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Mass flux analysis of 137Cs plumes emitted from the
Fukushima Daiichi nuclear power plant

By TSUYOSHI THOMAS SEKIYAMA1�, and TOSHIKI IWASAKI2

1Meteorological Research Institute, Tsukuba, Japan; 2Graduate School of Science, Tohoku University,
Sendai, Japan

(Manuscript received 6 March 2018; in final form 24 July 2018)

ABSTRACT
The flow vectors of radioactive cesium-137 (137Cs) plume emitted from the Fukushima Daiichi nuclear power
plant in March 2011 were quantitatively depicted by a mass flux analysis in this study. 137Cs plumes were
calculated by an Eulerian dispersion model with a 3-km horizontal resolution. The vertically column-
integrated mass flux was consistent with the flow approximation based on ground surface 137Cs observations,
even though there were some discrepancies that were caused by differences in the wind direction between the
ground surface and the dominant plume layer. These discrepancies were explained by combining the use of
the ground surface horizontal mass flux with the column-integrated mass flux. The mass flux analysis clearly
provided an illustration of 137Cs dominant stream locations, directions, and depositions by reducing high-
dimensional model outputs into a lower-dimensional plot. Mass flux (i.e. the product of the mass density and
wind velocity) has often been used in dynamic meteorology but has not been used as frequently in
atmospheric chemistry or pollutant dispersion studies. However, the concept of mass flux is a robust
alternative for conventional validation approaches that only utilize a time series of pollutant concentrations.
Mass flux analyses can be used further in atmospheric chemistry as a quantitative visualization tool to track
the emission, advection, dispersion, and deposition of atmospheric constituents.

KEYWORDS: plume dispersion, numerical simulation, mass flux analysis, radioactive cesium-137, Fukushima
nuclear accident

1. Introduction

The dispersion modeling of atmospheric constituents is essen-
tial for numerical simulation (or prediction) of precipitation,
climate change, and air pollution. To improve dispersion
modeling, it is crucial to quantitatively depict the modeled
dispersion of pollutants and validate those results with obser-
vations. An ideal validation could be accomplished by using
atmospheric constituents that are (1) chemically inert to avoid
errors in the reaction rate estimation, (2) emitted from a single
source to isolate plumes without cross-dispersion, and (3)
observed at many locations with a high accuracy. The radio-
active cesium-137 (137Cs) from the Fukushima nuclear acci-
dent considerably matches these criteria. The Fukushima
nuclear accident was triggered by the 2011 Tohoku earth-
quake and tsunami and was the largest nuclear disaster since
Chernobyl, which resulted in the extensive dispersion of a

large amount of radionuclides in Japan (e.g. 131I, 133Xe,
134Cs, and 137Cs). Among these radionuclides, 137Cs has a
relatively long half-life (�30 years) and characteristics such as
chemical inertness and high detectability. It was confirmed
that 137Cs was emitted from a single location: the Fukushima
Daiichi nuclear power plant (FDNPP). The ground surface
concentration of 137Cs has been retrieved at many locations
at an hourly frequency with a high accuracy (e.g. Tsuruta
et al. 2014; Oura et al. 2015).

After the accident, many numerical simulations were
performed using atmospheric dispersion models or chemis-
try transport models (e.g. Science Council of Japan, 2014;
Draxler et al. 2015). However, most of the simulations
were validated by comparing the results with total ground
surface 137Cs deposition or surface dose rates. Deposition
and dose rates are strongly affected by precipitation and
deposition processes. However, the time variability of pol-
lutant concentrations is rarely detectable in these types of

�Corresponding author. email: tsekiyam@mri-jma.go.jp

Tellus B: 2018. # 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1

Citation: Tellus B: 2018, 70, 1507390, https://doi.org/10.1080/16000889.2018.1507390

