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ABSTRACT

A long-lived radioactive iodine (‘*I) is one of the major waste due to the human’s nuclear activity.
Although the behavior of '*I in the atmosphere has been still unknown due to lack of its continuous
monitoring, we recently observed clear seasonal trends in gaseous and particulate concentration and
deposition of ' in Japan. With use of these data, we developed a global atmospheric '*I transport
model to reveal key processes for global atmospheric '?°I cycle. The physical and chemical
processes of advection, turbulent diffusion, dry and wet deposition, photolysis, gas—particle
conversion in the atmosphere, anthropogenic source of '?°I from nuclear fuel reprocessing plants,
and volatilization from ocean and land surfaces were included into the model. The model generally
reproduced the observed seasonal variation in monthly air concentration and deposition of '*°I in
Japan, and the global distribution of %I concentration in rain from the literature. Numerical
experiments with changing the intensity of anthropogenic and natural '*I sources were carried out
to quantify the impact of anthropogenic source on global %I cycle. The results indicated that
seasonal changes in '?°I concentration and deposition at the areas far away from anthropogenic
source from three nuclear fuel reprocessing plants were determined by the processes of dispersion,
photolysis, and rainfall. In particular, the anthropogenic atmospheric '*°I were readily deposited
during the wintertime and can be accumulated mainly in Europe and northern part of Eurasia. This
result suggested that the re-emission process of '?’I from those areas may be important as secondary

environmental impact of '?°I in the global scale.
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1. Introduction

Todine-129 (1#), which has a long half-life of 1.57 x 107 years, has been known as a useful
geochemical tracer both in marine environments and in the atmosphere (Fehn et al., 2003; Moran et
al., 1995; Nimz, 1998; Michel et al., 2012). '*I is produced naturally via the interaction of
atmospheric xenon with cosmic rays or the spontaneous fission of **U and ?*°U in the lithosphere
(Eissenbud and Gesell, 1997). The natural inventory of '*’I has been estimated to be approximately
1.5 TBq (Rao and Fehn, 1999). Meanwhile, I is also a major radionuclide byproduct of human
nuclear activities since the 1940s. Due to its long half-life and continued release from ongoing
nuclear energy production, '?°I is perpetually accumulating in the environment.

Anthropogenic '?°I has been released into the environment due to nuclear weapons testing,
nuclear accidents, and activities at nuclear fuel reprocessing plants, and is therefore distributed
unevenly in the globe. Nuclear weapons testing, mainly conducted in the 1960s, dispersed '?I at
0.3-1.0 TBq into the atmosphere (Raisbeck et al., 1995; Wagner et al., 1996) with additional inputs
of 40 and 8 GBq during the Chernobyl accident (Gallagher et al., 2005) and the Fukushima Dai-ichi
Nuclear Power Plant disaster (Hou et al., 2013), respectively. The prior and ongoing release from
nuclear fuel reprocessing plants is the most important modern contributor to the environmental
inventory of '?’I. The total amount of '?°I released from plants at Sellafield (UK) and La Hague
(France) represents more than 90% of the global emission (Aldahan et al., 2007). Michel et al.
(2012) showed that the total atmospheric and marine releases, as of 2005, were 0.9 TBq and 9.0
TBq from the Sellafield plant, and 0.45 TBq and 21.8 TBq from the La Hague plant, respectively.
The latest annual releases of %I to the atmosphere were reported as 11 GBg/y from the Sellafield
plant in 2015 (Sellafield Ltd, 2016) and 5.8 GBq/y from the La Hague plant in 2015 (AREVA,
2014; 2016). Reithmeier et al. (2010) estimated that the annual atmospheric release is
approximately 10 GBq/y from another nuclear fuel reprocessing plant currently operating at the
Mayak in Russia. Additionally, as a result of environmental releases from these plants, secondary
emissions of %I from oceans and land has also become an important source of atmospheric >
(Persson et al., 2007; Keogh et al., 2010).

The source of airborne '*I has been a topic of interest for global '?°I cycling in the
atmosphere (Fig. 1), and most relevant studies have been conducted with direct measurements. In
Europe, Kurpp and Aumann (1999) reported that '*’I concentrations in Germany were controlled by
volatilization over the North Atlantic Ocean. Gomez-Guzman et al. (2012b) suggested that air
concentrations of '*I in southern Spain were mainly affected by meridional winds. Zhang et al.
(2016) reported that '2°I measured in atmospheric aerosols in Denmark could be attributed to
secondary emissions of '?°I that had been discharged into the ocean, rather than direct gaseous
release from the La Hague and Sellafield facilities. Although measurements are spatially and
temporally limited compared to those made in Europe, the '*I cycle has also been investigated in
North America and Asia. Toyama et al. (2012) showed that atmospheric %I present at several sites

in Japan was mainly attributable to volatilization from open oceans or and released from nuclear
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fuel reprocessing plants in Japan and Europe. However, the literature is sparse in terms of studies
looking at the seasonal quantitative contributions of those sources.

To investigate the behavior of atmospheric '*’I, numerical models have also been utilized.
Reithmeier et al. (2010) simulated the climatological deposition pattern of '2°I using a box model, in
which advection due to zonal wind, turbulent diffusion, dry and wet deposition, and anthropogenic
and natural emissions were included. The regional transport pathway of airborne '2°I has been
calculated based on trajectory analysis with the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Gomez-Guzman et al., 2012b, 2017). However, these models do not
include chemical forms of iodine. The behavior of atmospheric iodine is also affected by its
chemical form, such as elemental iodine, organic and inorganic iodide compounds, and iodide
compounds adsorbed onto particles. The concentration varies with location, season, and climate as a
result of the processes of advection and diffusion, atmospheric deposition, and atmospheric
chemistry (Hou et al., 2009). The organic gas of '?°I is transported in the atmosphere, and then, the
inorganic gas is produced from the organic gas due to atmospheric iodine photolysis. The inorganic
iodine species is known to exist as particulate form (Saiz-Lopez et al., 2012a; Jabbar et al., 2013).

Lately, we reported the long-term monthly continuous measurement of gaseous and
particulate '?°I concentration and deposition from 2006 to 2015 at Rokkasho in northern Japan
(Hasegawa et al., 2017). Both gaseous and particulate '*’I concentrations showed an interesting
seasonal variation as high and low during the winter and summer, respectively. This tendency is
opposite from that in Canada and United States of America as observed maximum and minimum
1291 concentration in rain in summer and winter, respectively (Herod et al., 2015). Although the
result could be related to the transport of '?°I from the European nuclear fuel reprocessing plants to
the United States (Moran et al., 1999), major processes and emission sources determining global
atmospheric '?°I cycle is still unclear.

