and used extending from the
surface up to the mesopause. More information about the pa-
rameterisation of wet and dry deposition can be found in the
Supplement of this article (Methodology).

Each simulation was carried out for nine months (April to
December 1986). Deposition of137Cs in Europe one month
after Chernobyl appeared to be at least two orders of magni-
tude, or more, lower than the maximum deposition just after
the accident, and also that it was fractional (below detection
limit) one year later (Kritidis, 1989). Therefore, nine months
were sufficient to obtain more than 99 % of the137Cs emit-
ted. LMDZORINCA accounts for emissions, transport (re-
solved and sub-grid scale), photochemical transformations,
and scavenging (dry deposition and washout) of chemical
species and aerosols interactively in the GCM. Several ver-
sions of the INCA model are currently available depend-
ing on the envisaged applications with the chemistry-climate
model. The model runs in a nudged mode (using the ERA40
Re-analysis data – 6 h wind fields – by the European Centre
for Medium-Range Weather Forecasts, ECMWF, 2002) with
a relaxation time of 10 days for the regular grid, whereas for
the zoom version relaxing to 4.8 days in the centre of the
zoom and to 10 days outside (Hourdin and Issartel, 2000).

The radioactive tracer137Cs (half-life= 30.2 yr) was in-
serted as an inert tracer within the model. The behaviour of
137Cs in the atmosphere is strongly related to its chemical
form as it may be released in the atmosphere in gaseous
form or adsorbed onto particles. Here, it is assumed that
mostly 137Cs behaves as an aerosol and as such it is treated

Fig. 1. (a) 144× 142 (points) regular grid of the GCM used for
the simulations of the Chernobyl accident using 19 and 39 sigma-p
vertical layers,(b) 144× 142 grid “stretched” over Europe (zoom-
version) for 19 vertical layers.

in the model. In fact, this is true as it has been reported
that over 80 % of the137Cs emitted in the atmosphere dur-
ing accidental releases is in the form of particulates (Richie
and McHenry, 1990; Yoschenko et al., 2006; Sportisse, 2007;
Morino et al., 2011; Potiriadis et al., 2011). The partitioning
between gaseous form and particles and the size distribution
of aerosols strongly affect dry deposition and scavenging.

3 Emission estimates after the accident

The coordinates of the emissions after the Chernobyl ac-
cident in the model were set to 30.083◦ E longitude and
51.383◦ N latitude. The precise amount of the emissions af-
ter the accident is still laden with uncertainty for the re-
searchers and the local authorities and, typically, an uncer-
tainty of 50 % is used in such analyses (e.g. Albeger et al.,
1988; Hass et al., 1990; Brandt et al., 2002). The total source
term evaluated by the ex-USSR authorities and published at
an IAEA conference in 1986 (Hass et al., 1990) presented a
value of 37 (±50 %) PBq for137Cs estimated on the basis that
all the emitted137Cs had been deposited in ex-USSR coun-
tries only. Nevertheless, a subsequent estimation of the activ-
ity of 137Cs emitted after the accident, taking into account the

www.atmos-chem-phys.net/13/7183/2013/ Atmos. Chem. Phys., 13, 7183–7198, 2013
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amount of137Cs deposited in all countries, showed a value
more than 2 times higher (85± 50 % PBq), which is 30 % of
the total core inventory of137Cs (280 PBq) (IAEA, 2006).
The daily emission percentages (with respect to the total re-
lease), the respective activities and the injection height over
19 and 39 vertical layers can be found in Table 1. The major
part of the initial emissions from Chernobyl has been esti-
mated to take place at relatively high altitudes. After a few
days, the major parts of the emissions were released at lower
altitudes below 1.5 km, and in the following days the concen-
trations were transported over most of Europe with major in-
fluences in southern, eastern and central Europe. As a result
of the two explosions held during the first day of the acci-
dent, the initial large release was due to the mechanical frag-
mentation of the fuel. It mainly contained the more volatile
radionuclides such as noble gases, iodine and some caesium.
The second large release in the end of this period was caused
by the high temperatures reached in the core melt (Waight et
al., 1995).

4 Results and discussion

4.1 Fallout transport over Europe using different model
versions

Three separate simulations in the regular grid version of
the model were performed, the first one assuming that all
the amount of137Cs was introduced at the site’s surface
(RG19L(S)), the second following the real emission alti-
tude according to Table 1 spread over 19 layers (RG19L)
and the final one over 39 layer resolution following the
same emission patterns (RG39L). Moreover, one additional
run was performed after installing the zoom-version of the
model, stretched over Europe gridded within 19 vertical lay-
ers (Z19L) using the emissions denoted in Table 1. The137Cs
activity concentrations in Figs. 2–5 are expressed in Bec-
querel per m3 STP, where m3 STP is a standard cubic metre
of air at 273.15◦K and 1 atm.

The atmospheric activity concentrations of137Cs from the
first run (RG19L(S)) are illustrated in Fig. 2 for the first
day of the accident (26 March 1986), for the end of March
(30 April 1986), as well as for 5 and 10 May 1986, in order
to assess the direction of the radioactive fallout. It is note-
worthy that the direction of the radioactive fallout seems not
to vary much, mostly affecting the southern countries of Eu-
rope and the regions located in northern Africa. The atmo-
spheric burden of137Cs was found to be maximum on the
last day of the emission (5 May reaching 24 PBq, which cor-
responds to 28 % of the total emitted (Table 2), and then de-
creased exponentially, presenting an ecological half-life for
137Cs of approximately 3 days (Fig. 6). The ecological half
life of 137Cs is defined as the period of time it takes for137Cs
burden to decrease by half, affected by processes others that
its radioactive decay (radioactive decay of137Cs during the
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Fig. 2. Daily mean surface137Cs activity concentrations (in
Bq m−3 STP) from the Chernobyl accident. Model with regular
grid and 19 vertical levels assuming surface emissions (RG19L(S)).
The figures show the situation during the first day (26 April 1986),
at the end of April (30 April 1986), the last day of the emissions
(5 May 1986) and on 10 May 1986.