Tellus
SERIES B
CHEMICAL
AND PHYSICAL
METEOROLOGY

PUBLISHED BY THE INTERNATIONAL METEOROLOGICAL INSTITUTE IN STOCKHOLM

http://orcid.org/0000-0003-2110-0687


observations. Therefore, in the majority of previous model
studies, deposition model errors and dispersion model
errors were barely distinguished between. In contrast,
Nakajima et al. (2017) isolated the individual 137Cs plumes
simulated by their chemistry transport models comparing
with hourly concentration observations from Tsuruta et al.
(2014) and Oura et al. (2015) and successfully examined the
dispersion model performance separately from the depos-
ition model performance. It should be noted that Tsuruta
et al. (2014) and Nakajima et al. (2017) classified 137Cs
propagations over land in March 2011 into nine plumes
based on their time, location, and direction, as shown in
Figs. 1 and 2. These plume numbers (P1–P9) are used with-
out any change in this study.

Nakajima et al. (2017) clearly identified these nine
plumes, as shown in Fig. 2, and exhibited their model per-
formance with hourly 137Cs concentrations observed at 99
sample stations. However, we realized that several of the
plume directions in Fig. 2 were inconsistent with the other
forward trajectory model simulations. For example,
Nakajima et al. (2017) claimed that plume P3 was trans-
ported toward the Nakadori region and crossed the
Abukuma Mountains from south to north in the afternoon
of 15 March 2011, Japanese Standard Time (JST); then, a
part of plume P3 exhibited a northern detour from north
to south in the late afternoon, as shown in Fig. 2a (geo-
graphical names are shown in Fig. 3). On the other hand,
Kajino et al. (2016) calculated forward trajectories begin-
ning at 12:00 JST, 15:00 JST, 18:00 JST, and 21:00 JST on
15 March 2011, from the FDNPP, which emitted the pollu-
tant at 25-m height (Fig. 4). The forward trajectories
described in Kajino et al. (2016) indicated that plume P3
rotated invariably clockwise and moved from south to
north over the Abukuma Mountains and the Nakadori
region in the late afternoon on 15 March 2011, JST. There
is a discrepancy between observation-based analyses and
forward trajectory analyses.

This discrepancy might be caused by dispersion model
errors, meteorological analysis errors, or the vertical wind
shear in the presence of the height difference between obser-
vations and the dominant stream of pollutant flows. In add-
ition, neither the pollutant plumes in Fig. 2 nor the
pollutant trajectories in Fig. 4 are quantitatively depicted
regarding pollutant mass flows. We cannot determine which
flow depiction is more plausible using only these simple fig-
ures. First, it is desirable that plumes of atmospheric pollu-
tants should be identified and quantitatively determined
when considering pollutant mass flows using dispersion
models. This quantitative plume identification allows us to
objectively validate the modeled dispersion performance
and distinguish between dispersion and deposition errors.

In this study, we quantitatively depicted all of the
plume streams (P1–P9) from Tsuruta et al. (2014) and
Nakajima et al. (2017) using our 137Cs dispersion model
and attempted to determine the reasons for the above-
mentioned discrepancy. In this context, we took advan-
tage of a mass flux analysis to quantify the pollutant
flows. Mass flux is often used in fluid dynamics or
dynamic meteorology (e.g. Iwasaki et al. 2014; Yano
2014); however, it has not been used as much in atmos-
pheric chemistry or dispersion modeling, except for
meridional transport analyses (e.g. Stohl et al. 2003;
Belikov et al. 2013) or regional pollutant outflows (e.g.
Bey et al. 2001). The concept of mass flux could be a
robust alternative to traditional concepts using time-vari-
able concentrations to assess horizontal pollutant flows.
We attempt to exhibit the mass flux analysis as a model
visualization method or a validation metric through the
depiction of Fukushima 137Cs plumes. In this analysis, we
defined not only the single-layer mass flux but also the
column-integrated mass flux to track pollutant mass
flows that are vertically distributed. Details for the mass
flux equations are described in Section 2, followed by a
model description in Section 3. Then, a comparison of

