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Abstract: This study delves into the long-term atmospheric transport and deposition of 210Pb in
the Northern Hemisphere by using the atmospheric transport model HIRAT. The calculation for
the four-year (2012–2015) period showed an average deposition flux of 13.0 Bq m−2 month−1 with
significant seasonal variations characterized by higher deposition rates during summer and lower
during winter. High deposition was found in the Northern Bay of Bengal and Bangladesh regions,
Southern China, the Western Philippine Sea, the Eastern Japan Sea, the Northwestern Pacific region,
the Eastern and Western coasts of North America, the Caribbean Sea, the Eastern Pacific region
off of Central America, the Central Atlantic region between Central America and Africa, and the
Northwestern Atlantic Ocean. Deposition patterns varied across latitudinal zones, with tropical areas
experiencing the highest deposition and polar/subpolar zones the lowest. This study emphasized the
impact of monsoons on the significantly large 210Pb deposition in the Japan Sea region. Furthermore,
this study showed that the lower troposphere (0 to 3 km) dominates with about 53%, and the middle
troposphere (3 to 6 km) and upper troposphere (above 6 km) also contribute significantly to the total
210Pb inventory with 37% and 10%, respectively. These findings provide essential insights into the
characteristics of atmospheric transport and deposition of 210Pb, and their mechanisms.

Keywords: 210Pb deposition; 222Rn; atmospheric transport model; environmental radioactivity

1. Introduction

The worldwide average dose of 2.4 mSv y−1 from natural sources has been reported
by the United Nations in the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) 2008 Report [1]. In another report, the dose for Japanese was
reported to be 2.1 mSv y−1, which is just slightly less than the world average [2]. However,
it is of interest that the dose of 0.99 mSv y−1 is from food ingestion because it is nearly three
times the world average. It is well known that seafood accounts for a large proportion of
the daily diet of Japanese people, and very high depositions of 210Pb were observed along
the Japan Sea coastline in winter, and they were considered to be caused by atmospheric
transport of these radon decay nuclides from the Asian continent by the winter monsoon in
the East Asia region [3,4]. Therefore, it can be supposed that the deposited 210Pb and 210Po
that are transferred to seafood and ingested orally are the main sources of the internal dose
to the Japanese population, although this hypothesis has not been proved. Therefore, the
analysis of the distribution and behavior of 222Rn and its decay nuclides in the atmosphere
over the globe can provide a deeper and broader understanding of the radiation dose due
to oral ingestion.

210Pb (half-life 22.3 year) and its progeny 210Po (half-life 138 day ) are nuclides in
the decay chain of 222Rn (half-life 3.82 day ) exhaled from soil surfaces and transported
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through the atmosphere, and they are deposited on land and ocean surfaces mainly by pre-
cipitation. Atmospheric 222Rn and its daughter nuclides 210Pb have also been widely
used as efficient atmospheric tracers to quantify atmospheric transport processes [5].
Alonso-Hernández et al. [6] provided data on the 210Pb monthly deposition flux, which
varied between 1.24 and 8.29 Bq m−2 month−1 with an average of 3.97 Bq m−2 month−1

at Cienfuegos, Cuba, for 11 months, from 2010 to 2011. Magnoni et al. [7] reported a
monthly deposition of 19.3 Bq m−2 month−1 in Italy during 2005–2021. Leppänen et al. [8]
provided data observed at Sodankylä and Rovaniemi in Finland in 2014, where the annual
deposition flux was 66 and 55 Bq m−2 y−1, respectively. Peng et al. [9] provide deposi-
tion flux data from two Chinese sites in 2012 and 2016 of 0.45 and 0.41 Bq m−2 d−1 at
Yueyang and 0.76 and 0.93 Bq m−2 d−1 at Hengyang. According to Lozano et al. [10] and
references therein, deposition fluxes of 34–121 Bq m−2 y−1 measured at different locations
in Spain, Italy and France were reported. In contrast to these relatively small values,
Yamamoto et al. [4] confirmed an anomalously high deposition of 210Pb on the Sea of Japan
coastline of the main island of Japan, with the maximum annual deposition flux exceeding
1000 Bq m−2 y−1. Hirose et al. [3] reported deposition fluxes at sites in Japan in 2000, which
ranged from 465 to 800 Bq m−2 y−1 along the Japan Sea coastline and 97–322 Bq m−2 y−1

at other locations in Japan. These observations all reported that precipitation played a very
important role [11]. However, the very limited number of measurement sites reporting
210Pb deposition makes it difficult to depict the spatial distribution of deposition in detail.
The observation point can only observe localized deposition values and cannot necessarily
represent the amount of deposition in an area with a certain horizontal extent due to its
high dependence on the geographic location [12,13]. It is also difficult to understand the
processes of atmospheric transport and the deposition of 210Pb when determining the
spatial and temporal variability in deposition flux only from these observations.

In our previous research, we developed a long-range atmospheric transport/deposition
model for 222Rn and its progenies [14]. Based on our preliminary calculations with a hori-
zontal resolution of 9 km around the Japanese mainland and the Sea of Japan [13], the model
successfully reproduces a substantial amount of 210Pb depositions along the coastline of
the Sea of Japan, reaching up to approximately 200 Bq m−2 month−1, which is about ten
times higher than the deposition on the Pacific Ocean side of Japan during winter [15]. The
simulation also successfully reproduced features in the observed deposition distribution in
which a heavier deposition was observed in the central part of the Sea of Japan coastline
in winter than in the western part of it [3]. However, deposition and precipitation at
Rokkasho in the Aomori prefecture in Japan in winter were significantly underestimated.
Subsequently, we implemented a finer horizontal resolution of a 3 km grid to enhance the
model’s reproducibility. The results demonstrated a considerable improvement in repro-
ducing the values at Rokkasho compared to the observed value of 189 Bq m−2 month−1 in
December 2015. Although the model has not been fully validated for the deposition caused
by small-scale precipitation under the influence of local terrain, the model successfully
reproduced the 210Pb deposition caused by monsoon-scale meteorological conditions [12].

