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Abstract A massive earthquake measuring 9.0 on the Richter scale that occurred on March 11, 2011, on Honshu
Island, Japan, caused radioactivity leakage from the Fukushima Nuclear Power Plant, which led to the leakage of
artificial nuclides (*'I, *’Cs, and '**Cs) and their global transportation by atmospheric circulation. This paper re-
ports a systematic comparative observation on radioactive concentrations of natural nuclides ('Be and *'°Pb) and
artificial nuclides ("*'I, "*’Cs, and '*Cs) at the surface level, measured in weekly continuous aerosol sampling at
Mount Guanfeng, Guiyang, China, from March 17, 2011 to April 28, 2011. During this period, the variations in the
nuclide concentrations associated with their transport paths were analyzed with 315 hour back-trajectories of air
mass initialized 500 m above the surface level at Guiyang. The results show that the pollutants of nuclear leakage
from the Fukushima accident were transported to the Guiyang region of China via two significant pathways. In the
first pathway the first wave of nuclear pollutants were transported from west to east in air masses at higher altitudes
via global atmospheric circulation. The nuclear pollutants encircled the Earth almost once and after about 10 days to
two weeks, between March 24 and March 31, 2011, intruded Guiyang from the northwestern region of China. In the
second pathway, the nuclear pollutants from the Fukushima region arrived at Guiyang between April 7 and April 14,
2011, via air masses at lower altitudes that moved southwards because of the squeezing of the northeast Asian
weather system and then by the influence, in succession, of the northeastern and southeastern air currents in the
low-latitude region. The first transport pathway for atmospheric pollutants is on a global scale and based on air
masses at higher altitudes, and the second transport pathway is on an eastern Asia regional scale and based on the air
masses at lower altitude.
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1 Introduction

A magnitude 9.0 earthquake occurred on Honshu,
Japan, on March 11, 2011, and caused tsunamis and
nuclear leakage (IAEA, 2011). The reactors of the
Fukushima Nuclear Power Plant (141.033°E,
37.421°N) were damaged to different degrees, and
radionuclides (1311, 137Cs, 134Cs, etc.) were released.
After the products of the nuclear leakage entered the
atmosphere, radionuclides were successively detected
at some monitoring stations in different regions of the
northern hemisphere. They were first detected and
reported by the monitoring station at Seattle, USA
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(Diaz Leon et al., 2011). Research on the air mass
forward-trajectory (Lozano et al., 2011) showed that
these radioactive nuclides arrived at the west coast of
the USA, and then moved on and spread to the eastern
region of the USA; afterwards, they crossed the At-
lantic Ocean to reach the European continent. Several
days later, the leaked nuclides were detected in
northwestern German, in Milan (Italy) and in Thessa-
loniki, northeastern Greece, respectively (Clemenza et
al., 2012; Manolopoulou et al., 2011; Pittauerova et
al., 2011). On the Iberian Peninsula, BI was detected
for the first time in the filter membrane samples taken
from the Caceres station from March 15 to 22, 2011
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(CSN, 2011). Two weeks later, determinations con-
ducted at two different stations (FIMERALL with an
altitude of 300 m and IZANA with an altitude of 2400
m) on Tenerife (Canary Islands, Spain) showed that
the specific radioactivity at the FIMERALL station
was always higher than that at the IZANA station.
This result indicates that the radioactive pollutants that
reached this island were transported by the air masses
at lower altitude (Lopez-Pérez et al., 2013). Compari-
son of the 'Be activity concentrations, observed
weekly, also shows that these radioactive nuclides
were transported via the air masses at lower altitude
(Masson et al., 2011).