9 months runs was neglected since137Cs is a long-lived ra-
dionuclide presenting a half-life of 30.2 yr). Consequently,
during the last day of the emissions 28 % of137Cs was still
present in the atmosphere, whereas at the end of May the
respective rate was 1.1 % (1.0 PBq) (Table 2). However, ac-
cording to the REM database and previous simulations of the
accident (e.g. Brandt et al., 2002) the direction depicted by
this simulation is inaccurate. This result was expected since
the prevailing winds at the surface blow in a very different
direction than the ones above.

A closer representation of what happened after the acci-
dent is reflected by the second run of the model (RG19L) per-
formed after introducing the known sources of137Cs at dif-
ferent vertical layers of the model (see Table 1). This simu-
lation indicates that the prevailing advective conditions have
spread the radioactive fallout over longer distances than if
emission occurred at the surface from the first day of the ac-
cident (Fig. 3). At the end of April 1986 the fallout was di-
vided along three axis. The first one was transported to the

Atmos. Chem. Phys., 13, 7183–7198, 2013 www.atmos-chem-phys.net/13/7183/2013/
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Table 1. Daily emissions of137 Cs in PBq after the Chernobyl accident in 1986 (according to Brandt et al., 2002) and relative vertical
distribution in the model for 19 and 39 layers.

Mid-point in Layer 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1 May 2 May 3 May 4 May 1 May
19 Layers thickness (24 %) (8 %) (6.8 %) (5.2 %) (4 %) (4 %) (8 %) (10 %) (14 %) (16 %)
(m) (m)

140 45–235 – – 1.450 1.000 0.850 0.850 1.700 2.150 3.050 3.500
360 236–486 – 0.335 2.900 2.000 1.700 1.700 3.400 4.300 6.100 7.000
690 486-895 – 3.735 1.450 1.000 0.850 0.850 1.700 2.150 3.050 3.500
1200 896–1505 14.050 2.700 – – – – – – – –
1900 1506–2295 5.050 – – – – – – – – –
2900 2296–3505 1.000 – – – – – – – – –

Mid-point in Layer 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1 May 2 May 3 May 4 May 1 May
39 Layers thickness (24 %) (8 %) (6.8 %) (5.2 %) (4 %) (4 %) (8 %) (10 %) (14 %) (16 %)
(m) (m)

208 0–243 – – 0.580 0.400 0.340 0.340 0.680 0.860 1.220 1.400
278 244–326 – – 0.725 0.500 0.424 0.424 0.850 1.075 1.526 1.751
372 327–443 – 0.134 1.305 0.900 0.765 0.765 1.531 1.934 2.745 3.150
508 444–609 – 0.134 1.160 0.800 0.680 0.680 1.361 1.719 2.440 2.800
700 610–841 – 1.748 1.232 0.850 0.722 0.722 1.446 1.828 2.593 2.975
963 842–1154 1.405 1.681 0.652 0.450 0.382 0.382 0.765 0.968 1.373 1.576
1309 1155–1567 11.24 1.994 0.145 0.100 0.085 0.085 0.170 0.215 0.305 0.350
1754 1568–2095 3.425 1.080 – – – – – – – –
2308 2096–2755 2.020 – – – – – – – – –
2982 2756–3562 1.610 – – – – – – – – –
3779 3563–4522 0.400 – – – – – – – – –
TOTAL 20.10 6.771 5.800 3.999 3.398 3.398 6.803 8.600 12.201 14.001

Table 2. Atmospheric burden of137Cs in PBq (with respect to the total emission of 85 PBq) estimated from the different model-versions
used for the Chernobyl simulation. RG19L(S) denotes the simulation in the regular grid (144× 142) assuming surface emissions, RG19L
the regular grid with the real emission height, RG39L the regular grid with a 39 layer vertical resolution and Z19L the zoom-version over
19 vertical layers.

26 Apr 30 Apr 5 May 31 May 20 Jun 31 Jul 31 Aug 30 Sep 31 Oct 30 Nov 31 Dec

RG19L(S) 8.4 13 24 1.0 0.1 0.04 0.02 0.02 0.01 < 0.01 < 0.01
RG19L 11 27 41 6.8 1.1 0.19 0.09 0.07 0.5 0.04 0.04
RG39L 10 29 54 7.1 1.3 0.28 0.18 0.16 0.14 0.13 0.13
Z19L 12 28 43 7.0 1.2 0.25 0.13 0.10 0.08 0.07 0.06

northern side of Europe, mostly affecting Sweden and Nor-
way and the second part to the western side impacting Cen-
tral Europe, whereas the final one has a northeastern direc-
tion affecting Russia, Belarus and Ukraine. These results at
the end of April concur with the findings of other researchers
(Albergel et al., 1988; Brandt et al., 2002; Hass et al., 1990).
During the last day of the emissions (5 May 1986), it is ev-
ident that the fallout has been distributed over most of Eu-
rope. Comparing to the total emission of137Cs after the ac-
cident, 48 % (41 PBq) of the137Cs emitted remained in the
atmosphere on 5 May 1986 (Table 2). This is an additional
difference between the two runs, since the fallout seems to
be deposited more locally if emitted at the surface than at
greater heights. The ecological half-life of137Cs in the at-

mosphere was estimated by the exponential decrease of the
burden and it was found to be almost 6 days (Fig. 6). This dif-
fers significantly from the respective ecological half-life esti-
mated during the previous run (RG19L(S), 3 days). Cambray
et al. (1987) reported that following the Chernobyl accident,
the exponential decline of the137Cs concentrations indicated
a residence half-time of 7 days for137Cs, which concurs
very well with the value found here. The fallout was trans-
ferred south-easterly after the end of the emissions, mainly
to the Middle East, whereas it weakened up to 4 orders of
magnitude by the end of May, with only 8 % (6.8 PBq) of
the total 137Cs emitted still remaining in the atmosphere.
The next months the atmospheric burden decreased reach-
ing 0.04 PBq at the end of December, which corresponds to

www.atmos-chem-phys.net/13/7183/2013/ Atmos. Chem. Phys., 13, 7183–7198, 2013
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Fig. 3. Daily mean surface137Cs activity concentrations (in
Bq m−3 STP) from the Chernobyl accident. Model with regular grid
and 19 vertical levels and injection at the real emission height (Ta-
ble 1) (RG19L). The figures show the situation during the first day
(26 April 1986), at the end of April (30 April 1986), the last day of
the emissions (5 May 1986) and on 10 May 1986.