The purpose of this study is to characterize the distribution and seasonal variations
of 210Pb deposition in the Northern Hemisphere. In addition to the general features
in deposition patterns in the Northern Hemisphere, such as the latitudinal distribution,
characteristics in the Far East area are of specific interest to this study. Through the analysis
of spatial and temporal patterns of atmospheric concentration and the deposition of 210Pb,
we aim to gain insights into the general mechanisms driving their variability in transport
and deposition across different regions and seasons.

2. Materials and Methods

The deposition flux distribution of 210Pb in the Northern Hemisphere was analyzed
by carrying out long-term simulations of atmospheric transport and the deposition of 222Rn
and its decay products from 218Po to 210Pb. The model used comprises two components:
the meteorological model, WRF (weather research and forecasting model) Ver.4 [16], and
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the long-range transport model, HIRAT [14]. This combination of models has been success-
fully validated and applied to analyze the 210Pb deposition in Japan [12,13]. A detailed
description of the model can be found in our previous reports, and only the outline of the
model is described as follows.

2.1. Meteorological Model

The framework of the WRF is a three-dimensional, non-hydrostatic, fully compressible
Navier–Stokes equation system. The WRF computes three-dimensional fields of wind
speed, vertical dispersion coefficients and atmospheric cloud water/ice content, as well as
two-dimensional precipitation fields (rain and snow) using input data of coarse-gridded
meteorological data from meteorological agencies. This model has long been widely used
as a community model in the meteorological and atmospheric environmental fields. The
physical options in the WRF calculation used in this study are as follows.

The cloud microphysics model, WSM (WRF single-moment 5-class), quantifies the
water–mass mixing ratio of water vapor, rain, snow, cloud water and cloud ice [17]. The
longwave radiation model, RRTM (rapid radiative transfer model), calculates longwave
(infrared) radiation transfer by incorporating various forms of gases and particles that
affect the radiation transfer in the atmosphere [18]. The Dudhia scheme was used to
accommodate cloud absorption and the scattering of shortwave (visible) radiation [18].
The Noah land surface model [18] was used to characterize four layers of soil temperature,
moisture, snow cover, and frozen soil. The boundary layer turbulence was represented by
the MYNN (Mellor–Yamada–Nakanishi–Niino) closure model [19] to calculate the vertical
turbulence diffusivity that governs the vertical diffusion of 222Rn and its progenies. The
Kain–Fritsch scheme was used to evaluate sub-grid scale cumulus precipitation. The output
from this scheme, together with the output WSM form, constitutes precipitation on the
Earth’s surface that is used to describe a wet deposition.

2.2. Advection–Diffusion Model

The advection–diffusion equation used in the HIRAT for the concentration Q of a
nuclide is expressed as follows. The left-hand side is a temporal change in the atmospheric
concentration. The first three terms on the right-hand side are the advection terms, the
fourth term is the vertical diffusion term, and the last term is the source/sink term. See
Appendix A Table A1 for other variables.
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where the horizontal coordinates are x and y, and the terrain following the z* coordinate
system is for the vertical:

z∗ =
zt
(
z− zg

)
h

, h = zt − zg (2)

where w* is the vertical wind speed in the z* coordinate; the turbulent diffusion accounts
only for the vertical direction because horizontal diffusion does not play a significant role
in the hemispheric scale as compared with the horizontal advection. The map factor m
accounts for the distortion of length due to the map projection used to convert the curvature
of the Earth’s surface to the flat x-y plane. The sink/source term S represents not only the
dry and wet deposition processes but also the gain from the parent nuclide’s decay and
loss of the nuclide of interest by its decay to progeny, as described in the next section.

The location of the grid points is based on the Arakawa-C grid [20]. All scalar quanti-
ties are in the center of the grid. The momentum component is the average of each surface;
however, the scalar quantity (mass/thermodynamic/chemistry quantities) is the average
value of the entire grid cell. The velocities u and v in the x and y directions are arranged
at the same positions as the scalar in the vertical direction and semi-grid offset from the
center of the grid in the horizontal direction perpendicular to each surface. The velocity w*
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in the z direction is arranged at the same position as the scalar in the horizontal direction
and semi-grid offset in the vertical direction.

In solving this Equation (1), the HIRAT uses the HIFI method [21] for the finite
difference representation of the advection terms, which uses a combination of the first-
order finite difference method, the second-order finite difference method, and the FI method
depending on the gradient of concentration. This makes it possible to reduce the pseudo-
diffusion while suppressing the calculation cost. For the diffusion term, the Crank–Nicolson
method with second-order accuracy was used [22].

2.3. Source/Sink Term

The source/sink term can be expressed as follows:

S = Ssource + Sdry + Swet + Sdecay (3)

Ssource is the source term described below; Sdry is the dry deposition term; Swet is the
wet deposition term; and Sdecay is the decay term. For the N-th nuclide that has decayed
from its parent, the source term is expressed in the following equation when Q is the
number of atoms in the unit volume of the atmosphere:

SsourceN = λN−1·QN−1 (4)

This source term does not appear in the equation for 222Rn because it has no volume source.
The source of 222Rn is expressed as a bottom boundary condition, as described in Section 2.4.