Fig. 1. Fukushima 137C plumes identified by Tsuruta et al. (2014). Horizontal bars show periods with 137Cs concentrations greater
than 10Bq m�3. Closed (open) circles indicate areas where the highest concentrations were larger (smaller) than 100Bq m�3. This figure
was reprinted from fig. 3 in Nakajima et al. (2017).
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Fukushima 137Cs plumes between our analysis results and
those of Nakajima et al. (2017) is shown in Section 4, fol-
lowed by concluding remarks in Section 5.

2. Mass flux and continuity equation

The mass flux j is defined by the product of the mass con-
centration q and the wind velocity v � ðu; v; wÞ. j is rep-
resented as a mass per unit area per unit of time (e.g. kg
m�2 s�1) or as the rate of mass flow per unit area (e.g. [kg
s�1] m�2), which perfectly corresponds with the momentum
density or momentum per unit volume (e.g. [kg m s�1]
m�3). The mass flux indicates the extent that a pollutant is
flowing over one’s head or how much a pollutant collides
into one’s body per unit of time. Even if the mass concen-
tration is known, the amount of total exposure cannot be
estimated without the mass flux information. Furthermore,
mass flux is a vector not a scalar (e.g. concentration); there-
fore, we can recognize the streams and directions of pollu-
tant transport using the mass flux distribution.

In the atmosphere, the mass concentration and mass
flux are governed by the continuity equation, which con-
serves the total mass of a pollutant as shown below

oq
ot

þr � j ¼ oq
ot

þr � qv ¼ oq
ot

þ oqu
ox

þ oqv
oy

þ oqw
oz

¼ oq
ot

þr � qvh þ oqw
oz

¼ r;

(1)

where t represents time, vh � ðu; vÞ represents the hori-
zontal wind, and r represents the generation of the pollu-
tant per unit of volume and time. When r> 0, r is
referred to as a source term. Conversely, when r< 0, r is
referred to as a sink term. To achieve a vertically compre-
hensive assessment of mass flux in the atmosphere, we
integrate Eq. (1) over a column from the surface to the
top of the atmosphere;
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qdzþr � jcolumn ∵q 1ð Þ ¼w 0ð Þ ¼ 0
� �

¼
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0

rdz¼ rs; (2)

where rs represents deposition or emission at the surface,
assuming that the pollutant is inert and is added/removed

Fig. 2. Schematic diagrams of the transport routes analyzed in Nakajima et al. (2017) for plumes P1–P9 isolated in Tsuruta et al.
(2014). Black arrows indicate the general movement trend for each plume. This figure is reprinted from fig. 15 in Nakajima et al. (2017).
The letters, B, C, E, H, J, K1, K2, K3, 9, 12, and 15, indicate 137Cs sample station locations identified in Nakajima et al. (2017) but
these indications are not used in this study.
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only at the surface. Here, we introduce the column inte-
gral of the horizontal mass flux,

Ð1
0 qvhdz� jcolumn, which

indicates the total mass flow per unit width integrated
vertically from the surface to the top of the atmosphere
(e.g. [kg s�1] m�1¼kg m�1 s�1). Conveniently, the time-
integral of jcolumn illustrates the dominant stream of the
pollutant two-dimensionally. Because the column integral
of the vertical mass flux

Ð1
0

oqw
oz dz¼ ½qw�z¼1

z¼0 ¼ 0 is negli-
gible, the dominant stream can be calculated using only
horizontal wind components and neglecting the vertical
wind component, which is rarely obtained with high
accuracy. This illustration is helpful when tracking pollu-
tant plumes with a vertical structure.