Recently, several observation results of Fuku-
shima fallouts in the Asian regions, such as Korea
(Kim et al., 2012; Lee et al., 2013), Beijing (Zhou et
al., 2013), Xi’an (Liu et al., 2013), and Taiwan (Huh
et al., 2012), Krasnoyarsk (Bolsunovsky and Demen-
tyev, 2011) and West Siberia (Melgunov et al., 2012)
of Russia, and Vietnam (Long et al., 2012), are re-
ported. These observations demonstrate that the pol-
lutants leaked from the Fukushima accident has been
transported globally. Analyzing the global distribution
of radionuclides is one method to trace the atmos-
pheric transport pathways of the pollutants (Lee et al.,
2004). However, this method is influenced and re-
stricted by some factors (Lee and Feichter, 1995; Lee,
2004). The central Guizhou area is an inland area lo-
cated in the central part of the Yunnan-Guizhou Pla-
teau on the slope through which the Qinghai-Tibet
Plateau transits to the hills and plains eastwards, and it
has low latitude and higher altitude. The weather sys-
tems in this area are controlled by the southern branch
of the westerlies and are also influenced by the
southwesterly air current of the northern branch of the
westerlies. Also, the southeast and southwest mon-
soons, the cold and warm air masses in the
south-north direction, often meet here to form the
Yunnan-Guizhou stationary front. Observing the con-
centrations in air and deposition fluxes of tracing nu-
clides (including 'Be and *'°Pb) in the central Guizhou
area is of special significance in tracking the global
atmospheric transport of pollutants (Lee et al., 2004;
Wan et al., 2005, 2008, 2010).

"Be (half-life 53.3 d) is a radionuclide generated
when cosmic rays impinge on atmospheric '*N and
%0 target nuclei. 'Be reaches its maximum value in
the atmospheric layer at a height of about 20 km, and
has a residence time of about 1 a in the stratosphere.
With the weakening intensity of the cosmic rays radi-
ating into the atmosphere, the yield of 'Be decreases
with increases in the thickness of the atmospheric
layer and air density (Feely et al., 1989; Lal and Pe-
ters, 1967). After it is formed, "Be attaches to the sur-
face of submicron aerosol particles rapidly, migrates
with the atmospheric dynamic process and finally en-
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ters the ground environment through dry-wet deposi-
tion. The stratosphere, as the generation and accumu-
lation source of 'Be, can transport 'Be to the tropo-
sphere through Brewer-Dobson circulation on a global
scale; or when exchange occurs between the strato-
sphere and the troposphere, 'Be enters the troposphere
(Feely et al., 1989; Holton et al., 1995; Zanis et al.,
1999). Therefore, the change in near-surface
concentration of 'Be is usually used as the most
powerful tracer for vertical transport by air masses.
The concentraion of "Be in tropospheric air increases
with increasing ground altitude.

219 (half-life 22.3 a) is an a-decay daughter of
the intermediate decay product **’Rn (half-life 3.8 d)
of **Ra (half-life 1622 a) in the ***U series. **’Rn, as
an inert gas, diffuses in the lower atmosphere and con-
tinuously decays after escaping from rock surfaces
and soil particles. Owing to the differences in mineral
composition of rock and soil, the escape-generation
ratio of **Rn ranges from lower than 1% to higher
than 30% (Dorr and Minnich, 1990; Krishnaswami
and Seidemann, 1988). The **’Rn in the lower atmos-
phere varies because of regional differences in the
escape ratio and air-current transport. The average
escape transport flux of “’Rn from the land surface to
the atmosphere is about 0.015 Bg/m’® a; the escape
transport flux from the ocean surface and ice cover to
the atmosphere is 2—-3 orders of magnitude lower than
that from the land surface (Dorr and Miinnich, 1990;
Turekian et al., 1977). Therefore, 21%pp in the atmos-
phere is mainly from the land surface and has an ob-
vious regional distribution difference (Lee et al., 2004;
Wan et al., 2005, 2008, 2010).