The decay term is expressed as follows:

SdecayN
= −λN ·QN (5)

where λN is the decay constant of the N-th nuclide.
It is assumed that nuclides decaying from 222Rn are removed from the atmosphere

by dry and wet depositions and brought to the Earth’s surface as fallout, whereas 222Rn
is free from these deposition processes. A dry deposition was applied to the bottom
atmospheric layer of the model by simply expressing it in terms of the constant deposition
velocity vd (=1.0 × 10−3 m s−1) regardless of the type of ground surface and meteorological
conditions. The simplicity of this approach can be justified due to the fact that the dry
deposition does not so significantly affect the results as compared with a wet deposition in
determining the overall total deposition.

SdryN = −vd·(QN)1·
1

δz 1
(6)

where (QN)1 is the concentration of the N-th nuclide in the first (bottom) atmospheric layer
of the model, whose depth is δz1.

Wet deposition is a phenomenon in which liquid or solid water in the atmosphere
takes in and carries the nuclides to the ground’s surface. There are two types of wet
deposition processes. Washout is the process in which nuclides are taken up in rain or snow
during their descent under clouds, whereas rainout is the process in which the nuclides are
taken up by hydrometers during rain formation in clouds. Since both processes depend on
many parameters, such as the size distributions of cloud droplets and raindrops, aerosol
size distribution, and precipitation intensity, it is difficult to reproduce the actual situation,
and thus, in this study, a commonly used empirical formulation was adopted. The wet
deposition can be expressed by the following equation:

SwetN = −Λ·QN (7)
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The scavenging coefficient Λ defined by the following equation was used.

Λ = α Iβ (8)

where α and β are empirical constants and I is the precipitation intensity in mm h−1.
Considering rain and snow separately, the parameters used were α = 8.0 × 10−5 s−1 and
β = 0.8 for rain, and α = 8.0 × 10−5 s−1 and β = 0.3 for snow [19].

Since the output time interval of WRF is 3 h, the amount of precipitation in HIRAT
was set to a constant value for 3 h. The wet deposition was applied only to the atmospheric
layers within and under clouds. The presence of clouds was determined using a cloud–
water (plus ice) mixing ratio qc larger than 1.0 × 10−6.

2.4. Simulation Conditions

The following input data were used: the Japan Meteorological Agency’s 6-hourly
global meteorological analysis data (JMA GANAL) for the three-dimensional meteoro-
logical field, JMA’s sea daily sea surface temperature (JMA-MGDSST), soil data from the
National Center for Environmental Prediction’s Final Operational Analysis data (NCEP-
FNL), and land use data from the US Geological Survey (USGS). They were used to initialize
the meteorological calculations and to nudge the calculations by using a data assimilation
function of WRF.

The source of 222Rn was given as flux from the ground surface through the bottom
boundary condition of the first layer of the atmosphere. The initial radon concentration in
the atmosphere was assumed to be zero, and a spin-up calculation period of 15 days was
set to build up the atmospheric concentration field at the beginning of the period of interest.
This study used a combination of two global 222Rn flux maps to represent the surface flux
patterns of 222Rn in the Northern Hemisphere. Schery’s map [23] provides reasonable
estimations of 222Rn flux below the 50◦N latitude but tends to exhibit an overestimation in
high-latitude regions [24]. The same paper pointed out that Hirao’s map [25] yielded better
estimates of 222Rn fluxes in the middle and high latitudes, particularly across the Siberian
region, than Schery’s map. Both flux maps are based on a similar principle in which
diffusion of 222Rn in the surface soil layer is expressed by a one-dimensional diffusion
equation, and the emanation power and the diffusion coefficient of 222Rn are parameterized
as functions of the 226Ra content in soil, soil moisture and temperature. The two flux maps
use similar but different sets of parameterizations and input data of 226Ra content, soil
moisture and temperature. The 222Rn flux is given at each 1◦ × 1◦ grid cell of the globe.

In the present study, Schery’s map was used for the regions below 40◦ N, while Hirao’s
map was applied for the regions above 60◦ N. In the intermediate zone between 40◦ N and
60◦ N, a hybrid map was employed, giving Hirao’s map a weight of (latitude-−40)/20.
This comprehensive approach effectively suppresses excessive flux at high latitudes while
maintaining the superiority of Schery’s map for reproducibility in mid-latitudes and lower
latitudes. Because both maps had been given for each month, the present calculation used
monthly maps in which the 222Rn flux was constant during the month. The annual average
horizontal distribution of the radon flux used in the present study is shown in Figure 1.
The 222Rn flux over the ocean was set at a constant value of 0.14 Bq m−2 s−1.

The meteorological and transport/deposition calculations were conducted using a
horizontal grid interval of 144 km × 144 km. The calculation domain was represented
by 170 × 170 grids, which encompassed the entire Northern Hemisphere with a polar
stereographic projection with the North Pole at the center. The vertical discretization
comprised 34 layers, extending from the surface up to an altitude of 10 km. The vertical
grid spacing was variable, with the lowest layer having a depth of 10 m and gradually
increasing with height. Above 5000 m from sea level, a fixed grid spacing of 1000 m
was implemented. The calculations were performed with a time step of 180 s, and the
resulting precipitation, deposition and concentration data were stored on an hourly basis.
Additionally, the calculation period spanned a four-year interval from the beginning of
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2012 to the end of 2015. Each year’s calculations were executed independently, preceded
by a meticulously designed 15-day spin-up period.
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3. Results

3.1. Deposition Distribution of 210Pb

Figure 2 illustrates the 210Pb deposition and average residence time calculated for the
period 20122015. The calculation method and description of the average residence time are
detailed in Section 3.2. The 210Pb deposition in Figure 2 shows that the highest monthly
deposition in the Northern Hemisphere occurred in August with 16.6 Bq m−2 month−1,
and the lowest deposition occurred in February with 10.0 Bq m−2 month−1. The average
deposition flux in summer and autumn is significantly higher than in spring and winter, and
the four-year average deposition flux was 13.0 Bq m−2 month−1, with a difference between
years being less than 0.8 Bq m−2 month−1. As discussed below, the average deposition flux
varies spatially from less than 10 Bq m−2 month−1 to more than 60 Bq m−2 month−1.
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Figure 2. Monthly average of deposition flux and residence time composited over the four years
from 2012 to 2015.