Next, we integrate Eq. (2) over time for a typical
plume situation, where the mass concentration is zero
before a plume arrives and after it leaves. In this
situation,

ð1

0

o
ot

ð1

0

qdzdt¼
ð1

0

qdz

2
64

3
75
t¼1

t¼0

¼0 ∵q t¼0ð Þ�q t¼1ð Þ�0
� �

;

therefore, the integration of Eq. (2) over time is repre-
sented as

ð1

0

r� jcolumndt¼
ð1

0

rsdt; (3)

which indicates that the time-integral for the divergence of
the column integral in the horizontal mass flux equals the
total emission or deposition per unit area (e.g. kg m�2).

Actually, negative divergence (¼ convergence) and depos-
ition are often very similar in 137Cs plume model simula-
tions. However, they are not exactly consistent because
model simulations have numerical errors (mainly due to
truncation processes) and assumption errors (e.g. non-zero
background concentrations and finite limits of the model
top height), as shown in Fig. 5. This figure was compiled
using the 137Cs dispersion model results detailed in the next
section. The time-integrated period (21:00 JST on 20
March to 21:00 JST on 22 March 2011) was chosen to
observe a noticeable example of wet deposition induced by
widespread precipitation.

In addition, we can calculate a vertically mass-weighted
mean wind, vweighted, by dividing the column integral of
the horizontal mass flux by the total column mass

vweighted � jcolumn

Total column mass
¼

ð1

0

qvhdz=
ð1

0

qdz; (4)

which describes the wind velocity that forces the column-
integrated mass from the ground surface to the top of
the atmosphere.

Fig. 4. Forward trajectories that began at 12:00 JST (dashed
two-dot line), 15:00 JST (dashed-dotted line), 18:00 JST (dashed
line), and 21:00 JST (solid line) on 15 March 2011 from the
FDNPP at a height of 25 m (calculated by Kajino et al. 2016).

Fig. 3. Map of the area around the FDNPP. Closed diamonds
indicate the 137Cs sample stations in Tsuruta et al. (2014) and
Oura et al. (2015).
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3. Model description

In this study, the simulation of the Fukushima 137Cs plume
dispersion was performed by an offline Eulerian regional air
quality model, which was originally developed by Kajino
et al. (2012) for non-radioactive aerosol simulations. This
dispersion model has been used for Fukushima nuclear pol-
lutant simulation by Adachi et al. (2013), the Science
Council of Japan (2014), Sekiyama et al. (2015, 2017), and
Kajino et al. (2016). Radioactive 137Cs nuclides were
assumed to be contained in sulfate aerosol particles that
were mixed with organic compounds, as described in detail
by Sekiyama et al. (2015). We applied the 137Cs emission
scenario estimated by the Japan Atomic Energy Agency
(Katata et al. 2015) to this simulation. Based on the time ser-
ies of this emission scenario, 137Cs-containing aerosol par-
ticles were injected into a grid cell above the FDNPP. The
injection height was assigned based on the emission scen-
ario, which varied temporally from 20 to 150 m.

This offline dispersion model was driven by meteoro-
logical grid point value (GPV) data calculated by the data
assimilation system in Kunii (2014) and Sekiyama et al.
(2015, 2017). The data assimilation system was composed of
a non-hydrostatic regional weather prediction model
(referred to as NHM; cf. Saito et al. 2006, 2007) and a local
ensemble transform Kalman filter (LETKF; cf. Miyoshi and
Aranami 2006). The NHM has been operationally used by
the Japan Meteorological Agency (JMA) for daily national
weather forecasts with a four-dimensional variation method;
this weather forecast system is called JNoVA (cf. Honda
et al. 2005). The LETKF was driven by 20 ensemble mem-
bers at a 3-km horizontal resolution within a model domain
over eastern Japan (215� 259 grids; cf. fig. 2b of Sekiyama
et al. 2015) and 60 vertical layers from the surface to 22km

above the surface. Details of the LETKF settings were
described in Sekiyama et al. (2015, 2017). The boundary
conditions for the model domain were provided by the JMA
operational global analysis. Using the NHM and LETKF
system (referred to as NHM-LETKF), we simultaneously
assimilated the observations archived by the JNoVA system
and the land surface wind observations collected by the
JMA automated meteorological data acquisition system
(AMeDAS), as described in Sekiyama et al. (2017). The
AMeDAS is a land surface observation network that com-
prises �1300 stations throughout Japan, with an average
interval of 17km. The operational JNoVA dataset contains
land surface pressure, satellite-observed sea surface winds,
and observations from radiosondes, pilot balloons, wind
profilers, aircrafts, ships and buoys.