According to the formation mechanisms of the
"Be and *'°Pb concentrations in air near the ground
surface, when the 'Be concentration increases (or de-
creases), the sinking of the air mass from a higher al-
titude strengthens (or weakens); whereas, evidently,
when the *'’Pb concentration in air increases (or de-
creases), the intrusion of continental air mass
strengthens (or weakens). A strengthening intrusion of
the oceanic air mass makes obvious a decrease in both
"Be and *'°Pb concentrations (Wan et al., 2010).

Hong et al. (2012) and Hsu et al. (2012) noted
the transport pathways of the pollutants released from
the Fukushima accident using the *’Cs/"**Cs observed
in Korea and in Taiwan. In this paper, we compared
the concentrations of 131I, 37, and '**Cs leaked from
the Fukushima accident with the concentrations of
natural nuclides ('Be and *'°Pb) observed at Mt.
Guanfeng of Guiyang, China, from March 17 to April
28, 2011. Then we calculated the air-mass distribution
of 315 h back-trajectories at 500 m above ground in
Guiyang (106°43'22.1"E, 26°34'19.3"N) every day in
the XY plane, with the USA global reanalysis weather
data from the National Centers for Environmental
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Prediction (NCEP) with a goal of understanding the
geographic track through which the air masses passing
through the accident site traveled, and thus verified
the atmospheric transport pathway of the nuclear pol-
lutants.

2 Samples and experimental methods

The sampling device was a surface atmosphere
sampling system (SASS, Model 500NE Aerosol Sam-
pler) for measuring low-level nuclides and developed
by the National Urban Security Technology Labora-
tory [formerly Environmental Measurements Labora-
tory (EML)] , USA. The sampling system was placed
on the top of an experimental building of the State
Key Laboratory of Environmental Geochemistry,
about 30 m from the ground.

The (Model Fuji) sampler was equipped with a
20.3 cm x 25.4 cm rectangular filter, which had three
layers of 100% polypropylene screen filter membrane
as the filter material (Dynaweb, DW7301L) between
two layers of 100% polyester protective cotton; it had
an effective filtering area of 407 cm”. The sampling
flow velocity was 0.4-1.6 m*/min. One sample was
taken every week; in other words, the sampling time
of every sample was about 168 h. The air volume col-
lected on each sample ranged approximately from
0.9x10* to 1.1x10* standard cube meters (SCM),
which was calibrated to the International SCM by ob-
served daily air temperature and average local pres-
sure measurements.

For the radioactivity of 1311, 137Cs, 134Cs, "Be and
Pb, y-spectrum determination was carried out using
an S-100 series 16384-channel energy spectrometer
manufactured by the Canberra Company, USA. The
aerosol sample on a polypropylene screen filter mem-
brane was packaged in a given shape and then placed
directly into a GR2019 coaxial high-purity germanium
(HPGe) detector (efficiency 20%) for counting. The
energy spectrometer had good stability with no chan-
nel shift during tests, and the counting time of a single
sample was 4.7x10°-6.3x10" s. The counting peaks of
Py, 7es, s, 2'%Pb and "Be were at 0.364, 0.662,
0.605, 0.046 and 0.478 keV, respectively; the sample
counting was controlled according to one standard
deviation and the average errors of actual measure-
ments were £7.1% (1), £11.9% ("*'Cs), +8.8%
(P*'Cs), £1.9% (*'°Pb) and +1.6% ("Be), respectively.
The multi-nuclide standard source (Catalog No. 7500;
Source No. 586-26-6) was provided by Isotope Prod-
ucts Laboratories, USA, and the activity of different
nuclides was calculated from the efficiency curves.

Accurate measurements of low-level nuclides
require not only a high-stability measurement device
and the accurate calibration of energy scales and effi-
ciency based on a multi-nuclide comprehensive stan-
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dard source, but also on data comparison between in-
ternational laboratories. To ensure international com-
parability of the measurement results, some aerosol
samples on the polypropylene screen filter membrane
were split equally at an early stage, and were then
comparatively measured by both the State Key Labo-
ratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, and the
formerly EML, USA. The scatter data points have
very good consistency between two laboratories (Lee
et al., 2004; Wan et al., 2005, 2008, 2010).

