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Fig. 9 a-f Maps of observations (colored circles) and model ensemble means of atmospheric '*’Cs concentration from 3/15/9 h to 3/16/9 h. Areas
identified as plumes with concentration larger than 10 Bq m ™ are encircled and labeled with the name of the plume. JMA-MANAL wind vectors
at 1000 hPa are superimposed. Movement of the P3 plume route is indicated by a thick arrow in panel d
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material, due to a patch of precipitation between FDNSP
and Kantou; however, the W-model simulation showed a
slower dissipation.

The wind vector fields shown in Fig. 9¢, d indicate that
a weak cyclonic motion around the Central Fukushima
area was generated until noon of 15 March; this was
probably due to solar heating. It cause a gradual spread
of plume P2 toward the western part of the Tokyo area,
as indicated by a thick arrow in Fig. 9d. The wind field

also transported plume P3 toward the Nakadori region
in the afternoon of 15 March, when high concentrations
of more than 100 Bq m™> were observed consecutively
from southern to northern sites (Fig. 6, panels 12:00 to
15:00, and Fig. 9¢c, d). In the late afternoon, a southeast-
erly wind became dominant at the FDNSP, and conse-
quently, a part of the P3 plume took a northern detour
to the edge of the Abukuma mountains and into the
Nakadori region from north to south, as shown by
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138E  139E 140E 141E 142

1 10 100

Fig. 6b, panels 15:00 to 18:00, and Fig. 9e. Tsuruta et al.
(2014) also identified this northern branch. However,
Figs. 6b and 9e show that without the plumes crossing
the Abukuma mountains, the simulated plumes were
too narrow to explain the elevated observed concen-
trations at the SPM sites in the Nakadori region. This
problem is probably due to the spatial resolution (3—
5 km), which is too coarse to simulate the fine-scale

orographic horizontal advection of the plume travers-
ing the Abukuma Mountains.

Subsequently, precipitation occurred over the Nakadori
and Hamadori regions during the night of 15 March, last-
ing until the morning of 16 March and dissipating plume
P3, as shown in Fig. 6b, panels 7:00 to 9:00, and Fig. 9f.
These figures indicate that the next plume, P4, was trans-
ported by a northerly wind that became dominant during
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the morning of March 16, due to increased activity of the
low in the Pacific (Fig. 4b). The SPM sites in the Choshi
Peninsula observed a high concentration for several hours
during the morning of 16 March, although the simulated
plume failed to reach the target area (Fig. 9f). A possible
explanation for the model failure is that the simulated
aerosol height was higher than the actual height. Accord-
ing to the JMA analysis, there was considerable wind
shear during the morning of 16 March, i.e., a northeasterly
wind prevailed below 600 m, and a northwesterly wind
prevailed above 600 m, as indicated by the vertical profiles
of the atmosphere at the JMA Tsukuba station (36.06° N,
140.13° E) shown in Fig. 11. In a trajectory analysis using
MANAL data, Miyasaka (Takafumi Miyasaka, University
of Tokyo, personal communication, 2015) estimated that
the aerosol height for the air mass that reached the Kan-
tou region should be lower than 500 m. However, at the
latitude 36.7° N, the simulated aerosols were distributed
up to an altitude of 1500 m. Consequently, the simulated
aerosols were transported to the Pacific area once they
were uplifted to that level; this is indicated by the fact
that the plume is not parallel to the 1000-hPa wind vec-
tor. There is a report that NICAM-SPRINTARS tends
to overestimate the vertical transport of aerosols (Goto
et al. 2015b). Another possible reason is overestimation
of the wet deposition by the early morning precipitation
along the plume on 16 March; the simulation showed
this to be shifted slightly southward and was more than
the MANAL objective analysis, as indicated by Fig. 6b,
panel 3:00.