0.05 %, indicating that the vast majority of137Cs has been
deposited by the end of the year 1986 (Table 2). This is in
good agreement with the measurements reported elsewhere
(e.g. Ballestra et al., 1987; Mattsson and Vasanen, 1988).

Regarding the run performed after installing and using
39 layers in vertical resolution (RG39L) for the same hori-
zontal resolution of the model, there were significant differ-
ences in the number of emission vertical levels. In this run the
emission distribution in the vertical layers had more points,
since the layers were separated by shorter distances between
each other. However, the logic of choosing these amounts for
each layer (as shown in Table 1) emanated precisely from the
previous run (RG19L), in order to achieve similar amounts of
137Cs being emitted from similar altitudes as in the RG19L
run. Despite the differences, the tendency of the fallout trans-
port (Fig. 4) was the same as in the RG19L run, since the
same ECMWF meteorology files are re-gridded respectively
in the vertical plane for both RG19L and RG39L versions.
For both resolutions transport occurs to North Europe on the
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Fig. 4. Daily mean surface137Cs activity concentrations (in
Bq m−3 STP) from the Chernobyl accident. Model with regular grid
and 39 vertical levels and injection at the real emission height (Ta-
ble 1) (RG39L). The figures show the situation during the first day
(26 April 1986), at the end of April (30 April 1986), the last day of
the emissions (5 May 1986) and on 10 May 1986.

first day of emission (26 April), whereas the fallout was di-
vided in three components on 30 May, one affecting North
Europe (Sweden and Norway), a second one the Central Eu-
ropean countries and a third one following a north-eastern
direction (across Russia, Belarus and Ukraine). After the last
emission date (5 May) the radioactive plume had been trans-
ferred across all Europe. The cyclone observed on 5 May
north of the UK influences significantly the wind direction
and has been reported by previous investigators in the area.
The ecological half-life of137Cs was estimated to be 9 days,
which is higher than for the RG19L run (Fig. 6). In fact,
in this run137Cs was present for longer times in the atmo-
sphere; the burden of137Cs was estimated at 54 PBq (64 %)
on 5 May, while the next months decreased exponentially
reaching 0.13 PBq (0.15 %) at the end of 1986.

The same simulation for the Chernobyl accident was per-
formed, after setting up a zoom-version of the model for
19 vertical layers (Z19L), centred over Europe. The initial
transport (26 April) of the radioactive fallout shows a more

Atmos. Chem. Phys., 13, 7183–7198, 2013 www.atmos-chem-phys.net/13/7183/2013/
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Fig. 5. Daily mean surface137Cs activity concentrations (in
Bq m−3 STP) from the Chernobyl accident. Model with regular
grid stretched over Europe and 19 vertical levels and injection at
the real emission height (Table 1) (Z19L). The figures show the
situation during the first day (26 April 1986), at the end of April
(30 April 1986), the last day of the emissions (5 May 1986) and on
10 May 1986.

pronounced meridional axis than in the previous simulations
directed towards West-central Belarus (north), while a much
weaker amount of137Cs (more than two orders of magni-
tude less) was transferred to Romania and the Black Sea
(south) (Fig. 5). The same transport trends have been vali-
dated and reported elsewhere (e.g. Brandt et al., 2002, Hass
et al., 1990). At the end of April the three different direc-
tions of the plume (north, west, northeastern) were apparent
and the respective levels were similar to the regular grid runs.
On 5 May (last day of the emissions), the plume seems more
intense in areas close to the source presenting a more local-
based transport, with the fallout extending mostly to the east.
137Cs affects the central and eastern European regions, while
it has not been transferred to Spain, Portugal and the north-
east African countries yet. Observations support this trans-
port pattern as these countries have reported trace amounts
of 137Cs activity concentrations in the air or they were below
the respective detection limits. The remaining137Cs (burden)
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Fig. 6. Exponential decrease of the atmospheric burden of137Cs
(in PBq) for the 4 different simulations of the Chernobyl accident
(RG19L(S), RG19L, RG39L and Z19L). This graph was used in or-
der to estimate the ecological half-lives of137Cs in the atmosphere.
R2 is the correlation coefficient of the exponential fitting that the
burden of137Cs in the atmosphere follows.

was maximum on 5 May as it was estimated to be 43 PBq in
the atmosphere, which corresponds to 51 % of the direct total
emission (Table 2). The ecological half-life of137Cs was also
estimated to be almost 6 days (Fig. 6), which is comparable
to those estimated by the previous runs and similar to those
reported previously for the Chernobyl accident. However, a
recent study following the Fukushima NPP accident in Japan
showed ecological half-lives of137Cs to be between 5 and
10 days (Kristiansen et al., 2012). Until 10 May the fallout
appeared to follow a southern direction affecting the Middle
East, just as in the previous simulations. During the last two
thirds of May the radioactive plume over Europe was of the
order mBq m−3 STP, whereas at the end of the month only
8.2 % (7.0 PBq) of the137Cs emitted still resided into atmo-
sphere. Likewise,137Cs decreased in the following months
and more than 99.9 % had been deposited by the end of 1986
(Table 2).