The distribution of high deposition in the Northern Hemisphere is characterized by
distinct geographical features, as shown in Figure 3. Significant high deposition distribu-
tions (i.e., about twice the world average) are found in the Northern Bay of Bengal and
Bangladesh region, Southern China, the Western Philippine Sea, the Eastern Japan Sea,
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the Northwestern Pacific region, the Eastern and Western coasts of Canada and North
America, the Caribbean Sea, the Eastern Pacific region off Central America, the Central
Atlantic region between Central America and Africa, and the Northwestern Atlantic Ocean.
Some of these regions reach about three times the world average, e.g., the Sea of Japan
and the North Atlantic Ocean. Some of them reach 4–5 times the world average, e.g., the
Central American region, although the deposition fluxes are considered to be smoothed by
the large horizontal grid cell of 144 × 144 km2 in which local flux maxima, if any, are not
explicitly represented by the calculation.
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Figure 3. Distribution of annual 210Pb deposition averaged for the four years from 2012 to 2015.

The regional distribution of low deposition is concentrated in the Arctic, Northern
Africa, the Arabian region, Northwestern China to the Himalayas, the western part of
North America, and the Eastern Pacific Ocean. The distribution of deposition seems to be
strongly correlated with the distribution of monsoons. Most of the high deposition regions
are found at the downwind areas of monsoons from continental regions. High deposition
was found near mountain ranges, such as those in Bengal and Northeast India, in Japan,
and near the Rocky Mountains in North America.

3.2. 210Pb Residence Time in the Atmosphere

In this study, the residence time of 210Pb in the atmosphere was also taken into
consideration. The residence time τ [d] can be expressed as the following equation:

τ = C/D (9)

where C [Bq m−2] is the 210Pb concentration in an air column, which was calculated by
integrating the atmospheric 210Pb in the vertical direction from the bottom to the top of
the model domain; D [Bq m−2 d−1] is the calculated deposition flux. This computation is
performed for each grid in the calculation domain.

The monthly average residence time is shown in Figure 2. The average for the whole
domain and calculation period evaluated is 12.1 days. The difference between the four
annual averages is shorter than 1 day. The trend in residence time is basically in the opposite
sense of the deposition trend. The residence times in winter and spring are longer than
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that in summer and autumn, with the longest being 13.3 days in March and the shortest
being 9.9 days in September. The month with the longest residence time was delayed
behind the month of the lowest deposition by one month. The hemispheric distribution
of the residence time is shown in Figure 4. There are regions where the average residence
time is more than 30 days, e.g., the Arctic, Central Asia, the Arabian Peninsula and the
Sahara Desert, whereas there are regions where the average residence time is shorter than
average, around 3–10 days (light blue portion on the scale). In some areas with very high
depositions, such as the Philippine Sea or the Caribbean Sea, the average residence time
can be as short as less than 3 days (Figure 4).
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3.3. Comparison with Observation

The reproducibility of the model was verified in the Japanese region in our previous
study [13], in which the observed clear contrast in 210Pb deposition flux—with deposition one
order of magnitude higher on the Sea of Japan side of the Main Island of Japan than that on
the Pacific side—was successfully reproduced by the model. To clarify the reproducibility
of the results of this calculation in the Northern Hemisphere region, the present calculation
results were compared with the observational results reported in the literature.

The observed monthly 210Pb deposition at Yueyang (29◦21′ N, 113◦00′ E) and Hengyang
(26◦45′ N, 112◦34′ E) in China in 2012, calculated by the model, were compared with the
observation by Peng et al. [9] in Figure 5. The calculation is close to the observation at
Yueyang, and the seasonal variations are similar, although the deposition in the last half
of the observation period is overestimated. Whereas the observed deposition in winter at
Hengyang is well reproduced, and the calculated values in summer are underestimated.

The observed annual deposition flux of 140 Bq m−2 y−1 at Xiamen (24◦26′ N, 118◦06′ E)
in 2011 [26] was reasonably reproduced by the present calculation as the four-year average
annual deposition flux of 121.5 Bq m−2 y-−1. The calculated annual depositional flux
of 150 Bq m−2 y−1 is overestimated compared to the reported annual 210Pb deposition
flux of 34 Bq m−2 y−1 in Italy and Spain in the Mediterranean region [10]. However, the
calculated annual depositional flux of 161 Bq m−2 y−1 is close to the reported annual
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flux of 121 Bq m−2 y−1 at the observation site in France. The annual deposition flux
observed at Neuherberg (43◦08′ N, 11◦35′ E) is 180 Bq m −2 y−1 [27], and the calculated
annual depositional flux of 182 Bq m−2 y−1 is in good agreement with the observed value.
The aerosol residence time in the atmosphere in 1996 was observed in two sites [11]: in
Poker flat (65◦06′ N, 147◦30′ W), Alaska, it was reported to be 32 days in January, and the
present calculation resulted in 44 days; at Eagle (65◦54′ N, 141◦12′ W), the residence times of
9.5–38.7 days were observed in March, and the corresponding calculation results in this study
was 38 days. The mean residence times at these two locations were reasonably estimated. Ali
et al. measured an annual deposition flux of 1–129 Bq m−2 y−1 at Murree (33◦ 53′ N, 73◦ 41′ E)
in Pakistan and 1137 Bq m −2 y−1 at Islamabad (33◦ 38′ N, 73◦ 09′ E) [28]. These two sites are
in the same grid in our model, and their annual deposition fluxes were 190 Bq m−2 y−1 in the
calculations of this study. The size of the horizontal grid in the present calculation was highly
probable to be too coarse to resolve the localized and very high deposition at Murree.
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Figure 5. Comparison of calculated monthly deposition fluxes of 210Pb with observed values in 2012:
(a) Yue yang; (b) Hengyang [9].