Another notable difference between observations and
the model is that in plume P2, a medium-level concen-
tration of between 1 and 10 Bq m™ was persistently
observed in a wide area of Kantou from the evening of 15
March until the morning of 16 March (Fig. 6b, panels 3/
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Fig. 11 Vertical profiles of temperature (T), relative humidity (RH), wind
direction (WD), and wind speed (WS) versus geopotential height at 3/16/
9 h for the JMA Tsukuba station. Wind directions and speeds are at the
heights corresponding to the standard isobaric surfaces and characteristic
points in the wind profile as determined by the JMA routine
measurement protocol
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16/0:00 to 7:00; Fig. 9f), whereas the simulation results, in
particular, those of the W-model, show a much smaller
concentration in the southern part of the Hamadori and
Kantou regions. Thus far, it is difficult for us to identify
the cause of the model failures for plumes 2 and 4, but it
is natural to assume that this is due to the difficulty of
accurately simulating transport in a strongly sheared, thin
atmosphere.

18-19 March

Figure 12a, b shows the observed and simulated plumes P5
and P6 in the short-period events of 18 and 19 March. A
migrating high-pressure system passed the Japanese islands
on those days (Fig. 4c, d), and a weak wind condition was
established around the FDNPS. The northwesterly compo-
nent of the wind field turned southwesterly along the out-
skirts of the high-pressure zone at approximately 15:00 on
18 March (not shown). The P5 plume driven by the south-
westerly wind was subsequently observed at sites north of
the FDNPS. It should be noted that the wind vector at 18:00
was relatively perpendicular to the plume with this transport
mechanism. A similar oblique relation between the wind
vector and the plume axis was also simulated for plume P3
(Fig. 9d) and plumes P7 and P9 (shown below in Fig. 13b, f)
under quick changes in the dominant wind direction. These
phenomena indicate that the temporal change in wind
direction must be accurately reproduced in order to suc-
cessfully simulate the plume. Moreover, it is also necessary
to have higher resolution of the land-sea breeze simulation.

20-21 March
A subsequent low-pressure system passed the Japanese
islands during 20-21 March (Fig. 4e, f). Time sequences
of observed and two-model atmospheric *’Cs concen-
trations with precipitation maps are shown in Fig. 7, and
model ensemble results are shown in Fig. 13 for several
characteristic times. The figures indicate the dominant
westerly wind on 19 March through the early morning
of 20 March at the FDNPS blew the plume toward the
Pacific, as shown in Fig. 13a (labeled A) and Fig. 7a,
panel 6:00; however, during the morning of 20 March,
there was an increasing easterly component due to a
moving low-pressure system; this blew the plume back
westward toward the Hamadori and established plume
P7 (labeled B in Fig. 13a), which had a wide distribution
covering the Hamadori and its offshore areas, as shown
in Fig. 7a, panels 9:00 to 12:00, and Fig. 13a, b. This plume
movement is indicated by a thick arrow in Fig. 13a. The
simulated distribution of plume P7, however, was very dif-
ferent in the N- and W-models, resulting in a two-branch
pattern of the ensemble mean (A and B in Fig. 13a).

The arrival of P7 at the Choshi Peninsula between
12:00 and 13:00, and its gradual westward spread until
15:00, as shown by the rotation of the plume indicated
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Fig. 12 Maps of observations (colored circles) and model ensemble means of atmospheric '
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3/Cs concentration in a 3/18/18 h and b 3/19/12 h.

by a thick arrow in Fig. 13a, was successfully simulated
by the N-model, as shown in Fig. 7a, panels 12:00 to
15:00. On the other hand, the W-model failed to simu-
late this phenomenon. Since precipitation was not in-
volved in the transport process on the morning of 20
March, this failure was considered to be a consequence
of more transportation to the upper atmosphere near
the emission source, as suggested by the shift to the
north (relative to the results of the N-model) of the high
concentration around the FDNPS (Fig. 7a, panels 12:00
to 13:00).

Northwestern transport started around 13:00 and
lasted until that night, forming plume P8 in the Tohoku
region (Fig. 7a, panels 15:00 to 21:00, and Fig. 13b, c).
Each model satisfactorily simulates the transportation of
plume P8 to the northern part of the Nakadori region,
but they are both too coarse to simulate the successive
increase in the concentration of '*’Cs observed from
north to south along the Nakadori channel.