In this study, we aimed to reveal the impact of anthropogenic emission source on global
atmospheric '?°I cycle using our atmospheric dispersion model. We develop an atmospheric '%°I
transport model that includes physical and chemical processes of '2°I with anthropogenic discharge
and volatilization. We evaluate the calculation result by comparing with our monthly continuous
1291 data in Japan and literature data of '?°I concentration in the rain in the Northern Hemisphere. On
the basis of sensitivity analyses with changing modelled anthropogenic and natural source intensity,

we investigate a role of these factors in global atmospheric %I cycle.

2. Model description
The newly developed atmospheric '?°I transport model was designed as an offline tracer
model. It requires meteorological variables to calculate the transport of 12 in the atmosphere,

which are simulated by an underlying meteorological model.

2.1. Meteorological model
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To obtain variables that drive the atmospheric iodine-129 transport model, we used the
Advanced Research Weather Research and Forecasting (WRF version 3.6.1) model, which is a non-
hydrostatic, fully compressible model for mesoscale meteorological predictions developed by the
National Center for Atmospheric Research (Skamarock et al., 2008). The WRF has been extended
with a global version (Richardson et al., 2008; Zhang et al., 2012), allowing for global forecasting
and weather research. The WRF forecasts the three-dimensional meteorological fields by solving
several governing equations related to atmospheric dynamics using the finite difference method
with a latitude-longitude grid for horizontal coordinates and eta vertical coordinates. The horizontal
domain is globally common for the WRF and the atmospheric iodine-129 transport model, in which
a non-conformal grid is utilized. The WRF also has various physics options to parameterize
turbulence, radiation, and grid-resolved and -unresolved cloud processes, and it can be coupled with
land surface processes. The WRF simulation settings used in this study are summarized in Section
3.2.

2.2. Atmospheric iodine-129 transport model

To simulate global transfer of '?°I in the atmosphere, we developed a global atmospheric
iodine-129 transport model (GEARN-FDM) designed as an offline atmospheric dispersion model
with map- and terrain-following coordinates for horizontal and vertical directions. Since the last
version of GEARN-FDM was a regional model, we extended it to calculate the global-scale
atmospheric dispersion process by modification of map factors and its longitudinal boundary
conditions. At polar boundaries, flux and gradient calculations across the pole were not allowed
because of the use of C-grid v-stagger points. However, this did not preclude advection of material
across the pole, which was instead accomplished by zonal transport within the most poleward zone.

Since there are few available data of chemical compounds including '?°1, we focused on
two gaseous species of organic (CHzI) and inorganic (I) forms and aerosol-associated particles,
which have been identified as typical compounds of iodine in the atmosphere (Moran et al., 1999;
Englund et al., 2010; Saiz-Lopez et al., 2012a). Thus, organic and inorganic gaseous and particulate
forms of '?°I were considered as airborne tracers in the model. Additionally, we modeled physical
and chemical processes of '?°I: 1) dry deposition, 2) wet deposition, 3) atmospheric photolysis, 4)
gas—particle conversion, 5) anthropogenic release from nuclear fuel reprocessing plants, and 6)
volatilization from oceans and land. The three-dimensional advection-diffusion equation of '*°I for

organic and inorganic gases and particle (subscripts o, i, and p, respectively) was as follows:

dc _

=i = A+ D+ Dpg + Dpyy + Pc + Gp + Py + P, (1)

where C is the air concentration of organic and inorganic gaseous and particulate forms of %I,
defined as C = (C,, Ci, C,) (Bg/m?); 4 and D represent advection and vertical diffusion, respectively

(Kadowaki et al., 2017); P, and P, are production terms due to anthropogenic and natural emissions,
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respectively; Dpqs and Dp,, are dry and wet deposition terms, respectively, defined as Dpa= (Dpdo,
Dpai, Dpap) and Dpy, = (Dpwo, Dpwi, Dpwp); and Pc and Gp are atmospheric photolysis and gas—particle
conversion terms, respectively, defined as Pc = (Pco, Pci, Pcp) and Gp = (Gpo, Gpi, Gpp). The
employed emissions for the global '?°I simulation are shown in Section 3.3 and 3.4. These terms
were applied to organic and inorganic gaseous and particulate forms of atmospheric '*’I. The

relationships between the forms of atmospheric '*’I and the included processes are shown in Fig. 1.

2.2.1. Dry deposition
Dry deposition of gases and particle is represented by dry deposition velocity and the air

concentration according to the inferential technique (Hicks et al., 1987) as follows:

Va.Co
DPdO = _%7 (2)
VdiCi
Dpai = === ()
Va,C
Dpap = == (4)

where Vo, Vyi, and Vg, (m/s) are the dry deposition velocities for organic gaseous, inorganic
gaseous, and particulate '*°I, respectively; z; (m) is the depth of the atmospheric bottom layer,
where the dry deposition process is applied. Values for dry deposition velocities for gaseous and
particulate iodine were summarized by Sportisse (2007). Although the dry deposition velocity
depends greatly on land use, there are few available data for the velocity over various land uses,
including the sea surface. Therefore, we adopted the constants of (Vyo, Vi, Vap) = (5 % 1074, 5 x

1073, 3 x 1072) as representative values for the entire simulation domain.

2.2.2. Wet deposition
Wet deposition was calculated by a simple function of scavenging coefficients (Terada et

al., 2013). The decrease in the concentration by wet deposition was calculated as

Dpyo = —A,Cy, (5)
Dpy; = —4;Cy, (6)
DPwp = _ApCpa (7)

where A,, A;, and A, (1/s) are the scavenging coefficients for organic gaseous, inorganic
gaseous, and particulate '*°I, respectively. In the model, two types of precipitation were considered:
non-convective precipitation resolvable in the model grid scale and irresolvable convective

precipitation. Using both precipitation intensities, the scavenging coefficient was calculated as
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A= a(Pnc + Pc)ﬁa (8)

where P,. and P. are the non-convective and convective precipitation intensities, respectively,
which are calculated by a meteorological model; and @ and f are empirical constants that depend
on the scavenged species and their chemical forms in the atmosphere. In this study, we adopted the
typical values of (o, 8) = (8 x 1077, 0.6), (8 x 107, 0.6) and (8 x 107>, 0.8) for organic, inorganic
gas and particle, respectively (Pésler-Sauser, 2003). GEARN-FDM assumes that the scavenging by
non-convective precipitation occurs in a model grid cell where the sum of the mixing ratios of
rainwater, snow, and graupel is greater than zero, and the non-convective precipitation occurs at the
ground below the cell. As for scavenging by convective precipitation, the model assumes that it

occurs in the cell between the cloud top and the ground surface.