A three dimensional illustration of the 0.15 Bq m−3 STP
iso-surface of137Cs on 28 April (12:00 UTC) for 19 (left
panel) and 39 vertical layers (right panel) is shown in Fig. 7
as in Brandt et al. (2002). The figure shows what can be seen
from the south and137Cs surface activity concentrations are
plotted on the iso-surface. It is noteworthy that some parts
of the plume experience vertical transport to higher altitudes.
Another important feature here is the fact that the plume is
distributed irregularly, both vertically and horizontally, in the
39 layers. It dominates the higher layers of the atmosphere
across all Europe, in contrast to the 19 layers run, where the
plume ascends mostly near the source. This is actually what
Brandt et al. (2002) have proposed: parts of the plume are
transported to higher altitudes where the wind direction is
opposite to the direction found at lower levels. This wind
pattern causes a transport in opposite horizontal directions
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Fig. 7. A three-dimensional mapping of the 0.15 Bq m−3 STP iso-
surface of137Cs on the third day after the Chernobyl accident
(28 April, 12:00 UTC) for 19 (left panel) and 39 vertical levels (right
panel). Surface activity concentrations in Bq m−3 STP are plotted
on the iso-surface with the darker colour indicating high concentra-
tions and the lighter lower ones).

at different altitudes, i.e. towards northwest at lower alti-
tudes and towards southeast at higher altitudes. The distri-
bution of 137Cs on 28 April extends up to 388 mbars in the
19 layers and up to 74 mbars in the 39. It is obvious that
larger amounts of137Cs have been transferred to higher alti-
tudes in the 39 levels (yellow colours in the iso-surface espe-
cially northerly – Fig. 7) resulting to higher residence times
of 137Cs in the atmosphere (see Fig. 6). The Gaussian verti-
cal motion in conjunction with the larger number of the lev-
els spread the radionuclide into higher altitudes, despite our
attempts of emitting similar amounts of137Cs from similar
heights in the model.

4.2 Comparison with direct measurements of
atmospheric activity concentrations

Data obtained from the four different runs of the Chernobyl
accident were compared to real-time measurements of the
activity concentrations of137Cs. For that purpose, the afore-
mentioned REM database was used. The activity concentra-
tions from the database were divided in three parts according
to the regions mostly affected by the radioactive fallout on
30 April 1986 (see Figs. 2–5), (a) West-central, (b) North and
(c) South Europe. Time series measurements of137Cs atmo-
spheric concentrations between April and May 1986 can be
found in Supplement, Fig. S1 for the regions examined.

In West-central Europe (Germany, France, UK, Belgium,
Switzerland, Austria and Netherlands), the trends of137Cs
dispersion in the countries examined showed satisfactory re-
sults, in terms of activity concentrations and residence times
as well (Supplement, Fig. S1). However, relatively small
inaccuracies were observed on some days (e.g. in Austria

and Switzerland). The precision of the measurement tech-
nique used is not indicated in the database. Data from the
REM database have been collected using several different
techniques (e.g. direct airborne gamma spectrometry, surface
pumping through disc filters followed by gamma spectrom-
etry, etc.) and the specific method used at each station is not
specified in the database. Therefore, determination recover-
ies contrast between different methodologies and this might
induce additional uncertainties to the results. Regarding the
residence time of137Cs in the countries presented here, the
model also shows robustness since, in most of the cases, sim-
ilar levels were observed. Finally, the ending dates of the fall-
out, where137Cs activity concentrations were near the limit
of detection (LOD), concur with those of the model.

Similar results were found for the countries of North Eu-
rope (Finland, Norway, Sweden and Denmark) with smaller
discrepancies (Supplement, Fig. S1). The most apparent
were observed for Finland and Norway during the first days
of May 1986, where the model underestimates the activity
concentrations of137Cs. However, the patterns of137Cs ac-
tivity concentrations in all cases were undoubtedly consistent
indicating high accuracy for the model. Very similar levels
were observed for the starting and the ending point of the
radionuclide passage over the countries studied.

Finally, reliable results were obtained for South European
countries (ex-Czechoslovakia, Hungary, Italy and Greece)
(Supplement, Fig. S1), albeit underestimations over the Ital-
ian territory and overestimations over Greece. It is also es-
sential to focus on another source of uncertainty. Even nowa-
days the exact emissions from the Chernobyl accident are
unknown. Therefore, the relatively large discrepancy in the
dosages of137Cs can be explained from discrepancies in the
source term or uncertainties in the effective release heights,
since the injection altitudes used in the present study are only
educated guesses. We state that they are “educated guesses”
because (a) an uncertainty of at least±50 % is used, and
(b) the altitude of the emissions (which is very important and
can change the transport regime extremely (as shown in the
RG19L(S) simulation) is based on simple assessments. The
last is mainly because tools such as back trajectories were not
available 27 yr ago, and also, there was lack of information,
while the national monitoring systems of the countries were
not well developed like nowadays. Injection height seems
to be very essential in terms of transport and deposition of
137Cs in certain regions. Another noteworthy point that we
should focus on here is what we learn from the results of
the RG19L(S) simulation, where surface emissions were as-
sumed. These results differ significantly from measurements
and also model-versions where real emission altitudes were
used. For instance, no137Cs was detected in North Europe
until the end of May or extreme amount were estimated in
South Europe at the start of the same month. This is addi-
tional evidence of how the exact height of the emission could
affect the subsequent transport of137Cs and the importance
of the uncertainty induced by the source term.
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Table 3. Comparison of the activity concentrations of137Cs from the Chernobyl accident between the REM database and the different
model versions used (RG19L(S), RG19L, RG39L and Z19L). Spearman Rank Order and Kendall Tau correlations (R2) between the datasets
(N = 711) for 95 % confidence level (p < 0.05).