In summary, to verify the reproducibility of the calculations in the Northern Hemi-
sphere, several observations from China, Europe, Alaska and Pakistan with different
climatic and geographic characteristics were compared. The calculations in this study
reproduce deposition in the Northern Hemisphere generally well.

4. Discussion
4.1. Latitudinal Variation

The spatial distribution shown in Figure 3 clearly illustrates the dependence of de-
position patterns on climate and ocean–land distribution. To illustrate the former, the
Northern Hemisphere is divided into four latitudinal zones for analysis based on the differ-
ent climatic environments of the different latitudinal zones. The tropical zone in the region
of 0–15◦ N primarily corresponds to the intertropical convergence zone (ITCZ) activity
in the Northern Hemisphere, where a seasonal change in climate is inconspicuous, with
constant year-round high temperatures and abundant precipitation. The subtropical zone
of 15–30◦ N is intended for seeing characteristics in the semi-arid and semi-humid zones,
and it is strongly influenced by the ITCZ with strong seasonal changes. The mid-latitude
zone at 30–60◦ N generally has four distinct seasons, with variable climate patterns and
large seasonal temperature and precipitation variations. The polar/subpolar zones of
60–90◦ N has very low precipitation.

The annual averages of deposition flux and residence time of 210Pb are shown in Table 1.
Higher average deposition fluxes are found in the tropical zone (14.0 Bq m−2 month−1)
and the mid-latitude zone (14.8 Bq m−2 month−1), where precipitation is abundant. In
contrast, deposition was lower in the polar/subpolar zones (11.3 Bq m−2 month−1) and
the subtropical zone (12.0 Bq m−2 month−1). A large portion of the deposition in the
mid-latitude zone is distributed in the oceanic region (Figure 3). Additionally, according
to Figure 4, the atmospheric residence time of 210Pb is longer at the polar/subpolar zones
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(19.7 day ), which is nearly three times that of the equatorial region. In this latitude zone,
the residence time is long in the continental part, reaching more than 30 days, and in
the North Atlantic, it is as short as around 5 days. This is consistent with the observed
characterization of the global atmospheric deposition flux of 210 Pb, which is higher in the
tropics and mid-latitudes and lowest in the polar regions [5].

Table 1. Annual averages of deposition flux and residence time across latitude zones.

Latitude Zone 210Pb Deposition Flux (Bq m−2 month−1) Residence Time (d)

0–15◦ 14.0 7.5
15–30◦ 12.0 10.7
30–60◦ 14.8 10.7
60–90◦ 11.3 19.7

4.2. Seasonal Variation

The monthly values of deposition flux and residence time in the different latitudinal
zones are shown in Figure 6. It can be seen that the equatorial zone does not possess strong
seasonal variations. In the subtropical zone, its seasonal variation is significant due to its
seasonal cycling of semi-arid and semi-humid periods. Deposition is larger in summer
and fall and smaller in winter and spring. The average residence time shows a similar
trend, except that the seasonal variation is not as evident as that in the deposition flux.
This implies that the residence time is not solely determined by the deposition in the zone
but by the north–south transport of 210Pb. The mid-latitude zone from 30–60◦ N also has
significant seasonal variations, with deposition reaching the maximum in summer and
the minimum in spring. This is similar to the subtropical zone, but with the exception
that the decrease in winter relative to summer deposition in the mid-latitude zone is not
significant. This suggests that the subtropical and mid-latitude zones may have different
reasons for dominating winter deposition. The polar/subpolar regions at 60–90◦ N show
more drastic seasonal variations than the other latitudinal zones. Deposition fluxes are
about twice as high in summer as in winter. Atmospheric residence time is significantly
longer in winter and spring, around 25 days, with a peak in March. It decreases to only
about 10 days in the summer, yet the deposition flux in the summer is almost comparable
to or even slightly higher than in the mid-latitude zone. This can be regarded as evidence,
implying the significance of northward transport in forming an accumulation zone of 210Pb
in the cold months starting from October until the following March or April.