2.2.3 Atmospheric photolysis

Our atmospheric iodine-129 transport model included an atmospheric photolysis scheme to
calculate the distribution ratio of concentration between organic and inorganic gaseous forms of
1291, The organic gas undergoes photolytic dissociation, leading to the formation of iodine atoms
(Vogt, 1999):

CHsI+hv — CH3+L (9)

We assumed that any produced iodine atoms would behave as inorganic compounds of iodine in the
atmosphere shortly thereafter. The decrement of organic gas and the increment of inorganic gas via

the photolytic reaction were calculated as

P¢o = —JCo, (10)
Pc; = JCy, (11)

where J (min™) is the photolysis rate of the reaction described by Eq. (9) for clear sky. The
photolysis rate was given as a function of the solar zenith angle, Z (rad) (Carter, 2007), as follows:

J =119 x 1072 X (cos Z)%°?8 x exp(—0.833/cos Z). (12)
The photolytic reaction occurs during daytime, when Z is positive. Furthermore, we introduced

cloud attenuation effect on the photolysis. A description of the cloud attenuation effect included in

GEARN-FDM is presented in the following. Below the cloud, the photolysis rate is corrected by:

Jp =J[1 + f.(L.6tr.cos Z — 1)], (13)
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where Jj is the photolysis rate for below cloud, f- is the cloud fraction for a grid cell, which is
calculated by the meteorological model, #. is cloud transmissivity. The above formulation leads to
a lower value for the photolysis rates below the cloud, where the cloud transmissivity is reduced.
Above the cloud, the photolysis rate is modified as:

Ja=J[1+ focosZ (1 —tr)], (14)

where J, is the photolysis rate for above cloud. This is to allow for the photolysis rate enhancement
resulting from the reflected radiation from the cloud top. Within the cloud, the photolysis rates are
obtained by interpolating between cloud base and cloud top values. Therefore, on the basis of the
formulation above, the cloud transmittance and cloud fraction are required for calculating cloud
correction for photolysis rates. In GEARN-FDM, the calculation of cloud transmissivity is
parameterized. The formulation is based on the parameterization suggested by Stephens (1978). By
obtaining cloud thickness H. and liquid water content we, the liquid water path /,,, (g/m2) is

calculated as
Lyp = wcH,. (15)

Then the cloud optical depth 7. as a function of liquid water path, assuming that the drop-size

distribution within the cloud column is uniform, is calculated as [Stephens, 1978]:

T, = 10(0.2633+1.70951n[1og10(lwp)]). (16)
Finally, cloud transmissivity is calculated as:

5—-e~Tc
T 4+0.427,

tr,

(17)

For optically thin clouds where 7. < 5, cloud attenuation effect is not performed.

2.2.4 Gas—particle conversion

Tsukada et al. (1995) suggested that the gas—particle conversion of airborne iodine is
dependent on atmospheric temperature. Fig. 2 shows a scatter plot of atmospheric temperature and
the gas—particle ratio to the total concentration factor of ¢, which was defined as ¢ =
Cp/ (Cp + Ci). These data were measured in Chiba, Japan, from June 1991 to February 1992
(Tsukada et al., 1995). Based on these measurements, we approximated the relationship between

atmospheric temperature and ¢ using the least squares method with a linear function,

{ = —0.0191(T — 273.15) + 0.886, (18)
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where { ranges between 0 and 1 and 7' (K) is atmospheric temperature. We assumed that inorganic
gas and particles of iodine were under concentration equilibrium at any location. By using the factor
from Eq. (18), the concentration of inorganic gaseous and particulate '*’I in equilibrium were

calculated as

=01 -9(C, + ), (19
¢,7=17(C, + 1), (20)

where €7 and C,? denote the inorganic gaseous and particulate concentration in equilibrium.

Thus, the concentration fluctuation due to the gas—particle conversion was calculated as

cil—c;

Gri = =, 21)

where 7 (s) is the relaxation time for gas—particle partitioning to reach the concentration in
equilibrium. As suggested by previous experimental data, into the iodine gas—particle conversion

process, the relaxation time was set to 14 days (Uematsu et al., 1988).

3. Data for model validation and simulation settings
3.1 Measurement data

We evaluated our model to reproduce our latest data of monthly gaseous and particulate air
concentration and (total) deposition of '’ measured at the Institute for Environmental Sciences in
Rokkasho, Japan (40°57 N, 141°21E) from 2009 to 2010 (Fig. 3). The procedure for measuring air
concentration are given here. An aerosol filter paper (QR-100, Toyo Roshi Kaisha, Ltd., Japan), an
activated charcoal-impregnated filter paper (CP-20, Toyo Roshi Kaisha, Ltd., Japan) and an
activated charcoal cartridge (CHC-50, Toyo Roshi Kaisha, Ltd., Japan) were used in series for
collecting samples of particulate and gaseous iodine in the atmosphere. The CP-20 and CHC-50
media were impregnated with a 10 wt.% solution of triethylenediamine to improve its collecting
performance, especially for less reactive iodine compounds, such as methyl iodine. Air was
introduced into a sampling unit at a flow rate of 30 L/min through the QR-100 filter. The sampling
unit contained the CP-20 filter and three CHC-50 cartridges in series. After sampling for one
month, iodine was extracted from the samples in accordance with the methods of Lopez-Gutierrez
et al. (1999), and gaseous and particulate '2°I concentration were measured by accelerator mass
spectrometry (with an upgraded HVEC model FN-8MV) at the PRIME Laboratory (Purdue
University). Details in the sampling and analysis methods for the deposition samples were described
in Hasegawa et al. (2017).
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Although the sampling periods are unavoidably different among the datasets, we
additionally used for available data of '*° concentration in rain in the literature to evaluate

modelled spatial distribution of global atmospheric '*I cycle.