Spearman Rank Order correlation Kendall Tau correlation

REM RG19L(S) RG19L RG39L Z19L REM RG19L(S) RG19L RG39L Z19L

REM 1.00 0.21 0.64 0.61 0.62 REM 1.00 0.16 0.45 0.43 0.44
RG19L(S) 0.21 1.00 0.11 0.20 0.15 RG19L(S) 0.16 1.00 0.08 0.15 0.11
RG19L 0.64 0.11 1.00 0.84 0.84 RG19L 0.45 0.08 1.00 0.67 0.68
RG39L 0.61 0.20 0.84 1.00 0.72 RG39L 0.43 0.15 0.67 1.00 0.54
Z19L 0.62 0.15 0.84 0.72 1.00 Z19L 0.44 0.11 0.68 0.54 1.00

There are several numerical measures that quantify the
extent of statistical dependence between pairs of databases.
Here, we used the Spearman correlation method (Choi,
1977), which assesses how well the relationship between two
variables can be described using a monotonic function. If
there are no repeated data values, a perfect Spearman cor-
relation of +1 or −1 occurs when each of the variables
is a perfect monotone function of the other. Table 3 shows
the respective results of the datasets compared (REM versus
RG19L(S), RG19L, RG39L and Z19L, respectively) for the
activity concentrations of137Cs. According to the table, the
Spearman correlation coefficient ranged from 0.61 to 0.64 for
the runs where the emission altitude was taken into account
for 95 % confidence level (p < 0.05), whereas it was 0.21 for
the RG19L(S) run; thus, the variables are statistically depen-
dent. On the other hand, the data of the simulation with the
real emission altitude are also highly dependent presenting
coefficients of 0.84. For justification, Kendall rank correla-
tion coefficient, commonly referred as Kendall’s tau (τ) co-
efficient (Christensen, 2005) was also estimated (Table 3).
This statistic measures the rank correlation, i.e. the similarity
of the orderings of the data when ranked by each of the quan-
tities. It is often used to test a statistical hypothesis in order
to establish whether two variables may be regarded as statis-
tically dependent. This test is non-parametric, as it does not
rely on any assumptions on the distributions ofX orY (X and
Y represent the variables under comparison). Under a “null
hypothesis” ofX andY being independent, the sampling dis-
tribution of τ will have an expected value of zero. Here, the
τ values were estimated to be around 0.44 for 95 % confi-
dence level (p < 0.05); thus, the “null hypothesis” can be re-
jected and the two datasets are dependent. The data derived
from each simulation were very similar withτ coefficients
between 0.54–0.68. This can also be seen in Fig. 8, which
depicts the Box and Whisker plot of the data. The range of
the datasets for137Cs activity concentrations is very similar,
whereas the boxes corresponding to 25–75 % of the values
were found at same level, although in some cases the model
was found to underestimate. Besides statistics, the average
relative biases were also calculated and presented in Supple-
ment, Fig. S1 for each version except the one where surface
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Fig. 8. Box & Whisker plots of the surface activity concentrations
of 137Cs obtained from the REM database and from the simula-
tions using all the available versions of the model. The plot de-
picts the smallest observation (sample minimum), lower quartile,
median, upper quartile and the largest observation (sample maxi-
mum) (N = 711).

emissions assumed. Despite the large variation in the biases,
they present very satisfactory averages, 9.59, 81.49 and 3.81
for the RG19L, RG39L and Z19L run respectively, which
are very good in comparison with previously reported ones
for 137Cs activity concentrations of the Chernobyl accident
(e.g.−61 in Brandt et al., 2002). The larger positive biases
calculated for the 39 levels are a result of the elevation of
higher amounts of137Cs at greater heights (previously dis-
cussed in the manuscript) in conjunction with the resulting
larger residence times.

Finally, the arrival times of the radioactive fallout of137Cs
were assessed for the four different simulations (RG19L(S),
RG19L, RG39L and Z19L) and they were compared to those
obtained from the REM database (REM). As arrival time
we define the time after the accident it takes for137Cs to
reach the activity concentration of 10−4 Bq m−3 in a spe-
cific location, which is the minimum detected value of the
REM database. The results are illustrated in a scatter plot
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Fig. 9. Estimation of the arrival times of the radioactive fallout
of 137Cs after simulation using all model versions (RG19L(S),
RG19L, RG39L and Z19L) and comparison with the respective
ones obtained from the REM database. The data correspond to time-
series measurements from 56 sampling points across Europe.

in Fig. 9 for 56 measurement stations in 24 European coun-
tries (Ukraine, Russia, Poland, Romania, Hungary, Den-
mark, Belgium, Finland, Norway, Sweden, Germany, Nether-
lands, France, Italy, Great Britain, Austria, Switzerland, ex-
Czechoslovakia, Turkey, Greece, Ireland, Egypt, Syria and
Lebanon). The Pearson linear correlation coefficient was es-
timated to be 0.65 for the RG19L run, 0.46 for the RG19L
and 0.63 for the Z19L, which is considered to be signifi-
cant. The different vertical resolution resulted in a more rapid
transport to the places examined. Moreover, as in the previ-
ous comparisons, the respective arrival times of137Cs esti-
mated from the regular grid run assuming surface emissions
(RG19L(S)) were not reliable (R2

= 0.08). The model is able
to predict the arrival times of137Cs for the measurement sta-
tions with a good accuracy.