According to Figure 7, it can be seen that the deposition distribution is more con-
centrated in winter. The distribution is wider in summer than in winter and covers the
inland and polar regions where the deposition is much smaller in winter. The reason
for this is considered to be the abundance of precipitation in summer compared to the
generally low precipitation in winter in the Northern Hemisphere. Although deposition
varies significantly between seasons, areas with high (above average) deposition in winter
still generally also have significantly high deposition in summer compared to other areas.
This may suggest that the areas where high deposition occurs are more or less fixed to
geography in the Northern Hemisphere. Deposition on the ocean is significant throughout
the year. It also suggests that the distribution of deposition is characterized by the ocean–
land distribution. This is consistent with the view provided by observational studies [10].
In addition, it is clear that the Sea of Japan region has ultrahigh deposition in winter than
the rest of the Northern Hemisphere. The strong convective weather in the region, which
causes much precipitation during winter, is considered to be one of the reasons for this
deposition. This will be discussed in detail in Section 4.4.
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Figure 6. Monthly average of deposition flux and residence time in different latitudinal zones
over four years: (a) the tropical zone, (b) the subtropical zone, (c) the mid-latitude zone, (d) the
polar/subpolar zones.
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Figure 7. Monthly average of 210Pb depositions in August and December.

The distribution of atmospheric concentrations also shows significant seasonal varia-
tions. The distribution of the atmospheric 210Pb concentration integrated into the vertical
direction, hereafter referred to as the integral concentration or air-column inventory, is
shown in Figure 8 for different seasons. The distribution of atmospheric concentration in
winter is higher over continental regions and in polar/subpolar areas, while it is also high
in the tropical zone of Western Africa. Summer concentrations are generally higher above
10◦ N. The drier weather in summer, especially over continental regions, is considered to
be the main cause of the clear contrast in the 210Pb concentration distribution between sum-
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mer and winter. The low exhalation rate of 222Rn in winter compared to summer [22,24],
resulting in low atmospheric 210Pb supplementation, can also be an additional reason.
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It was pointed out in Section 4.1 that the seasonal variations in the deposition flux
and the residence time are different, depending on the latitudinal zones. The causes of the
differences were analyzed as follows. The tropical zone is favorable for the development of
tropical depressions because of the high temperatures and humidity throughout the year
and the convergence of air currents in the lower atmosphere. This also results in abundant
precipitation in the tropical zone [29] and hence, strong deposition. The intertropical
convergence zone (ITCZ) is the zone of lowest surface pressure and convergence of air
currents between the two subtropical high-pressure belts in the Northern and Southern
hemispheres. The ITCZ shifts northward in summer and southward in winter and is
located near the equator in spring and fall [30], and the ITCZ enters a strong period from
June to August in the Northern Hemisphere, during which it is at its greatest extent,
with the southern boundary located near the equator and the northern boundary located
near 30◦ N [31]. This seasonal shift results in a marked increase in precipitation during
the subtropical summer and a marked decrease in precipitation during winter, which
accompanies the withdrawal of the ITCZ.

Based on the discussion on climatological characteristics of the zones, this seasonal
variation in precipitation is considered to be responsible for the increase in deposition in
summer and the decrease in winter in the subtropical zone (15–30◦ N), as shown in Figure 7.
The mid-latitude zone (30–60◦ N) is influenced by the temperate monsoon, and there are
significant seasonal changes in precipitation in the continental region. The oceans, on the
other hand, have abundant precipitation throughout the year, resulting in slight differences
in the winter deposition compared to summer, as shown in Figure 7. Seasonal variability
is strongest in the polar/subpolar zones (60–90◦ N). The longer residence time of 210Pb in
winter may be explained by the fact that the Arctic atmosphere 210Pb concentration reaches
a maximum in winter [32]. Due to very low precipitation, the removal rate of aerosols
carrying 210Pb is low [33]. In contrast, the increase in precipitation during the summer
leads to an increase in deposition flux and hence, a lower concentration (Figures 7 and 8)
and shorter residence time (Figure 6).

4.3. Vertical Distribution

According to the previous section, the distribution of the atmospheric concentration
of 210Pb has a strong influence on deposition and vice versa. In order to investigate
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the mechanism, this section discusses the characteristics of the vertical distribution of
atmospheric 210Pb concentrations.

The vertical model domain was divided into layers every 3 km: the lower troposphere
0–3 km, the middle troposphere 3–6 km and the upper troposphere 6–9 km layers. The
analysis of the 210Pb inventory was conducted for each zone and each month, as shown in
Figure 9. The results of the analysis show that the fraction in the lower troposphere was
53% when averaged over the Northern Hemisphere and the four-year period. The fractions
of the middle and upper tropospheres were 37% and 10%, respectively. This indicates that
at least half of the 210Pb deposition in the Northern Hemisphere is contributed by the lower
troposphere and the other half, at the utmost, by the middle and upper tropospheres.
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Figure 9. Vertical distribution of atmospheric 210Pb in the different latitudinal zones: (a) the tropical
zone, (b) the subtropical zone, (c) the mid-latitude zone, (d) the polar/subpolar zones.

The analysis of vertical distribution in different latitude zones shows that in the
tropical zone (0–15◦ N) when the annual average is concerned, the percentage of 210Pb
in the middle and upper troposphere is higher (53%) than that in the lower troposphere
(47%) (Figure 9). The vertical distribution is less affected by seasons. Enhanced vertical
convection due to prolonged sunshine in the zone is considered one of the reasons, as well
as the influence of monsoons in the Southern Hemisphere on the zone.