The dispersion model shared the same model domain and
horizontal resolution as those of the NHM-LETKF calcu-
lated meteorological GPV data, although the vertical reso-
lution was converted from the original 60 layers (from the
surface to 22km) to 20 layers (from the surface to 10km) to
reduce the computational burden of calculations within the
stratosphere. Meteorological GPV data were input into the
dispersion model at 10-min intervals. In the dispersion
model, the time step was set to 24 s using a linear interpol-
ation of the meteorological GPV data. The model simula-
tions were performed from 10 March to 31 March 2011.

4. Mass flux of Fukushima 137Cs plumes

4.1. Insight into plume P3

First, we focus on Plume P3, which has a discrepancy
between the observation-based analysis and the forward

Fig. 5. Convergence (¼ negative divergence) of the column-integrated 137Cs mass flux and the total deposition of 137Cs values
temporally integrated from 21:00 JST on March 20 to 21:00 JST on 22 March 2011 for the model simulation used in this study.
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trajectory analysis, as mentioned in the Introduction. To
track the dominant stream of the plume, the time-integral
of the column-integrated mass flux (� Ð t2

t1
jcolumndt; here-

after called the TC mass flux) of plume P3 is illustrated
in Fig. 6a. The time-integration period was chosen to fol-
low the classification of Tsuruta et al. (2014), shown in
Fig. 1, and Nakajima et al. (2017), shown in Fig. 2, as
much as possible. In this period (15:00 to 21:00 JST on
15 March 2011), the dominant stream (red or dark-red
shading) flowed northwestward directly from the FDNPP
and crossed the Abukuma Mountains toward the
Nakadori region (Fig. 6a). Meanwhile, the widespread
mass flux (which likely includes the residuals of plume P2
as shown in the panel P2 of Fig. 7) generally flowed
northward or northeastward in the vicinity of the domin-
ant stream of plume P3. This is consistent with the for-
ward trajectory results of Kajino et al. (2016). The
widespread and northeastward-directed TC mass flux
occurred at an order of magnitude lower than that of the
dominant stream directly emitted from the FDNPP.
However, the arrow of plume P3 at 18:00 JST on 15
March from Nakajima et al. (2017), shown in Fig. 2 (also
depicted as a large gray arrow in Fig. 6a), turns south-
westward over the Nakadori region.

Here, we pay attention not only to the TC mass flux
but also to the horizontal mass flux at the ground surface
(20 m) for plume P3 (Fig. 6b). The horizontal mass flux
at the ground surface turned southwestward over the
Nakadori region. This flow direction is consistent with
that of Nakajima et al. (2017). The horizontal southwest-
ward mass flux at the surface over the Nakadori region
was a non-dominant stream that was approximately two
orders of magnitude lower than that in the immediate
vicinity of the FDNPP. The plume P3 direction shown by
Nakajima et al. (2017) was analyzed only by means of
the surface observations from Tsuruta et al. (2014).
Therefore, these studies derived only the southwestward
stream during this time slot. The two opposite stream
directions are clearly depicted by the vertical cross-section
of the pollutant concentration and the meridional wind
(Fig. 6c). The maximum concentration core of plume P3
was located at a height of �900 m above the ground level
(AGL), where southerly winds were occurring. In con-
trast, the surface wind direction was northerly beneath
the plume core, although it was very weak. This indicates
that a dominant stream of atmospheric pollutants cannot
be determined using only ground surface observations.