Plumes P7 and P8 started to dissipate at around 3:00
on March 21 (Fig. 7b, panels 1:00 to 7:00, and Fig. 13e).
At this time, plume P9 started traveling to Kantou, due
to a northeasterly wind ascribed to the combined effect
of a migratory system and the Okhotsk low-pressure sys-
tem (Fig. 4f). Plume P9 reached the Kantou region at
around 9:00 on 21 March and collided with the weather

front located at the southern part of the Kantou region,
as shown by the wind vectors in Fig. 13f. The plume
simulated by the N-model had a tongue shape and cov-
ered the land area of the northern Chiba prefecture; this
was consistent with the distribution of the observed sites
characterized by concentrations of more than 100 Bq m™>
around the Chiba prefecture and Tokyo Bay, as depicted
in Fig. 7b, panels 9:00 to 10:00. However, the N-model
plume was too short, and it shifted to the northern area
without reaching the observed sites. In this event, the W-
model also failed to transport **’Cs to the Kantou region.
Although not shown by a figure, we found that changing
the emission scenario to that of Katata et al. (2015) did
not improve the results. Another possibility is that the
height of the aerosol layer was overestimated. Figure 14
shows the vertical profile of meteorological parameters at
the JMA Tsukuba station at 9:00 on 21 March. The figure
indicates that there was a strong temperature inversion at
around 300 m geopotential height. Wind was northeast-
erly below the inversion and northwesterly above. There-
fore, it can be assumed that the modeled aerosol layer was
too high, and the aerosols were transported eastward by
the northwesterly. This also might be due to the stronger
precipitation that was simulated by the models in the
Kantou region during the time period 3:00 to 7:00
(Fig. 13b, panels 3:00 to 7:00). These two reasons may
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explain the quick dissipation of simulated plume P7, in
contrast to the observed persistent survival of the plume
in the morning of 21 March (Fig. 7b, panels 3:00 to 9:00,
and Fig. 13e, f).

Plume routes and time series

Figure 15 presents a summary of the plume routes
analyzed in the preceding sections, and Fig. 16 shows
the time series of the observations and the model en-
semble mean '*’Cs concentrations at several sites.
The relevant sites are B, C, E, and J in the Tohoku
region and sites 9, 12, and 15 in the Kantou region,
as defined by Tsuruta et al. (2014), as well as at the
newly added sites K1, K2, and K3.

During a 6-hour period on 15 March, plume P2 spread
over a large area of the Kantou region. The coverage
was not uniform, and the plume was narrow, as indi-
cated by the peak concentration at sites 9, K1, K2, and
K3 in Fig. 16b. However, the simulated arrival time was
too early, as indicated by the time series and as was
already suggested by Fig. 9a.

Plume P3 transported the radioactive material toward
the Nakadori region, crossing the Abukuma Mountains,
as indicated by the successive peaks over time from the
south to the north at sites E and C in the afternoon of
15 March (Fig. 16a); the models were too coarse to
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simulate the detailed progress of the plume along the
Nakadori channel. The progress of plumes P2 and P3 is
indicated by thick white arrows in Fig. 15.

As shown in Fig. 9f, plume P4 produced a high concentra-
tion of **'Cs in the Choshi Peninsula, as shown by the peaks
at sites 12 and 15, but the plume did not reach Kantou.

Short-duration plumes P5 and P6 were observed at
site ] on 18 and 19 March, and they were simulated
by the models, but the simulated arrival time was
earlier than the observed time. Moreover, the concen-
tration was largely underestimated for the duration of
the period.

In the early afternoon of 20 March, plume P7 was
transported over a long distance, first to the ocean and
then toward land by a clockwise rotation of the plume
route, as indicated by the thick white arrow in Fig. 15; it
covered a large part of the northern Kantou region, as
shown in Fig. 16b.

Plume P8 was transported northward and was redirected
southward along the Nakadori region at the northern edge
of the Abukuma Mountains. Consequently, the high-
concentration area moved from north to south, as
illustrated by the time series of observations at sites B, C,
and E. However, the models failed to indicate this
phenomenon, underestimating the concentration at sites
in the Nakadori region, as also shown in Fig. 7a, panels
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15:00 to 21:00. At the same time, the wind direction
turned from northwest to north at the FDNPS, with the
result that the northern part of P8 covered sites H and J,
as illustrated by the thick northeastward arrow.