In the subtropical zone (15–30◦ N), the analysis results show that 210Pb accounts for
61% in the lower troposphere and 39% in the middle and upper tropospheres, as annual
averages. The seasonal variation in the 210Pb concentration in the lower troposphere is
weak, remaining around 3 Bq m−2 throughout the year. The proportion of 210Pb in the
middle and upper tropospheres range from 25% in the lowest month of January to 51%
in the highest month of August. The proportion of 210Pb in the upper troposphere was
4% in the lowest month of January and 11% in the highest month of August. It can be
seen that the vertical distribution of atmospheric 210Pb in the zone has a strong seasonal
dependence, and most of its variations come from the seasonal variations in the middle
and upper tropospheres. The reason is considered to be that the vertical mixing of 210Pb
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in the atmosphere is enhanced by the strong convective weather under the influence of
the tropical monsoon in summer, and the parent nuclide of 210Pb, i.e., 222Rn, is vertically
mixed and transported to the upper troposphere to perform as a source of 210Pb, resulting
in high concentrations in the middle and upper tropospheres. Moreover, extreme climate
phenomena such as typhoons are frequent in the zone in summer and can carry more
222Rn from the lower troposphere, where 222Rn is higher than in the layers above to the
middle and upper tropospheres, where otherwise its concentration is low. This mechanism,
contributed mainly by the middle troposphere as a source of 210Pb, can also lead to more
deposition of 210Pb in summer, explaining the strong seasonal variation in deposition in
the zone stated in Section 4.1.

In the mid-latitude zone (30–60◦ N), the middle and upper tropospheres account
for 45% of the total atmospheric 210Pb inventory and the lower troposphere for 55%. The
vertical distribution is less affected by the seasons when seen from a relative sense, although
the total atmospheric inventory varies with the seasons. Deposition in this latitudinal zone
is dominated by convective weather, with dry seasons such as summer resulting in high
atmospheric concentrations due to reduced precipitation.

The polar/subpolar zones (60–90◦ N) have a roughly 50/50 ratio between the upper
and middle troposphere and the lower troposphere. This ratio does not vary significantly
with the seasons. However, atmospheric concentrations in this zone are significantly higher
in the second half of the year than in the first half. It is mentioned in Section 4.1 that there
is a clear trend of increased deposition in the zone only in summer. It can be reasonably
inferred that the enhanced aerosol scavenging prevailing over the polar/subpolar zones
during the summer months leads to a high deposition of 210Pb. In turn, atmospheric
210Pb is replenished due to the influx of southern air masses into the region during the
summer. Higher concentrations occur in winter, which is considered to correspond with
the formation of Arctic haze. The disappearance of these haze layers in the spring is
accompanied by a marked decrease in 210Pb concentrations [34].

In order to gain insight into the characterization of the upper atmospheric distribution
and its influence on deposition, the distribution of 210Pb concentrations in the 6–9 km
height was analyzed. Figure 10 illustrates the horizontal distribution of the integral concen-
tration in this layer of the atmosphere averaged over the four-year period; the horizontal
distribution of concentration in the upper troposphere and that of the whole troposphere
have similar features. Higher concentrations are found in the subtropical zone and the
polar/subpolar zones. The concentration distribution in the mid-latitude zone is signifi-
cantly lower. Combined with the concentration distribution in Figure 8, it can be said that
most of the concentration in the mid-latitude zone is distributed in the middle and lower
tropospheres. Comparing the distributions in winter and summer in Figure 10, it is evident
that there is a significant overall increase in the concentration in the upper troposphere in
summer compared to that in winter. This can be attributed to stronger vertical mixing of
the atmosphere in summer. The areas of higher concentrations in summer are in the arid
subtropics and the polar/subpolar zones. In winter, the concentrations in the subtropics
are significantly lower, and the concentrations in the polar/subpolar zones are slightly
lower but still high compared to the other zones. Combined with the seasonal variations
in the distribution of deposition in the subtropical zone, it is highly probable that the
concentration in the upper troposphere contributes to deposition in the subtropical zone
in summer. The high concentrations in the polar/subpolar zones in winter are likewise
considered to be related to the build-up of the Arctic haze mentioned earlier.
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4.4. Horizontal Distribution in the Far East Region

The Sea of Japan region is known to have a high deposition based on previous studies.
As can be seen in Figure 7, especially during the winter months, the Sea of Japan region
is characterized by an enormous 210Pb deposition if compared with other regions over
the Northern Hemisphere. Also, according to the results mentioned above, the Sea of
Japan region is the typical region in the Northern Hemisphere that produces large spatial
differences in deposition distribution at the exit of continental air masses. The four-year
average horizontal deposition distribution in this region is shown in Figure 11a. It can be
seen that deposition in the coastal region of the Sea of Japan is 5–6 times higher than in
the upwind continental region, i.e., eastern China and Siberia. Figure 11b shows that the
horizontal distribution of concentrations is opposite to that of deposition, with significantly
higher concentrations in the upwind continent than in the Sea of Japan region. The horizon-
tal distribution of residence time in the atmosphere, shown in Figure 11c, illustrates that
the average residence time in the upwind continent is in the range of 20–80 days, which
is significantly longer than that in the downwind region around Japan in the range of
3–15 days. It is reasonable to assume that the high concentration of 210Pb (region is at the
white dashed box in Figure 11.) travels downwind to the Sea of Japan region (direction
by the black arrow in Figure 11.)with the movement of air masses caused by the winter
monsoon, and then deposition occurs along with precipitation. The winter monsoon is
originally cold and dry until it comes to the Sea of Japan, causing less deposition over the
continent, and accumulation of 210Pb occurs in the air, as shown in Figure 11. Once reaching
the Sea of Japan, the air mass gains heat and moisture from the sea surface affected by
the Tsushima warm current, causing much precipitation along the Sea of Japan side of the
Japanese Islands and hence, much deposition there. Although the coarse horizontal grid of
the present study failed to depict the very sharp contrast in deposition and precipitation
distributions, these characteristics were, to some extent, reproduced.
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Figure 11. Four-year (2012–2015) monthly average of (a) 210Pb deposition flux, (b) integral 210Pb
concentration, and (c) 210Pb residence time in the atmosphere.