4.2. Other plumes

Next, we surveyed each plume (P1–P2 and P4–P9) to
analyze the TC mass flux direction and magnitude.
Figure 7 shows the TC mass flux of Plumes P1–P2 and

Fig. 6. Time-integrals from 15:00 to 21:00 JST on 15 March
2011 of (a) the column-integrated mass flux of plume P3 and (b)
the horizontal mass flux of plume P3 at the ground surface. Color
shading indicates the magnitude of the mass flux. Small
arrowheads indicate the direction of the mass flux. A large gray
arrow illustrates the depiction in Nakajima et al. (2017) for plume
P3 at 18:00 JST on March 15, shown in Fig. 2. (c) Latitude-altitude
cross-sections at 140.5	E for 137Cs concentrations (gray shading),
meridional winds (arrows), and potential temperature (h; contours)
at 17:00 JST on 15 March 2011. The cross-section is located at the
green line in panel (b).
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Fig. 7. Time-integrals of the column-integrated mass fluxes of plumes P1–P2 and P4–P9. Color shading indicates the magnitude of the
mass flux. Small arrowheads indicate the direction of the mass flux. Gray arrows illustrate the depictions from Nakajima et al. (2017)
for plumes P1–P2 and P4–P9, shown in Fig. 2. In figure P2, only part of the plume P3 arrows from Nakajima et al. (2017) in the
vicinity of the FDNPP is illustrated.

MASS FLUX ANALYSIS OF 137CS PLUMES 7



Fig. 8. (a) Same as Fig. 7 for plume 2, but the plotted
arrowheads include the direction of small mass fluxes <1 GBq m�1.
Gray diamonds indicate the 137Cs sample stations from Tsuruta
et al. (2014) and Oura et al. (2015). (b) Convergence of the column-
integrated 137Cs mass flux time-integrated during the period of
plume 2 in the model simulation. (c) Total deposition measured by
airplanes, which were recorded by the Japanese government (Torii
et al. 2012). Note that this deposition represents all Cs-137
emissions and plumes until autumn of 2011.

Fig. 9. (a) Time-integral of the horizontal mass flux at the
ground surface for plume P8. The time-integrated period is
consistent with that of plume P8 in Fig. 7. Color shading indicates
the magnitude of the mass flux. Small arrowheads indicate the
direction of the mass flux. Latitude-altitude cross-sections at
140.4	E for 137Cs concentrations (gray shading), meridional wind
(arrows), and potential temperature (h; contours) are shown at (b)
15:00 JST on 20 March 2011 and (c) 17:00 JST on 20 March 2011.
The cross-sections are located at the green line in panel (a).
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P4–P9 with plume pathway arrows from Nakajima et al.
(2017) that are the same as those in Fig. 6a. The corre-
sponding time-integration periods were chosen to follow
the classification of Tsuruta et al. (2014), shown in Fig.
1, and Nakajima et al. (2017), shown in Fig. 2 (herein-
after called T&N), as much as possible.

The model-calculated TC mass flux of plume P1 flowed
mainly northeastward over the Pacific Ocean and partly
crossed the Oshika Peninsula located 120 km north-north-
east of the FDNPP. The mass flux slightly flanked a
coastal area north of the FDNPP, which was consistent
with the plume depiction in T&N. The mainstream of
Plume P1 was detected by dose rate monitoring posts at
the Onagawa nuclear power plant in the Oshika Peninsula
(the Tohoku Electric Power Company, http://www.tohoku-
epco.co.jp/ICSFiles/afieldfile/2011/03/14/11031401_t1.pdf, in
Japanese) during the P1 time slot (18:00 JST on 12 March to
06:00 JST on 13 March 2011). The monitoring post data
indicated that the dose rates at the Oshika Peninsula slowly
increased after 19:00 JST on 12 March, suddenly increased
at 00:00 JST on 13 March, peaked at 02:00 JST on 13
March, and plateaued after 05:00 JST on 13 March; all of
these stages were occurred during the P1 time slot.