>z

Guiyang City

e Mt.

Fig. 1. Surface air sampling location at Guiyang site (circle) in China.
3 Results and discussion

3.1 Observational results

The observational results of the concentration
changes in natural nuclides ('Be, 2'°Pb) and artificial
nuclides ('L, ’Cs, and "**Cs) in aerosols sampled
weekly, both in air at near the ground surface at Mt.
Guanfeng, Guiyang, since March 17, 2011 (Table 1)
show that in the first week (March 17-24), the activity
concentrations of 'Be and *!°Pb were low, which in-
dicates the effect of weak oceanic warm and wet air
masses (Wan et al., 2010); and no 1311, 137Cs, and
134Cs were detected within the first 10 days of the Fu-
kushima nuclear accident. In the second week (March
24-31), the "Be concentration, which indicates the
sinking of air masses from high altitude, reached 11.7
mBq/m3; the 2'°Pb concentration, which indicates the
effect of inland air masses (Wan et al., 2010), was 3.4
mBq/m3; and the 1311, 137Cs, and **Cs concentrations
reached 0.22, 0.03 and 0.03 mBg/m’, respectively. In
the third week (March 31-April 7), the 'Be and “'°Pb
concentrations decreased normally, and those of "'l
and "’Cs also decreased to 0.06 and 0.02 mBg/m’,
respectively. In the fourth week (April 7-14), the 'Be
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and 2'°Pb concentrations changed little, and those of
131I, 137Cs, and '**Cs increased to 0.07, 0.07, and 0.06
mBg/m’, respectively; the *’Cs and '**Cs concentra-
tions obviously increased. In the fifth week (April
14-21), although the 'Be and *'°Pb concentrations still
indicated a weak sinking of air masses from higher
altitude and the effect of inland regions, the concen-
trations of artificial nuclides in the air had evidently
decreased, with 'l decreasing to 0.03 mBg/m’ and
B7Cs and "*Cs both decreasing to 0.02 mBg/m’,
which clearly indicates decay of "'I and diffusion
dilution of "*'Cs. In the sixth week (April 21-28), the
"Be and *'°Pb concentrations still indicated the sinking
of air masses from higher altitude and the effect of
inland regions, respectively; however, the concentra-
tions of artificial nuclides in air were evidently lower
than the detection limits. From the second to fifth
week, average of ratios of *’Cs to '** Cs is 0.92. The
ratio of "*'I to "*’Cs decreased gradually from 8.1 to
113.19 due in part to the about four-half time decay of
L.

To further analyze the mutual relationships
among the weekly changes in "'I, *’Cs, and '**Cs
concentrations observed in the atmospheric transport
of the pollutants from the Fukushima nuclear accident,
the distributions of air mass 315 h back-trajectories at
500 m above the ground in Guiyang over seven days
of every week from March 17 to April 28, 2011, in the
XY plane (Fig. 2) were calculated and plotted accord-
ing to USA global reanalysis weather data from NCEP
and the back-trajectories model (Draxler and Rolph,
2003). The reason why 315 h (nearly two weeks) was
used is that the Fukushima Nuclear Power Plant is
located leeward of Guiyang and that the time for the
nuclear pollutants to be transported to China, probably
on global scale, i.e., encircling the Earth once, might
be about two weeks. In southwest China the minimal
near-surface boundary layer mixing height is above
500 m from March to April each year, so the initial
height of the air mass for the calculation of back-
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trajectories was selected as 500 m above the ground;
also, as 'Be and *'°Pb themselves are very good trac-
ers in the vertical direction, the vertical transport
process of air masses is not given for the calculations
of back-trajectories in this paper.