3.2. Physical schemes in models

The settings for the WRF and GEARN-FDM are summarized in Table 1. Meteorological
variables were calculated by the WRF, which incorporated several physical and dynamic processes.
In this study, the Mellor-Yamada-Nakanishi-Niino (MYNN2.5) model (Nakanishi and Niino, 2004)
was used for planetary layer turbulence calculations which were used to derive the turbulent
diffusivity of airborne '?°I. The six-class scheme WSM6 (Lin et al., 1983) was selected for the grid-
scale cloud microphysics model. Sub-grid-scale cumulus convection was parameterized using the
new simplified Arakawa-Schubert scheme (Han and Pan, 2011). Atmospheric radiative transfer was
solved using the Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997) for longwave
radiation and the Dudhia scheme (Dudhia, 1989) for shortwave radiation. The Noah LSM (Land
Surface Model) was used (Chen and Dudhia, 2001) to calculate the land surface heat and moisture

exchange.

3.3. Anthropogenic source of lodine-129

Although %I has produced and released into the atmosphere by prior nuclear weapons
testing and nuclear accidents, nuclear fuel reprocessing plants are by far the largest contributors to
the current release of '*’I (Snyder et al., 2010). The La Hague, Sellafield, and Mayak facilities are
well-known operating plants. Fig. 4 shows the annual radioactivity of '*°I released from nuclear fuel
reprocessing plants during the simulation period. Although there are available data for the amount
of atmospheric '*I released from La Hague and Sellafield, such data for Mayak has not been
disclosed. Therefore, we used the 10 GBq/y estimate from Reithmeier et al. (2010) for atmospheric
129] released from Mayak. The released mass does not vary hourly or daily in the simulation, but it
fluctuates annually, as shown in Fig. 4. The release flux of I from each plant was calculated by
dividing the annual release radioactivity by the area of the grid where the plant is located and the
period of 365 days (366 days for 2008).

The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
reported that measurements from the Sellafield plant indicate that 60% of the iodine in the off-gases
is in organic form, 40% in inorganic form, and less than 1% in particulate form (Moran et al. 1995;
IAEA, 2014). Therefore, we assumed that 60% of the total amount of '*°I released from the
Sellafield was organic and 40% was inorganic gases. Since there is no available data for the fraction
of the La Hague and Mayak, we further assumed that these two plants had the same off-gas

composition as Sellafield.

3.4. Natural source of lodine-129

10
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The short residence time of iodine in the atmosphere (organic gas: 18 days; inorganic gas:
10 days; particles: 14 days) suggests that most of the iodine released into the atmosphere is returned
to Earth’s surface shortly thereafter (Rahn et al., 1976). Therefore, volatilization from the shallow
ocean and land is an important source for airborne iodine.

Since there are few measurements from which to calculate the volatilization flux of '*°I
from the ocean, we calculated it by multiplying the global sea-to-air flux of stable iodine ('*'I) by
the ratio of '2°I/'?’I in the shallow ocean (Snyder et al., 2010). In this study, we assumed that the
volatile form of '?°I was organic gas (CHsl). Ziska et al. (2013) calculated the global sea-to-air flux
climatology of organic gaseous '?’I based on surface oceanic and atmospheric measurements.
According to their approach, we calculated the flux climatology, where daily sea surface
temperatures, horizontal winds, and surface pressures within ER A-interim reanalysis were used as
input variables. The '°I/'?"I ratio in the ocean was summarized by Snyder et al. (2010). Since the
spatial distribution of the ratio is limited, we divided the oceans into eight areas: the Arctic Ocean,
northern and southern areas of the North Atlantic Ocean, the South Atlantic Ocean, the North
Pacific Ocean, the South Pacific Ocean, the Indian Ocean, and the Antarctic Ocean. Based on this
division, we calculated area-averaged values of '2°I/!?’] the ratio for each area (Table 2). Since there
are few available data for the ratio in oceans in the Southern Hemisphere except for the Indian
Ocean, we used 5.0 x 107!, from the above-ground Nuclear testing level for the ratio of the South
Atlantic Ocean and the South Pacific Ocean. In addition to these oceans, we used 1.5 x 1072, the
pre-anthropogenic level, for the ratio of the Antarctic Ocean. In addition to oceanic emissions, the
volatilization of '%’I from land was included in the model, and 2.6 GBq/y was used for the global

volatilization flux (Snyder et al., 2010). The flux of '#I from land is globally uniform.

3.5. Simulation scenarios

The initial atmospheric concentration of organic and inorganic gaseous and particulate
forms of %I in the simulation domain were set to zero. The simulation period lasted five years,
from January 1, 2006, to January 1, 2011. The simulated results for the first three years, from 2006
to 2008, were excluded because the cutting and chemical processing of nuclear fuel was tested at a
nuclear fuel reprocessing plant which is located 2 km west of the measurement site (Hasegawa et
al., 2017) from April 2006 to April 2008.

As shown in Table 2, several simulation scenarios using GEARN-FDM were carried out
to investigate the impacts of atmospheric physical and chemical processes and anthropogenic source
of %I on global atmospheric '*I cycle. In the NRP (Nuclear fuel Reprocessing Plants: '?° emission
from nuclear fuel reprocessing plants) simulation, the only anthropogenic source is considered by
setting both values of '?°I volatilization fluxes from the ocean and land to zero. On the other hand,
in the NAT (North ATlantic Ocean: '*°1 emission from the North Atlantic Ocean) and NPF (North
PaciFic Ocean: '?°I emission from the North Pacific Ocean) simulations, we set the flux of '%I
other than from the North Atlantic Ocean and the North Pacific Ocean, respectively, to zero. For the

LAND (‘%I emission from land surface) simulation, we set the anthropogenic release from the

11
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nuclear fuel reprocessing plants and '?°I volatilization fluxes of ocean, respectively, to zero. To
quantify the impact of modeled gas—particle conversion processes, an additional simulation of the
RT1D (Relaxation Time of 1 Day: 1 day of the relaxation time) with very short relaxation time of 1

day for 7 in Egs. (21) and (22) was conducted.

4. Results and discussion
4.1. Model validation
4.1.1. Seasonal changes in iodine-129 concentration and deposition in Japan

Before validating the simulation result, we preliminary show the global distribution of
simulated %I concentrations and deposition. Fig. 5 illustrates the horizontal distribution of
seasonally averaged surface air concentration of total gaseous '*’I and accumulated total deposition
of 1?°T in the Control simulation. In winter, the simulated concentration was more than 0.5 nBq/m?
in the Northern Hemisphere, with relatively high concentrations appearing zonally at mid- and high-
latitudes due to tropospheric zonal jet (Fig. 5a). The deposition globally occurred in the Northern
Hemisphere except for specific area, in which rainfall was very small (Fig. 5c). On the other hand,
the simulated concentration in summer was globally lower than those predicted in winter (Fig. 5b).
The horizontal distribution of the concentration in the mid- and high-latitudes in summer was
mainly attributed by seasonal wind pattern (not shown in Fig. 5) and wet deposition in summertime
(Fig, 5d).