The model-calculated TC mass flux of plume P2 mainly
flowed south-southwestward from the FDNPP, turned
west, and spread over a large area in the Kanto region.
This pathway was very consistent with those depicted in
T&N. In addition, a northwestward flow was distinguished
in the vicinity of the FDNPP, which was likely classified as
part of plume P3 in T&N. Tsuruta et al. (2014) and
Nakajima et al. (2017) proposed three terminal directions
for plume P2: northeastward, northwestward, and south-
ward over the Kanto region. The northeastward and north-
westward flows were completely consistent with those
illustrated by the TC mass flux. The dominant southward
flows in T&N did not seem to be reproduced by the TC
mass flux in Fig. 7. However, a southward (or southwest-
ward) flow can be seen by plotting arrowheads for very
small mass fluxes (Fig. 8a), although this flow was not
dominant. Unfortunately, the observations in Tsuruta
et al. (2014) and Oura et al. (2015) were not derived from
the northern area of the Kanto region (shown in Fig. 8a).
This biased distribution caused a bias in the plume analysis
from T&N when the southward flow was supposed to be
dominant. In practice, the northeastward/northwestward
flows were presumably dominant and converged over the
mountainous area of the northern Kanto region during
this time period (shown by a gray rounded square in Fig.
8b). It is noted that the convergence (¼ deposition) was
inconsistent or unnatural near the FDNPP because the
time-integral length (¼ 6 h) was too short for the source
area. The convergence area (shown by the gray rounded
square) resembles the 137Cs-polluted land surface over the

mountainous area of the northern Kanto region in regard
to shape and depth (Fig. 8c), which indicates that the con-
vergence (¼ deposition) of Plume P2 is likely responsible
for this land pollution. During this time period, it was driz-
zling (approximately <0.1mm per 6 h) over this mountain-
ous area in the model, which caused wet deposition.

Tsuruta et al. (2014) and Nakajima et al. (2017)
inferred that plume P4 was transported by northerly
winds over the ocean, which eventually reached the
Choshi Peninsula. This depiction is clearly consistent with
one of the two streams from the model-calculated TC
mass flux during the P4 time slot. According to the TC
mass flux depiction, the two streams were southward and
eastward; the edge of the southward stream passed over
the Choshi Peninsula, which is the easternmost area of
the Kanto region.

Tsuruta et al. (2014) and Nakajima et al. (2017) reported
that plumes P5 and P6 were short-duration events that
occurred on 18 and 19 March, respectively, and both were
observed over a limited area just north of the FDNPP.
During these time slots, the plumes were mainly trans-
ported towards the Pacific Ocean, as shown by the model-
calculated TC mass flux in Fig. 7. However, the peripheries
of the plumes passed slightly over a coastal area north of
the FDNPP. The ground surface observations in Tsuruta
et al. (2014) likely detected these peripheries.

The model-calculated TC mass flux for plume P7 depicts
a pathway characteristic of pollutant flows. The plume was
transported over a long distance; first, it flowed southeast-
ward with the offshore winds; second, it sharply turned
clockwise toward the west over the ocean; then, it flowed
onshore and landed over the Kanto region, as shown in
Fig. 7. This pathway is obviously consistent with that refer-
enced in T&N. Meanwhile, another northwestward flow
was also depicted from the FDNPP, which was likely par-
tially attributed to plume P8 because the P7 time slot over-
lapped with that of P8 (Fig. 1).