4.3 Deposition of137Cs in European countries in
relation to the Atlas

In this section the atmospheric budget and deposition pat-
terns of137Cs are assessed taking into consideration the con-
tributions of different removal processes (i.e. particle sedi-
mentation, dry and wet deposition, through large-scale and
convective precipitation). The distribution of137Cs deposited
over Europe is shown in Fig. 10 (for the RG19L(S)), whereas
in Fig. 11 the Atlas map is illustrated. Figs. 12–14 depict
the respective runs with the real emission altitude (RG19L,
RG39L and Z19L) for dry (top left panel), wet (top right
panel) and total cumulative deposition (lower panel). In these
figures, the same scale with the Atlas was used in order to
better compare the results. Following the definition given
by the International Atomic Energy Agency (IAEA, 2005,
2009), any area with activity larger than 40 kBq m−2 is con-
sidered to be contaminated (see relevant red scale). Contam-
ination means the presence of a radionuclide on a surface in
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Fig. 10. Cumulative dry, wet and total deposition of137Cs
(kBq m−2) from the day of the accident (26 April 1986) until the
end of 1986. Results of the simulation using the regular grid of the
model for 19 vertical layers and accounting for source emissions to
occur at the surface (RG19L(S)).

quantities larger than 40 kBq m−2 for beta and gamma emit-
ters (137Cs is a gamma emitter). Since we integrate the depo-
sition over the period after the accident until the end of 1986,
the present results represent the cumulated contamination of
this radionuclide.

The cumulative dry, wet and total deposition for 1986, es-
timated assuming that the emissions occurred at the surface
(RG19L(S)), are depicted in Fig. 10. These data are presented
here in order to certify and record the importance of the al-
titude of the emission in deposition after accidental releases.
As can be seen from Fig. 10 the deposition of137Cs is largely
dependent upon the transport of the atmospheric burden. In
the present situation where surface emissions assumed, the
deposition was limited locally. It is mainly contingent from
the surface southern winds and, following the dominant pre-
cipitation, it was deposited in Eastern Europe and the Balkan
countries (Russia, Belarus, and Ukraine, ex-Czechoslovakia,
Romania, Bulgaria, Greece and ex-Yugoslavia). An exam-
ple can be given for Kiev (Ukraine), which is the most
densely populated city close to the damaged reactor (around
100 km). According to the Atlas (Fig. 11), the deposition
of 137Cs in this location appeared to be of the order of
10–40 kBq m−3. However, the model predicted a deposition
greater than 1480 kBq m−3. That would lead the official au-
thorities to evacuate the city. Therefore, it would be of major
importance to know all the information following a major
event. It is unexpected what would have happened if the offi-
cial authorities of the ex-USSR evacuated an area of several
thousand inhabitants by mistake.
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Fig. 11.The Atlas map depicting the total cumulative deposition of137Cs throughout Europe as a result of the Chernobyl accident from all
available data of the REM database corrected for radioactive decay to 10 May 1986. The map has been published in the “Atlas of caesium
deposition on Europe after the Chernobyl accident” (De Cort et al., 1998).	  
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Fig. 12. Cumulative dry, wet and total deposition of137Cs
(kBq m−2) from the day of the accident (26 April 1986) until the
end of 1986. Results of the simulation using the regular grid of the
model for 19 vertical layers and accounting for the altitude of the
emissions with respect to Table 1 (RG19L).

However, the measurements carried out by several accred-
ited laboratories throughout Europe showed that there was
transport to many other countries (Fig. 11). A more reli-
able deposition of137Cs is reflected by the second run of the
model, where137Cs in the real emission altitude was injected
(RG19L). The results are shown in Fig. 12. The transport as
well as the dry deposition of137Cs occurred also throughout
Northern European countries especially in the first months
after the accident. In addition, the observed precipitation re-
sulted in deposition of higher amounts of137Cs in specific
areas of Sweden and Finland. However, a comparison of the
total cumulative deposition of137Cs simulated by the model
to the observed one (De Cort et al., 1998, Fig. 11) showed
that the levels of137Cs deposition are overestimated over
Central Europe. The Atlas indicates total deposition inven-
tories of less than 10 kBq m−2, whereas the total deposition
inventories estimated in the model were found between 10
and 40 kBq m−2.

The depositional patterns of RG39L simulation of the
Chernobyl accident (Fig. 13) are different. The model un-
derestimates the radioactive contamination in the northern
countries (in Finland and Sweden), although enhanced de-
positions were estimated more easterly. Despite these defi-
ciencies the model managed to estimate the increased con-
tamination in the Alpine environment. It has been reported
(De Cort et al., 1998) and can be also seen here (Fig. 11) that
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Fig. 13. Cumulative dry, wet and total deposition of137Cs
(kBq m−2) from the day of the accident (26 April 1986) until the
end of 1986. Results of the simulation using the regular grid of the
model for 39 vertical layers and accounting for the altitude of the
emissions with respect to Table 1 (RG39L).

137Cs have been deposited in the Alps after the accident, as a
results of the intense precipitation. Moreover, the model also
predicted effectively the deposition over North Greece.

As expected, the zoom-version of the model (Fig. 14) pro-
vides more discrete results of137Cs deposition over Europe.
The relative distribution of137Cs deposition is similar to
the Atlas, although underestimated, whereas some extremely
high values of total cumulative deposition appeared in cen-
tral Europe. The high deposition observed in Sweden is of
the same magnitude and also, at the same location as those
presented in Atlas. Another good example is the high to-
tal cumulative deposition observed in Russia (northeasterly
of the Chernobyl NPP) (Carbol et al., 2003), which is pre-
dicted by the model accurately (see also Fig. 11). Finally,
in Greece, enhanced depositions were observed in continen-
tal regions (Kritidis et al., 1990; Kritidis and Florou, 1995),
and the model predicted them efficiently (see also Fig. 11).
Despite the overestimations observed in Central Europe and
underestimations in the highly contaminated areas, taking
into account the heterogeneity of the direct measurements
and the method used to create the Atlas map (inverse dis-
tance weighted interpolation method), one could note that the
model gives remarkably good results.