To validate the performance of our model, we compared the results of the Control
simulation with the empirical measurements. Fig. 6 shows the comparison between the simulation
and the measurements for surface air concentration of gaseous and particulate '*I, 12
concentration in rain, and monthly rainfall at Rokkasho in the Control simulation. The gaseous
concentration (Fig. 6a) is a sum of the simulated organic and inorganic gaseous '?°I concentration.
Table 3 presents the results of a statistical analysis of the simulation and measurement results at
Rokkasho, showing the mean, minimum and maximum, median, and standard deviation (SD) of the
simulation and measurement results. It also includes the results of a statistical comparison of the
two sets of results, including the mean bias (MB), root mean square error (RMSE), correlation
coefficient (R), ratio of simulated-to-measured medians (RSMM) and the fraction of data within
factors of 2 (FA2).

The simulated gaseous '?°I concentration showed month-to-month variability, with
relatively high and low concentration appearing in winter and summer, respectively (Fig. 6a). The
organic gas concentration was approximately two orders of magnitudes higher than the inorganic
concentration (not shown in Fig. 6a), indicating the organic gas was the significant compound of
total gaseous '?°I concentration. Similar variations were evident in the measurements: the simulated
and measured gaseous concentration had a reasonably positive correlation (R = 0.56), and the actual
concentration values were quantitatively well-matched (RSMM = 0.83 and FA2 = 0.63). The
seasonal variation was also clearly shown in the simulated particulate '*°I concentration, in which

the relatively high and low concentration appeared in winter and summer, respectively (Fig. 6b).
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Although the simulated particulate concentration values were slightly underestimated, their seasonal
variation was similar to that of the measured data (R =0.36, RSMM = 0.59 and MB = —0.42). The
volatilization of inorganic forms of '?°I from ocean does not included in GEARN-FDM. If the
inorganic '*’I emission is employed in the model, the simulated inorganic gaseous '*’I concentration
may become higher, furthermore, resulting in increasing the particulate '*’I concentration
throughout the gas-particle conversion process. In addition to the volatilization of inorganic forms
of 1?1, sea spray may contribute directly to the particulate '*°I concentration. In localities proximal
to coastal areas, the sea spray may be a major contributor of iodine to the land (Fuge and Johnson,
2015). Furthermore, the underestimation may be attributed by the used relaxation time. The
uncertainty of the relaxation time is discussed in Section 4.1.3.

Although the simulated '*°I concentration in rain underestimated the measured values (MB
=—0.83 and RSMM = 0.18), the seasonal variation was in agreement between calculations and
observations with a high correlation as shown in Fig. 6¢ (R = 0.62). The temporal variation of the
simulated and measured monthly accumulated rainfall at Rokkasho, and results of the statistical
analysis for the rain, are shown in Fig. 6¢ and Table 3, respectively. The seasonal variations of the
simulated and measured rain were in good agreement (R = 0.84, RSMM = 0.87 and FA2 = 0.96).
The simulated '?°I concentration in rain showed clear seasonal variation ranging from 0.02—0.33
uBg/L with the mean and median values of 0.10 and 0.08 pBqg/L in the simulation, respectively.
During the same period, the measured concentration showed seasonal variation similar to the
model, ranging between 0.10 and 5.57 uBq/L, and the mean and median were 0.93 uBg/L and 0.45
uBg/L, respectively (Table 3).

4.1.2. Global distribution of iodine-129 concentration in rain

In addition to the comparison at Rokkasho, we compared the simulation results with
measured values in locations around the globe in order to evaluate the global distribution of
simulated '?°1. Fig. 7 shows the comparison of simulated and measured %I concentration in rain in
Europe, Asia, and North America (the locations are shown in Fig. 3). The period of measurements
shown in Fig. 7 and Table 4 are different from that of the simulation, but we compare the simulated
1291 concentration with measured one using a statistical method in order to validate the spatial
distribution of simulated concentration.

In Europe, the simulated concentration in Nordic countries showed a range of 103-10'°
atmos/L, which agreed well with measured values except for Bergen (Persson et al., 2007; Xu et al.,
2013). The underestimation in Bergen resulted from our access to only two measurements, which
introduces considerable uncertainty. The simulated concentration at Abisko and Uppsala were lower
than those in Kividinge and Roskilde, mirroring the empirical tendencies. Additionally, the mean
and median values produced by the simulation were close to the measured values. The simulated
concentration in Bavaria were similar to the measurements, with comparable mean and median
values (Reithmeier et al., 2005). The simulated concentration in Seville were 1-2 orders of

magnitude lower than those in the Nordic countries and in Bavaria, and mostly ranged between 10’
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and 10% atmos/L, which agrees well with observations (Lopez-Gutiérrez et al., 2001; 2004; Gémez-
Guzman et al., 2012b). Furthermore, the contrast of the measured concentration between northern
and southern parts of Europe was clearly observed in the simulation results.

In Asia, the simulated concentration was approximately an order of magnitude lower than
those in Europe, matching the measurements. At Fukushima and Tsukuba, when ignoring outliers,
the ranges of simulated concentrations fell within the measured range, and the values of mean and
median for the simulated concentration were in reasonably good agreement with the measurement
metrics (Xu et al., 2013; Toyama et al., 2013). Additionally, at Ishigaki island, the range, mean, and
median of the simulated concentration were mostly the same as those of the measured ones
(Toyama et al., 2013).

In North America, the simulated concentration levels were similar of those in Asia, which
matched the measurements. At the sites of Vancouver, Saturna, and NADP-WA19, the range, mean,
and median values of the simulated concentration were approximately the same as those of the
measured ones (Herod et al., 2015). Based on these comparison results, the simulation has
demonstrated an ability to reasonably model the spatial distribution of atmospheric '*I in the

Northern Hemisphere.

4.1.3 Uncertainty of gas—particle conversion modeling

The impact of modelled gas—particle conversion on the simulation result was evaluated by
a sensitivity test named as RT1D (very short relaxation time of gas-particle conversion).