The depiction of plume P8 was somewhat similar to
that of plume P3. The model-calculated TC mass flux
indicated that a dominant stream flowed northwestward
from the FDNPP and turned toward the northeast at
�38	N. However, Tsuruta et al. (2014) and Nakajima
et al. (2017) reported that plume P8 was transported
northwestward from the FDNPP and redirected toward
the south near the Nakadori region at the northern edge
of the Abukuma Mountains (shown by gray arrows in
Fig. 7). In the TC mass flux and T&N depictions, the
plume rotates in the opposite direction. This inconsist-
ency is discussed in the next section in detail.

Plume P9 followed a southern route and reached the
Kanto region, which had sporadic rainfall during this
time slot. This rainfall caused 137Cs wet deposition in a
wide range of areas in the Kanto region, which dispersed
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the plume (cf. Science Council of Japan 2014; Tsuruta
et al. 2014; Sekiyama et al. 2015; Nakajima et al. 2017).
The TC mass flux depicted the plume in a tongue shape
that flowed southward from the FDNPP; then, it flowed
to the northern part of the Kanto region and spread over
southern parts of the Kanto region, as shown in Fig. 7.
This pathway is precisely consistent with that of T&N,
which is based on ground surface observations.

4.3. Inconsistency of plume P8

In the previous section, we encountered another inconsist-
ent depiction between the TC mass flux and the T&N illus-
tration for plume P8. The dominant stream of plume P8
flowed with the southerly winds throughout the entire
period for the model-calculated TC mass flux; however, the
stream exhibited an opposite rotation at the Abukuma
Mountains for the T&N illustration. The discrepancy is
likely to be caused by the difference in wind direction
between the ground surface and the dominant layer of the
mass flux, similar to that for plume P3. The horizontal
mass flux at the ground surface (20 m), shown in Fig. 9a,
clearly explains the two situations. The surface mass flux
turned southwestward and propagated over the Nakadori
region. Here, this flow direction was completely consistent
with that of T&N based on ground surface observations.
As shown in Fig. 9b, the high concentration core of plume
P8 was distributed from the ground surface to �1000 m
AGL at the beginning of the P8 time slot. At this time, the
wind direction was northerly at <500 m AGL, and it was
southerly at higher than 500 m AGL. This vertical wind
shear caused an inconsistent depiction between the TC
mass flux analysis and the surface observation analysis.

Then, the lower part of plume P8 was transported
southward along the ground surface, while the upper part
was transported northward along approximately isen-
tropic surfaces. Consequently, the vertical cross-section
shape of plume P8 arched over the ground in 2 h, as
shown in Fig. 9c. Although the column-integrated mass
flux is a useful tool to track atmospheric pollutants, a
cross-check between the column-integrated and the
ground surface mass fluxes is essential when the vertical
wind shear is expected to be large.

5. Conclusions

We carried out a mass flux analysis for the Fukushima
137Cs plumes by showing its usefulness and quantitative
performance. The model-calculated TC mass flux was
almost entirely consistent with the surface observations
from Tsuruta et al. (2014) and Oura et al. (2015),
although with some exceptions. However, these excep-
tions can be explained by the ground surface mass flux

using together with the TC mass flux because the incon-
sistencies were only caused by the vertical wind shear
between the ground surface and the dominant plume
layer. The convergence of the TC mass flux was also able
to explain the 137Cs deposition distribution over northern
Kanto region measured by airplanes.

The mass flux analysis clearly provided an overall illus-
tration of dominant plume locations, directions, and dep-
ositions without developing movie/animation files.
Unfortunately, such a useful mass flux analysis has rarely
been used for dispersion simulations in atmospheric
chemistry. The concept of the mass flux analysis can be
further used as diagnostic or quantitative visualization
tools because mass flux illustrations are a robust way for
researchers to reduce high-dimensional model outputs
into a lower-dimensional plot. It is inadequate to examine
only a time series of concentrations at each observation
point because such a conventional approach cannot valid-
ate the reproducibility of model-calculated mass flow bal-
ance. In contrast, the mass flux analysis can track the
emission, advection, dispersion, and deposition of atmos-
pheric constituents.
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