4.4 Comparison with depositional observations
reported by European countries

Figure S2 in the Supplement shows the location of the mea-
surement stations where measurements of the cumulative to-
tal deposition were carried out and presented in the REM-
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Fig. 14. Cumulative dry, wet and total deposition of137Cs
(kBq m−2) from the day of the accident (26 April 1986) until the
end of 1986. Results of the simulation using the zoom-version of
the model for 19 vertical layers and accounting for the altitude of
the emissions with respect to Table 1.

database. Over 4000 measurements from 20 European coun-
tries were used to evaluate and assess the modelling results
in terms of the total cumulative deposition of137Cs. How-
ever, no data from Ukraine, Belarus and Russia were avail-
able at the EU-JRC website. Table 4 shows the respective
results of the statistical tests used in order to examine the rel-
evance of the datasets (REM vs RG19L(S), RG19L, RG39L
and Z19L, respectively) in contrast to the real-time measure-
ments for137Cs deposition. The Spearman correlation coef-
ficient was estimated to range from 0.46 to 0.57 with 95 %
confidence level (p < 0.05), whereas the Kendall’s tau (τ)

rank correlation coefficient was estimated to vary between
0.33 and 0.42, (with 95 % confidence level,p < 0.05) (Ta-
ble 4), which shows the dependence between model datasets
and observations. In fact, the results obtained from the dif-
ferent model runs (RG19L, RG39L and Z19L) were also
contiguous presenting high coefficients (> 0.7). Moreover,
Fig. 15 depicts the Box and Whisker plots for the datasets
in terms of the total cumulative deposition of137Cs. There is
an obvious trend of the model to underestimate the deposi-
tion of 137Cs in the countries examined taking into consid-
eration the boxes corresponding to 25–75 % of the values,
although these ranges were similar. For the comparisons of
the model to observations of the deposition of137Cs, reduced
though nevertheless realistic agreement can be claimed, tak-
ing into account the inherent uncertainties based on the mul-
titude and the complexity of the simulated removal processes
(sedimentation, dry and wet deposition). In most cases there
is close coincidence between the modelled and measured
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Table 4.Comparison of the total cumulative deposition of137Cs from the Chernobyl accident between the REM database and the different
model versions used (RG19L(S), RG19L, RG39L and Z19L). Spearman Rank Order and Kendall Tau correlations (R2) between the datasets
(N = 4266) for 95 % confidence level (p < 0.05).

Spearman Rank Order correlation Kendall Tau correlation

REM RG19L(S) RG19L RG39L Z19L REM RG19L(S) RG19L RG39L Z19L

REM 1.00 0.08 0.52 0.46 0.57 REM 1.00 0.05 0.39 0.33 0.42
RG19L(S) 0.08 1.00 0.23 0.37 0.25 RG19L(S) 0.05 1.00 0.16 0.26 0.18
RG19L 0.52 0.23 1.00 0.89 0.93 RG19L 0.39 0.16 1.00 0.74 0.81
RG39L 0.46 0.37 0.89 1.00 0.87 RG39L 0.33 0.26 0.74 1.00 0.71
Z19L 0.57 0.25 0.93 0.87 1.00 Z19L 0.42 0.18 0.81 0.71 1.00	  
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Fig. 15.Box & Whisker plots of the cumulative total deposition of
137Cs obtained from the REM database and from the simulations
using all the available versions of the model (RG19L(S), RG19L,
RG39L and Z19L for 1986. The plot depicts the smallest observa-
tion (sample minimum), lower quartile, median, upper quartile and
the largest observation (sample maximum) (N = 4266).

deposition inventories of137Cs, although the simulated depo-
sition fluxes underpredict measured ones by a factor of three
in extreme cases. However, the model shows the arrival of
high concentrations of radioactively contaminated aerosols at
central European countries, and the same transport has been
verified by previous models and certified by surface activity
concentration measurements.

Figure S3 in the Supplement gives a more detailed view
of the comparisons for each of the 20 European countries.
It depicts linear regression scatter plots of the total137Cs
deposition based on individual measurements of each coun-
try (REM database) in descending order, in terms of the
best linear fitting (1: 1 dependence), as well as the respec-
tive calculated biases from the comparison with the obser-
vations. Given the large heterogeneity of the samples and
the 50 % uncertainty of the emissions, the model results are
in very good agreement with observations. The best perfor-
mance was achieved for 14 countries (ex-Yugoslavia, Spain,

Hungary, Italy, Finland, Sweden, Greece, UK, Netherlands,
Switzerland, Belgium, Germany, Norway and France) with
correlation coefficients between 0.4 and 0.9, whereas the esti-
mated average bias was−0.81± 0.15 for the RG19L run and
the Z19L run and lower for the 39 level run (−0.25± 0.91).
This seems very convenient if compared with other model as-
sessments, which have showed biases around 1.3 for the total
deposition of137Cs (e.g. Brandt et al., 2002). Some discrep-
ancies were observed in countries near the Chernobyl site
(Romania, Poland, and ex-Czechoslovakia) and, also under-
estimations in Denmark, Ireland and Austria, while raw data
from Ukraine, Belarus and Russia were unavailable from the
public database. An important issue that should be stated
here, regarding the data of137Cs deposition from the REM
database, is the fact that these data refer to total deposition of
137Cs over Europe, which means that the respective deposi-
tion from global atmospheric weapon testing, as well as other
regional releases (e.g. Sellafield in Great Britain, Mayak in
Urals, local releases from fuel fabrication, etc.) are included
in the measurements. We believe that the observed underes-
timation of the model might be due to the fact that they have
been more intensely affected by other releases (e.g. the back-
ground of137Cs in central Europe prior to Chernobyl has
been estimated to be greater than 3 kBq m−2). Finally, the
precipitation fields were examined in order to assess if the
observed difference in the deposition of137Cs could be owed
to a non-realistic wet deposition. For this reason, the rel-
ative difference between ERA40 (2.5◦

× 2.5◦) precipitation
and the one used by the LMDZ (0.66◦

× 0.51◦) were calcu-
lated for 1986. We estimate an average discrepancy of 8 % in
an area of 700× 700 km, which increases to 10 % in an area
of 3000× 3000 km (all centred over the plant), which is very
small and, hence, it is not expected to affect wet processes.
The data for the precipitation comparison can be found in the
Supplement, Figs. S4–S7.