Figure 8 shows the temporal variations of monthly gaseous and particulate !>
concentrations at Rokkasho in the RT1D and Control scenarios. For total gas, the results of the
RT1D model were similar to those of the Control (Fig. 8a). However, the inorganic gaseous
concentrations in the RT1D simulation were lower than the Control. By contrast, the particulate
concentration that appeared in the RT1D simulation was approximately five times higher than that
in the Control (Fig. 8b), evidence that the inorganic gaseous and particulate '?°I concentrations were
significantly affected by the relaxation time for the gas—particle conversion process. When the
relaxation time was longer, air concentration of particulate and inorganic gas increased and
decreased, respectively. The introduced relaxation time was estimated by gaseous and particulate
concentrations of airborne iodine measured over the North Pacific Ocean between May 6—14, 1988
(Uematsu et al., 1988). The total deposition in the RT1D simulation was still an underestimation of
the measured values (Fig. 8c). As mentioned in Section 4.1.1, no emission of inorganic and
particulate forms of 1291 from ocean may result in this underestimation. Furthermore, this
underestimation may be resulted from the wet deposition process. The deposition of airborne 1291
occurs not only by the precipitation but also by fog-water, and the deposition velocities of gaseous
and particulate 1291 of fog-water deposition is 14 orders of magnitude larger than that of dry
deposition (Katata et al., 2015). Although the lack of available data makes it difficult to validate the
accuracy of the modeled structure, the vertical structure of airborne 1291 also contributes to the total

deposition.
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4.2. Impacts of anthropogenic source on global iodine-129 cycle

In order to clarify the influence of anthropogenic source on global '*I cycle in the
atmosphere, we carried out numerical experiments to investigate the contributions of all emission
sources (Fig. A1) to the air concentration and deposition of '*’I in Japan (Rokkasho) and Canada
(Vancouver) which were located far away from anthropogenic release points (Fig. 5, Nos. 1-3).

Figure 9 shows the temporal changes in monthly surface air concentration of gaseous and
particulate '?I, total deposition of '*I, and rainfall calculated in the Control simulation. At both
sites, a large part of the air concentration of '2°I was occupied by organic gas (Figs. 9a and 9b).
Since organic gas was not removed very rapidly along the way of its transport by wet deposition
due to very low scavenging coefficient (Eq. 8), the temporal change of air concentration of '2°
could be explained mainly by advection, diffusion and decomposition due to photolysis.

Comparing with the time series of total gaseous '*’I concentration, those of total deposition
at both sites were slightly different (Fig. 9¢). The maximum peak of deposition in Japan on March
2010 synchronized with that of inorganic gas concentration (Fig. 9b), suggesting that inorganic gas
dominantly affects the total deposition because the scavenging coefficient of inorganic gaseous '*°I
is larger than that of organic one (Eq. 8). In Canada, the seasonal change in total deposition has
relatively unclear as that of inorganic gas concentration, while relatively low values in July 2009
and 2010 would be influenced by low values in both organic gas concentration and rainfall amount
(Figs. 9a and d). Therefore, both gas concentration and rainfall amount were important to determine
total deposition at the places far away from anthropogenic sources.

Figure 10 shows the contribution of each source to surface air concentration and deposition
of 1?° in Japan and Canada from 2009 to 2010 in different simulation scenarios. In winter, the
(mainly organic) gaseous concentration was high (Fig. 9a) and the anthropogenic source from three
nuclear fuel reprocessing plants contributed to 36 and 30% of all sources in Japan and Canada,
respectively (Figs. 10a and 10b). The rest was primarily originated from natural emissions from the
North Pacific Ocean and land surfaces. Similar levels of the impact of anthropogenic sources on
total deposition were found as 37-45% and 30-40% in Japan and Canada, respectively. Meanwhile,
in summer, anthropogenic sources has less contribution of both concentration and deposition of 1>
gases (Fig. 10c). The result indicates that, during the wintertime, the anthropogenic '*°I tends to
disperse and deposit due to long-range transport in the semi-global scale.

Figure 11 illustrates the horizontal distributions of seasonally averaged surface air
concentration of total gas and deposition of '*’I and rainfall in the NRP (I emission from only
European nuclear fuel reprocessing plants) scenario. Compared with the summertime, the high
concentration areas were relatively uniformly distributed during the wintertime (Figs. 11a and 11b)
in the surrounding area of anthropogenic sources due to seasonal westerly wind in mid-latitude
atmosphere over the Northern Hemisphere (not shown in figure). In contrast, high deposition areas

during the wintertime was limited to the land of Europe and norther part of Eurasia with high
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rainfall (Fig. 11e). This suggests that anthropogenic '*I tends to be deposited onto these areas every
winter period.

An important hypothesis that long-term accumulation (deposition) of anthropogenic >
over the land of Europe and norther part of Eurasia becomes aerial sources would be raised from a
large amount of total deposition calculated in these areas in summer (Fig. 11d). Although the
anthropogenic source has directly low impact on deposition at the sites far away from the source
(Fig. 10), as depicted in Fig. 1, organic '*’I gas accumulated in these areas can volatilize via the
vegetative surface (Amiro and Johnston, 1989). Since total deposition originated from natural
emission from the land was relatively high in Japan (Fig. 10c), such re-emission process of '*’I from

the areas may be important as secondary environmental impact of > in the global scale.

5. Conclusions

This study aimed to investigate the impacts of anthropogenic sources from the nuclear fuel
reprocessing plants in the Northern Hemisphere on global atmospheric %I cycle. To achieve this,
we developed an atmospheric '?I transport model which includes physical and chemical processes
of I in the atmosphere. We ran the model to reproduce the temporal variation in atmospheric
gaseous and particulate '?°I concentration and deposition at Japan and the global distribution of '*°I
concentration in rain from the literature. The simulated concentration and deposition in Europe,
Asia, and North America generally agreed with observed ones, while total deposition was slightly
underestimated in Asia.

Numerical experiments of the model were carried out to evaluate the influence of
anthropogenic source to surface air concentration and total deposition of '?°I. The seasonal variation
in ' concentration in the areas far away from anthropogenic sources was determined by the
processes of advection, diffusion, and decomposition of organic gaseous '*’I due to photolysis,
while, the temporal change in '*°I deposition was mainly determined by both concentration of 12’1
gas species and rainfall amount. In winter, (mainly organic) gaseous '*°I concentration in Japan and
Canada was high and the anthropogenic source from three nuclear fuel reprocessing plants
explained 30—40 % of all emission sources for total deposition. The result also indicates that the
anthropogenic '?°I tended to be deposited (accumulated) over the land of Europe and norther part of
Eurasia during the wintertime, suggesting that the re-emission process of the organic '*°I gas from

the areas would be important as secondary environmental impact of anthropogenic '*I.