To verify this phenomenon, we analyzed the deposition flux and the atmospheric
residence time of 210Pb in the upwind and downwind areas, as shown in Figure 12. It can
be seen that the deposition flux in the two upwind regions and the Sea of Japan region show
a significant negative correlation. The average residence time shows that the months with
a long residence time in the upwind (e.g., December) have significantly shorter residence
times in the downwind. It is reasonable to assume that when deposition in the upwind
region consumes most of the atmospheric 210Pb, the inventory of the atmospheric 210Pb that
is available for deposition in the downwind region depletes, leading to a reduced deposition
in the downwind region. Therefore, it can be said that the source of 210Pb deposited in the
Sea of Japan region is the 210Pb in the atmosphere in the upwind continental region. Since
the deposition distribution is reported to be strongly correlated with precipitation [4], it can
be concluded that the high deposition distribution around Japan is particularly influenced
by the monsoon, which causes much precipitation during winter along the Sea of Japan
coastlines of the Japanese Islands.

Based on the above discussions, the high depositions in the Northwestern Pacific and
North Atlantic Ocean regions found in Figure 3 are considered to have the same mechanism
as that in the Japanese region. The high deposition regions over the oceans are considered
to be caused by precipitation accompanying the migration of low-pressure systems in these
regions. The low-pressure systems draw in continental air that is abundant with 210Pb built
up over the continental area and deposit it on the ocean surfaces by precipitation.
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Figure 12. 210Pb deposition flux and residence time in 2012–2015: (a) average values for the Siberian
region (40◦–60◦ N, 110◦–140◦ E); (b) eastern China region (30◦–40◦ N, 100◦–120◦ E) and (c) Sea
of Japan coastal region for which averages of the following four regions were taken (35◦–38◦ N,
132–135◦ E), (35◦–39◦ N, 135◦–138◦ E), (36◦–41◦ N, 138◦–140◦ E) and (41◦–43◦ N 138◦–142◦ E).

5. Conclusions

In this study, we used the atmospheric transport model consisting of WRF and HIRAT
to calculate the transportation and deposition of 210Pb in the Northern Hemisphere over
the four-year period 2012–2015. A comparison of model calculations with observations
showed that the calculated annual deposition fluxes at most of the observation sites were
generally in reasonable agreement with the observed values.

The calculation results showed that the four-year average deposition flux in the
Northern Hemisphere was 13.0 Bq m−2 month−1, and the deposition distribution had
strong seasonal variations. The depositional flux was generally higher in summer and
lower in winter. The deposition distribution in the Northern Hemisphere had a clear
dependence on the sea–land distribution. Furthermore, the average atmospheric residence
time of 210Pb in regions with a high deposition was estimated to be in the range of 3–10 days,
while that in regions with a low deposition can be as long as 30 days.

In addition, deposition was found to have different patterns and mechanisms in
different latitudinal zones. Deposition is highest in the tropical zone and lowest in the
polar/subpolar zones. There is also a latitudinal dependence on atmospheric residence
time. Additionally, there is a strong seasonal dependence of 210Pb deposition and transport
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characteristics in different latitudinal zones. Seasonal variations are the smallest in the
equatorial zone and most pronounced in the polar/subpolar zones.

The results also indicate that there is also a seasonal dependence of atmospheric
210Pb concentration variations. In summer, the distribution of high atmospheric 210Pb
concentrations is wider in its horizontal extent due to dry weather, and in winter, the
distribution of high atmospheric concentrations is smaller due to more humid weather
than in summer. It is noteworthy that the polar/subpolar regions have high atmospheric
concentrations throughout the year.

Analysis of the vertical distribution of atmospheric 210Pb shows that the lower tropo-
sphere (0–3 km) dominates with a share of about 53%. The middle troposphere (3–6 km)
accounts for 37%, and the upper troposphere (6–9 km) for about 10%. This distribution did
not significantly change seasonally in the equatorial and polar/subpolar zones; however,
in the subtropical and mid-latitude zones, the proportion of the total 210Pb in the upper
and middle tropospheres is significantly larger in summer than in winter. In winter, it
was as low as about 25%. This result suggests the possibility that the middle and upper
tropospheres also contribute to horizontal transport and hence, the deposition of 210Pb.

The mechanisms that dominate deposition were also analyzed in this study. The Japan
Sea region, which has the most significant deposition in the Northern Hemisphere in the
calculation results, was focused on as the object of analysis. It was clearly demonstrated
that the mid to eastern part of the Eurasian continent, where depletion of atmospheric
210Pb inventory due to deposition was weak during winter, worked as an area of building
up 210Pb-rich air masses that outflowed over to Japan and the Northwestern Pacific Ocean
by the winter monsoon to cause heavy deposition onto the land and ocean surfaces via
precipitation accompanying the low-pressure systems. This monsoon-low-pressure regime
is considered to be the main factor for determining the distribution of 210Pb deposition.
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Appendix A

Table A1. Variable definition.

Variable Name Variable Definition

h Depth of model domain (m)
I Precipitation intensity (mm h−1)

Kz∗ Vertical diffusion coefficient (m2 s−1)
m Map factor
Q Atmospheric concentration (Bq m−3)
u Wind speed in x direction (m s−1)
v Wind speed in y direction (m s−1)
vd Deposition velocity (m s−1)
w* Wind speed in the vertical direction (m s−1)
z Vertical coordinates of the Cartesian coordinate system (m)
zg Ground surface altitude (elevation) above sea level (m)
zt Altitude at the top of the calculation domain (m)
Λ Scavenging coefficient (s−1)
λ Decay constant (s−1)
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