5 Conclusions

The atmospheric cycle of137Cs using LMDZORINCA
model has been evaluated against real time measurements
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of 137Cs from the Chernobyl accident in 1986. The model
is based on a combination of the aerosol module INCA, the
general circulation model LMDz and the global vegetation
model ORCHIDEE. The conclusions are based on compar-
isons with measurements both from the REM database and
from the Chernobyl Atlas. Simulations of the Chernobyl ac-
cident showed that comprehensive tracer models are power-
ful tools for estimating the activity concentrations and depo-
sitions after accidental scenarios.

According to the comparison between model and obser-
vations, the most sufficient results were obtained when the
highest horizontal resolution of the model was used (Z19L
run). Specifically, this model version managed to predict the
radioactive contamination in most of the regions alike to At-
las. Except for higher coefficients and smaller biases from
the comparison with the observations, for every variable ex-
amined (e.g. atmospheric activity concentrations, cumulative
deposition of137Cs etc.), a better resolved map similar to At-
las was obtained. However, there is a general trend for under-
estimation in the deposition, which could be attributed to the
prevailing environmental processes and the large uncertain-
ties of the source term, as well as to the background deposi-
tion of 137Cs from releases occurred prior to the accident that
the model do not account for. The high vertical resolution of
39 levels can be useful only when the exact injection alti-
tude is known. The increased number of levels in the bound-
ary layer resulted in a different dispersion and deposition of
137Cs. When a moderate vertical resolution was used (19 lay-
ers in the RG19L run) the results were better. The accurate
knowledge of the height of the emission is crucial in order to
obtain credible transport and deposition of137Cs. The result-
ing transport and deposition, when surface emissions were
assumed, appeared to be local event in comparison to what
really happened after the accident.

In all realistic situations studied (presenting the real ig-
nition altitude) an ecological half-life of 6–9 days was esti-
mated for the global atmospheric burden of137Cs. In fact,
previous modelling studies give global average half-lives of
aerosols in the atmosphere on the order of 3–7 days, whereas
for the Chernobyl and the recent Fukushima NPP accident a
maximum of 10 days has been reported.

In addition, the arrival times of137Cs in the model in
comparison with the observations showed satisfactory cor-
relations (0.46–0.65). Expected lack of dependence was esti-
mated when surface emissions were assumed. The model is
able to simulate and predict the development of the specific
activity fields with high efficiency, although rarely underesti-
mated. This is expected taking into account the uncertainties
of the source term, the deposition processes and the hetero-
geneity in the samples. However, statistical tests applied to
the respective datasets proved a likely dependence.

A general conclusion is that the high resolved grid gives
results that track closely the observations, especially in the
first days of the emissions. This imposes the essential usage
of modelling applications as tools for the decision makers,

given that the first days of a nuclear accident are very impor-
tant for life, in terms of addressing the appropriate evacuation
criteria for the radiation protection of the population.

There is a critical need for open data policy after accidental
releases. It is a pity that no data from all European countries
are present in the public section of the REM database. The
paper shows the importance of knowing the emission height
of the source in such studies and how much it affects the dis-
persion and deposition of137Cs. However, only speculations
can be made about the real altitude where137Cs was injected
in the atmosphere and therefore, an uncertainty of 50 % is
always used in the case of Chernobyl. Nowadays, the exis-
tence of several modelling tools is able to predict the overall
details of the emission after a NPP accident (e.g. using in-
verse modelling, Stohl et al., 2012). Knowing the exact core
inventory by the official authorities or the real emissions dur-
ing the first days, these dispersion models are able to predict
the fate of the radioactive fallout. It is important that such an
effort has been made after the recent accident in Japan where
the IAEA has created a website with different databases for
the Japanese authorities.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
7183/2013/acp-13-7183-2013-supplement.zip.
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Waight, P., Ḿetivier, H., Jacob, P., Souchkevitch, G., Viktorsson, C.,
Bennett, B., Hance, R., Kumazawa, S., Kusumi, S., Bouville, A.,
Sinnaeve, J., Ilari, O., and Lazo, E.: Chernobyl Ten Years On. Ra-
diological and Health Impact. An Assessment by the NEA Com-
mittee on 10 Radiation Protection and Public Health, November
1995, OECD Nuclear Agency,http://www.nea.fr/, 74 pp., 1995.

Woodhead, D. S.: Levels of radioactivity in the marine environment
and the dose commitment to the marine organisms, I.A.E.A. –
S.M. 158/31, Vienna, 1973.

Yoschenko, V. I., Kashparov, V. A., Protsak, V. P., Lundin, S. M.,
Levchuk, S. E., Kadygrib, A. M., Zvarich, S. I., Khomutinin, Yu.
V., Maloshtan, I.M., Lanshin, V. P., Kovtun, M. V., and Tschier-
sch, J.: Resuspension and redistribution of radionuclides during
grassland and forest fires in the Chernobyl exclusion zone: part
I. Fire experiments, J. Environ. Radioactiv., 86, 143–163, 2006.

Atmos. Chem. Phys., 13, 7183–7198, 2013 www.atmos-chem-phys.net/13/7183/2013/

http://dx.doi.org/10.5194/acp-9-9001-2009
http://dx.doi.org/10.5194/acp-12-10759-2012
http://dx.doi.org/10.5194/acp-12-4245-2012
http://dx.doi.org/10.1029/2011GL048689
http://dx.doi.org/10.5194/acp-12-1449-2012
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.5194/acp-12-2313-2012
http://dx.doi.org/10.1007/s00382-012-1408-y
http://dx.doi.org/10.1007/s00382-012-1408-y
http://www.nea.fr/