Appendix A: Estimation of > volatilization flux from the ocean

Fig. Al shows the temporal variations of monthly volatilization fluxes of '*°I from ocean
calculated in our model. During 2009-2010 (the simulation period), the calculated flux from the all
oceans was 4.9 GBgq/y. This flux underestimated the former estimated volatilization flux of %I
(Snyder et al., 2010). This underestimation may be due to not considering gaseous and particulate
emissions from ocean other than methyl iodide. However, the calculated flux reasonably agreed

with 4-26 GBq/y of the volatilization flux estimated by using 3400 x 10~'? of a present marine
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1291/127] ratio (Snyder et al., 2010) and the volatilization flux of > ranging between 180 and 1162
Gg/y (Tegtmeier et al., 2013 and therein). Additionally, Reithmeier et al. (2006) estimated that the
volatilization flux of '*I from ocean of 2004 was about 10-11 GBq/y. Assuming that the
volatilization flux of '*’I from ocean of 2009—2010 is as same level as that of 2004, the calculated
volatilization flux was comparable with the estimation volatilization flux of '*I from ocean. The
calculated volatilization flux of '?°I from the North Atlantic Ocean clearly showed the seasonal
variations—high in winter and low in summer (Fig. A1, solid blue line). The annual amount of the
volatilization flux during 2009-2010 was 2.3 GBq/y, and the volatilization flux of '?°I from the
northern area of North Atlantic Ocean was dominant. The similar variation was found in the
volatilization flux of '?°I from the North Pacific Ocean (Fig. A1, red line), and the annual amount
was 0.74 GBgq/y. The volatilization flux of '*’I from oceans in the Southern Hemisphere including
the Indian Ocean was lower than that calculated by the North Atlantic Ocean and the North Pacific
Ocean. Those volatilization fluxes except for the Antarctic Ocean were high in summer and low in

winter.
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788 Fig. 1. Schematic illustration of known physical and chemical processes for global atmospheric '*I

789  cycle. The arrow of the re-emission of anthropogenic source near the nuclear fuel reprocessing plant
790  is newly suggested in the present study.
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797  Fig. 2. Relationship between atmospheric temperature and { factor for the gas-particle conversion
798  process. Red dots and the black line indicate measurements and the linear best fit based on the

799  temperature and the factor, respectively. The correlation coefficient between atmospheric

800  temperature and the factor is 0.803. When ¢ = 0.5, the temperature is approximately 20.2 °C.
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Fig. 3. Locations of nuclear fuel reprocessing plants (blue triangles) and measurement sites (red
dots) in (a) Europe (1. Abisko, 2. Uppsala, 3. Kvidinge, 4. Bergen, 5. Bavaria, 6. Roskilde, 7.
Seville), (b) Asia (8. Rokkasho, 9. Fukushima, 10. Tsukuba, 11. Ishigaki Island), and (c) North
America (12. Vancouver, 13. Saturna Island, 14. NADP-WA19).
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816  Fig. 4. Annual releases of gaseous '*°I from the nuclear fuel reprocessing plants at La Hague (light
817  blue) and Sellafield (yellow), and estimates from Mayak (gray)
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824  Fig. 5. Horizontal distribution of seasonally averaged (a-b) surface air concentration of total

825  gaseous I (nBg/m?) and (c-d) accumulated total deposition of '*’I (uBg/m?) from December 1,
826 2009, to February 28, 2010 (DJF), and from June 1 to August 31, 2010 (JJA), respectively, in the
827  Control simulation. White dots show the sites of 1: La Hague, 2: Sellafield, 3: Mayak, 4: Rokkasho

828 and 5: Vancouver.
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833  Fig. 6. Temporal variations of monthly values of Control-simulation (lines) and measurement (red
834  dots) results for surface air concentration of (a) total gaseous and (b) particulate '*’I (nBg/m?), (c)
835  '2I concentration in rain (uBg/L), and (d) monthly rainfall (mm) at Rokkasho.
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Fig. 7. Box and whisker plots of '?°I concentration in rain (Atoms/L). Yellow and light blue boxes

show the measured and simulated concentration, respectively. Mean values are indicated with cross-

marks and median values with horizontal bars. The locations are shown and summarized in Fig. 3

and Table 4, respectively.
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848  Fig. 8. Temporal variations of monthly values of simulation (lines) and measurement (red dots)

849  result for surface air concentration of (a) gaseous and (b) particulate '?°I (nBq/m?) and (c) '*I
850  concentration in rain (uBq/L) at Rokkasho. The black lines show the result of Control simulation
851  and blue lines show that of RT1D one (1 day of the relaxation time) simulations, respectively. The

852 total and inorganic gases are shown as solid and dashed lines in Fig. 8a, respectively. Note that the

853 results of RT1D for gas mostly overlapped those of Control.
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Fig. 9. Temporal variations of monthly values of Control-simulation result for (a) surface air
concentration of total gaseous '#’I (nBg/m?), (b) surface air concentration of inorganic gaseous and
particulate '?°I (nBg/m?), (c) total deposition of '*’I (mBq/m?), and (d) monthly rainfall (mm) at
Rokkasho (black line) and Vancouver (blue line) in the Control gas.
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Fig. 10. Seasonal contribution rates (%) of source areas to surface air concentration of gaseous and
particulate '?°I and deposition of '?°I at Rokkasho and Vancouver. The value of contribution rate is
calculated by dividing concentration (or deposition) of sensitivity simulation by concentration (or
deposition) of Control simulation. The simulation scenarios of NRP (12° emission from nuclear fuel
reprocessing plants), NAT (12’I emission from the North Atlantic Ocean), NPF (' emission from
the North Pacific Ocean) and LAND (!?°I emission from land surface) are summarized in Table.
1.The contribution rate in DJF and JJA are calculated using monthly averaged values in December,
January and February in 2009 and 2010, and those in June, July and August in 2009 and 2010,

respectively.
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Fig. 11. Horizontal distribution of seasonally averaged (a-b) surface air concentration of total
gaseous 2’1, (c-d) accumulated total deposition of '?°I and (e-f) accumulated rainfall from
December 1, 2009, to February 28, 2010 (DJF), and from June 1 to August 31, 2010 (JJA),
respectively, in the NRP ('?°I emission from nuclear fuel reprocessing plants) simulation. White
dots show the sites of 1: La Hague, 2: Sellafield, 3: Mayak, 4: Rokkasho and 5: Vancouver.
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888  Fig. Al. Temporal variations of monthly volatilization fluxes of '#’I from ocean calculated in our
889  model. Anthropogenic emission is additionally shown as solid black line. All oceans (dashed black
890  line) and North Atlantic Ocean (solid blue line) indicate the sum of volatilization flux of '*°I from
891  total oceans, and the sum of volatilization flux of '*°T from northern and southern areas of the North