3.2 Influence of nuclear leakage from Fukushima
on Guiyang via global atmospheric circulation

In the first week (March 17-24, 2011), the 'Be
and *'°Pb concentrations, which indicate the effect of
oceanic air masses, were low; and no B and 'Cs
were detected, indicating that the pollutants did not
reach Guiyang within 10 days of the Fukushima nu-
clear accident. As can be seen from Fig. 2a, the
back-trajectories of the Guiyang station include two
parts, i.e., the northwestern region of China, and the
India Peninsula region of the South Asia subcontinent.
These two fan regions were obviously not influenced
by the air mass transport passing though the nuclear
leakage point; meanwhile, as the air masses came
from the region of South Asia with lower latitude, the
"Be and *'’Pb concentrations in near-surface air were
inevitably low in Guiyang.

In the second week (March 24-31, 2011), the "Be
concentration (which indicates the sinking of air
masses from higher altitude) observed in Guiyang
reached 11.7 mBg/m’; the *'°Pb concentration was 3.4
mBg/m’, indicating the simultaneous normal effect of
inland air masses. During this 3period, the concentra-
tions of artificial nuclides ' 1I, 137Cs, and 'Cs
reached 0.22, 0.03 and 0.03 mBg/m’, respectively,
which indicates that the air mass in which the pollut-
ants of nuclear leakage from Fukushima were first
observed in Guiyang has the characteristics of “sink-
ing from higher altitude” and “inland”. The time when
the pollutants were found was at least 13 d from the
time of the accident, so the transportation has the
characteristic of atmospheric circulation transport on a
global scale.

Table 1 Concentration of natural ("Be and *'°Pb) and artificial ("*'I, *’Cs, and '**Cs) radionuclides in surface
air at Guiyang, China'

Air volume® "Be *10pp B s B4cs Ratio
Sampling day
SCM mBg/m’ mBg/m’ mBg/m’ mBg/m’ mBg/m’ Bcg/cs

Mar.17, 2011-Mar.24, 2011 11076 3.1+0.1 1.5+0.1 <MDA <MDA <MDA -
Mar.24, 2011-Mar.31, 2011 10314 11.7+0.1 3.4+0.1 0.22+0.01 0.03+0.01 0.03+0.01 0.93
Mar.31, 2011-Apr.07, 2011 10587 5.1+0.1 23+0.1 0.06+0.01 0.02+0.01 0.03+0.01 0.74
Apr.07,2011-Apr.14, 2011 10921 45+0.1 2.7+0.1 0.07+0.01 0.07+0.01 0.06+0.01 1.09
Apr.14, 2011-Apr.21, 2011 9753 8.7+0.1 3.4+0.1 0.03+0.01 0.02+0.01 0.02+0.01 0.92
Apr.21,2011-Apr.28, 2011 9080 10.9+0.1 3.6+0.1 <MDA <MDA <MDA -

Note: ' The measurement errors are expressed as 1 standard deviation; > The air volume is calibrated to the International SCM.
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Fig. 2. Distribution of back-trajectories (2011.3.17-2011.4.28) over 315 hours at Guiyang site in China (a. 3.17-24; b. 3.25-31; c. 4.1-7; d.

4.8-14; . 4.15-21; f. 4.22-28).

As can be seen from Fig. 2b, all the air masses on
the back-trajectories in Guiyang during this period
were from the regions of northwestern China and
Middle Asia, crossing a latitude range of 40°N—60°N,
so they have the typical weather characteristics of an
upper-air low-pressure trough passing through
(Keyser and Shapiro, 1986). These weather character-
istics are shown in Figs. 3 and 4. There was obviously
a sinking air current from higher altitude; this was
verified by the high 'Be concentration observed in
Guiyang. During this week (March 24-31, 2011) By
was observed to have a high concentration, which in-
dicates that from March 11, 2011, when the nuclear
leakage occurred in Fukushima, the global diffusion
transport of the first wave was completed within about
10 days to two weeks, and the pollutants then entered
Guiyang from the northwestern region of China. The
above observational results are comparable in time
sequence with reported simulation and observational
results (Qiao et al., 2011).