Plume P9 began on the morning of 21 March, taking
a southern route until it collided with the weather front
located in the southern part of the Kantou region. The
simulated pattern was too short to correspond with the
peaks at sites 9, 12, and 15 at 9:00; however, this is due
to the complex transport and precipitation processes
discussed in the preceding sections. It is difficult to deter-
mine if the peaks at sites K1 and K2 on 21 March were
caused by a persistent tail from plume P7 or by plume P9,
because the observed concentration remained high with-
out a clear separation between plumes, as indicated by the
distribution maps shown in Figs. 7b and 13d—f.

Conclusions

As has been discussed in the preceding sections, we
found that a combined analysis of observed and model
ensemble data is a useful method for analyzing the de-
velopment of plumes and the distribution of radioactive
materials, but neither approach alone is adequate.
Although the SPM observational data are unique and of
high density, they are not sufficient to show the detailed
distribution structure of the atmospheric '*’Cs, because
the transport mechanism was complex, varied over time,
and depended on the local meteorological and geographical
conditions. Although in some cases, the models failed to
simulate the exact location and time of arrival of the
plumes at the SPM sites, the spatial and temporal

development of the plume structure was adequately simu-
lated, making it possible to understand how the atmos-
pheric **’Cs was distributed.

The following statement is characteristic of the target
area and period, and it is relevant to the atmospheric
transportation of radioactive materials: during the ana-
lysis period in the spring season in East Asia, migratory
pressure systems periodically brought radioactive mate-
rials to the Japanese land area, producing somewhat
similar plume development patterns. For instance, two
peaks can be seen in the time series: one due to plumes
P2 and P3 followed by P4, during 15-16 March, and the
other due to plumes P7 and P8 followed by P9, during
20-21 March. The first peak (P3 on 15-16 March) was
caused by a change in the wind field to northeasterly
and later to southeasterly, as a migratory low-pressure
system progressed toward the Japanese islands. The
second peaks (P4 and P9) were caused by a northerly
wind after the low-pressure system had passed from the
Japanese islands to the Pacific. When the height of the
aerosol layer was overestimated, plumes P4 and P9 devi-
ated eastward due to the westerly wind in the upper
layers, such as at 900 hPa, as shown in Figs. 9f and 13f.

Future tasks include improving the present method,
such as by conducting sensitivity tests for (1) different
emission scenarios, for example, those by Katata et al.
(2015); (2) plume height based on different model-layering
setups; (3) wet deposition processes with different param-
eterizations; and (4) material transport across and along
the northern edge of the Abukuma Mountains. Relevant
to task 4, a report by Sekiyama et al. (2015) has claimed
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that there was no significant difference between 3-km and
500-m grid simulations of the JMA nonhydrostatic model
for horizontal transport of radioactive material. However,
in view of the differences in model parameterization for
orographic waves, further analysis of this is necessary. It is
also necessary to increase the spread of the model ensemble
in order to obtain a more accurate reconstruction of the
plume transportation. Another interesting and unresolved
problem is the area of mid-level concentration, from 1 to
10 Bq m™>, in the Kantou region that persisted from the
evening of 20 March to the morning of 21 March. It is also
important to carefully evaluate the performance of the
model when simulating the vertical stratification of the
atmosphere, which controls the dry deposition process. A
future study should address aerosol survival under strong
but stochastic precipitation conditions. On the other hand,
SCJ (2014) suggested that all of the models evaluated
tended to underestimate wet deposition in weak precipita-
tion conditions. Consequently, it may be necessary to de-
velop a nonlinear parameterization of the precipitation rate.

We have analyzed only 25% of the total SPM sampling
tapes to date, so additional analysis is necessary. Further
efforts are also needed to collect missing observational
data, in particular, in the Hamadori region, in order to
investigate the detailed atmospheric transportation pro-
cesses that could not be addressed by the present study.
Some of the SPM tapes were discarded by the network
before we could retrieve them. Therefore, a special tape
conservation effort would be required for large-scale
disaster events. We expect the present study to be useful
for future research.
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