892  Atlantic Ocean, respectively.
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Table 1. Settings for the WRF and atmospheric iodine-129 transport models. For the NRP simulation, we set the > volatilization fluxes of ocean and
land to zero. On the other hand, for the NAT and NPF simulations, we set the flux of '*°I other than from the North Atlantic Ocean and the North
Pacific Ocean, respectively, to zero. For the LAND simulation, we set the anthropogenic release from the nuclear fuel reprocessing plants and '*1

volatilization fluxes of ocean, respectively, to zero. Additionally, the RT1D simulation, in which 1 day of the relaxation time was used, were

conducted.
WRF atmospheric iodine-129 transport model
Control NRP NAT NPF LAND RTID
Number of
. ) 257 x 129
horizontal grid
Time step 600 s
Vertical levels 28?2 25
Boundary and ERA-
initial conditions interim®
. La Hague, La Hague, La Hague,
Anthropogenic
o Sellafield and  Sellafield and No No No Sellafield and
emission
Mayak Mayak Mayak
Natural All oceans® North Atlantic  North Pacific q All oceans®
.. - d No Land d
emission and land Ocean® Ocean® and land
Relaxation
, 14 days 14 days 14 days 14 days 14 days 1 day
ime

2 Eta levels from the surface to 100 hPa: 1.00, 0.99, 0.978, 0.964, 0.946, 0.922, 0.894, 0.86, 0.817, 0.766, 0.707, 0.644, 0.576, 0.507, 0.444, 0.38,
0.324,0.273, 0.228, 0.188, 0.152, 0.121, 0.093, 0.069, 0.048, 0.029, 0.014, and 0.00.

> ECMWF global atmospheric reanalysis (horizontal resolution: approximately 80 km).

¢ Except for sea ice areas.

4 Except for desart areas.
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903  Table 2. Area-averaged '>°I/'?"I ratios used to calculate '?°I volatilization flux from ocean surfaces.

Area 129]/'27] ratio  Reference

Arctic Ocean 8.5x 107  Yuio etal. (1994), Hou (2004) and Hou et al. (2007)

North Atlantic Ocean®
Northern area 2.1x10°  Yiouetal. (1994), Edmonds et at. (1998) and Hou (2004)
Southern area 1.7 x 1071 Santschi et al. (1996) and Schwehr et al. (2005b)

South Atlantic Ocean 5.0x 107" Snyder et al. (2010)

North Pacific Ocean 1.6 x 1071 Lijetal. (2005), Nies et al. (2009), and Suzuki et al. (2008)

South Pacific Ocean 5.0x 107" Snyder et al. (2010)

Indian Ocean 2.4 %1071 Nies et al. (2009)

Antarctic Ocean 1.5x 1072 Snyder et al. (2010)

904  * The boundary between northern and southern areas is S0°N.

905
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906  Table 3. Statistical analysis between measured and simulated monthly surface air concentrations (nBq/m?®), monthly rainfall (mm), and monthly total
907  deposition (concentrations in rain) (uBg/L) at Rokkasho. The values of SD, MB, RMSE and R show standard deviation of the simulation and

908  measurement, the mean bias, root mean square error, and correlation coefficient, respectively.

Mean Min. / Max Median SD
(nBg/m?) (nBg/m?). (nBg/m?) (nBq/m?)
MB RMSE
Obs. Model Obs. Model Obs. Model Obs. Model R RSMM? FA2°
(nBg/m*)  (nBg/m®)
Total gas 2.75 2.95 1.03/4.52 0.70/12.0 2.77 229  1.03 271 0.20 2.31 0.56 0.83 0.63
Particle 0.59 0.17 0.03/4.05 0.01/0.70 0.22 0.13 089 0.16 -0.42 0.94 0.36 0.59 0.54
Total depo. 0.93 0.10 0.10/5.57 0.02/0.33 0.45 0.08 1.21  0.07 -0.83 1.43 0.62 0.18 0.04
Rainfall 1254 106.6 40.5/291.5 43.0/2449 1063 935 565 44.6 -18.8 393 0.84 0.87 0.96

909  ?Ratio of simulated-to-measured medians.
910 P Fraction of data within factors of 2.
911
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912  Table 4. Description of observational sites in Fig. 7.

) Years for Concentration Number
No.* Site, country Reference
measurement (107 atoms L") of data
Europe
1 Abisko, Sweden 2000-2001 29-184 7 Persson et al. (2007)
2 Uppsala, Sweden 1999-2002 17-282 14 Persson et al. (2007)
3 Kividinge, Sweden 2001-2002 104623 8 Persson et al. (2007)
4 Bergen, Norway 2003 158410 2 Persson et al. (2007)
5 Bavaria, Germany 2003-2004 21-500 16 Reithmeier et al. (2005)
6 Roskilde, Denmark 2001-2006 50.9-563.3 70 Xu et al. (2013)
7 Seville, Spain 1996-1997 4.7-500 35 Lopez-Gutiérrez et al. (2001)
7 Seville, Spain 1998-1999 2.2-107.8 32 Lopez-Gutiérrez et al. (2004)
7 Seville, Spain 2005-2008 2.6-88.6 38 Gomez-Guzman et al. (2012b)
Asia
9 Fukushima, Japan 2011-2012° 3.6-51.3 14 Xu et al. (2013)
10 Tsukuba, Japan 1986-2005 1-82 36 Toyama et al. (2013)
11 Ishigaki Island, Japan ~ 1979-2003 2.2-21.9 23 Toyama et al. (2013)
North America
12 Vancouver, Canada 20112012 10.87-310.74 38 Herod et al. (2015)
13 Satura Island, USA 20112012 13.19-220.65 7 Herod et al. (2015)
14 NADP-WAI19, USA  2011-2012 25.77-95.42 4 Herod et al. (2015)

913  ?Indicated numbers in Fig. 3.

914  °Period from March to December 2011 is not included to avoid the feefect of the Fukushima Dai-ichi Nuclear Power Station accident.
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