Fukushima, Japan, is located in a latitude range

controlled by the upper level jet streams in the north-
ern hemisphere in winter and spring. After the nuclear
leakage occurred, a high concentration of BT entered
the atmosphere; then, through sufficient mixing, dif-
fusion or convection in the near-surface boundary
layer, the "*'I reached the free atmosphere level; and
finally, transported by a strong upper level jet stream;
the "' was transported rapidly and globally along the
latitude zone from west to east.

3.3 Direct transportation of nuclear leakage from
Fukushima on the eastern Asia regional scale

From the change in back-trajectories (Fig. 2c¢),
the air masses from low latitude South Asia domi-
nated Guiyang during April 1-7, 2011, when the ob-
served concentrations of artificial nuclides in Guiyang
clearly decreased, and also concentrations of "Be and
21%h - were relatively low. However, this status
changed in the following week (April 7-14), during
which period the air-current trajectory had passed over
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Fukushima for two days (Fig. 2d). The "*'I, *’Cs, and
134Cs concentrations observed in Guiyang clearly in-
creased again, especially that of “’Cs, which in-
creased significantly to 0.07 mBg/m’. Meanwhile, the
sinking air current from the higher altitude of north-
east Asia obviously increased the concentrations of
"Be and *'°Pb. From Fig. 2d and the change in con-
centrations of artificial nuclides observed in Guiyang,
it can be seen that, although Fukushima is located lee-
ward of China, the nuclear leakage from Fukushima
was still transported to China directly in a specific
weather system. This phenomenon has already ob-
served in their previous diagnostic analysis of the
back-trajectories of ozonezonide sounding observa-
tional data in Lin’an, China, that pollutants from Ko-
rea and/or Japan can influence the eastern region of
China (Zheng et al., 2005). The observations and
analysis reported here further demonstrate the possi-
bility that such pollutants influence the southwestern
region of China through direct transportation.

Fig. 3. Contours and isotherms for 700 hPa on April 10, 11 and 12,
2011.
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Fig. 4. Isobaric surface of 850 hPa on April 12, 2011.
This phenomenon also shows that *’Cs, with a
relatively long half-life, might be more significant in
the second nuclear leakage from Fukushima (release
of partial radioactive substances from the spent-fuel
pool).

The observation in the fifth week (April 14-21,
2011) and later showed that although the 'Be and
1% concentrations are in relatively high levels, in-
dicating there being influence of air masses from
higher altitude and inland regions, respectively, the
concentrations of artificial nuclides in air observed in
Guiyang had evidently decreased with the change of
air current (Fig. 2e and f) due to the dilution and a
4-half-life decay of P'T and the diffusion dilution of

Cs.

4 Conclusions

The pollutants of nuclear leakage from Fuku-
shima, Japan, in 2011 entered the southwestern region
of China via two significant transport pathways, one
on a global and the other on a regional scale.

(1) The first transport pathway is the atmospheric
circulation transportation of the first wave of nuclear
pollutants (*'I, *’Cs, and "**Cs) on a global scale
from west to east, almost encircling the Earth once in
about 10 days to two weeks, and the pollutants entered
Guiyang from the upper level air of the regions of
Middle Asia and northwester China during March
24-31, 2011. This fact shows that the nuclear pollut-
ants that entered the atmosphere have a global effect
through diffusion by atmospheric circulation trans-
portation.

(2) The pollutants of nuclear leakage from Fuku-
shima in the second wave arrived at Guiyang in the
middle of April. The Fukushima nuclear leak-
age-polluted air mass moved southward through the
northeast Asian weather system and was transported
to a low-latitude region, and then arrived into the
southwestern China region via air masses at a rela-
tively low altitude under the influence of the south-
eastern warm and wet air current. This transportation
was completed in a short time, and has significant
characteristics of the eastern Asia regional system.
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