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ABSTRACT

Total precipitation including rain or snow and dry fallout was collected once a month
from February 1970 to March 1972 at five sampling stations in Hokkaido located
from the coast of the Sea of Japan to inland. The monthly deposition rate of Pb-210
was determined together with other chemical constituents. The results are summarized
as follows: (1) The deposition rate and the concentration of Pb-210 are remarkably
high in winter. (2) A linear relation between the deposition rate of Pb-210 and the
amount of rainfall is found in both summer and winter respectively. (3) As compared
with the production rate of Pb-210, namely the exhalation rate of Rn-222 from the
continent, the deposition rate of Pb-210 to the unit area at the coast of the Sea of
Japan in winter is 2-4 times the exhalation rate of Rn-222 from the continent. (4) The
budget calculation of Pb-210 in the atmosphere shows that about 40 % of aerosols
transported from the continent are caught by snow and deposited over the Sea of Ja-
pan and the Japan Islands in winter. Therefore, it is concluded that the Japan Islands

play an important role as a collector of the continental aerosols in winter.

1. Introduction

Rex & Goldberg (1958) observed a large
amount of quartz, unweathered material, in the
deep sea sediments collected at the middle lati-
tudes of the North Pacific and pointed out the
importance of transport of continental substan-
ces via the atmosphere. Recently Tsunogai &
Nozaki (1971) and Nozaki & Tsunogai (1973a)
concluded that Pb-210 in the surface water of
the Pacific is originated from the continent via
the atmosphere on the basis of the latitudinal
variation of Pb-210 which is similar to that
predicted by Lambert & Nezami (1965) and its
vertical distribution in the ocean.

It is not so easy to collect directly conti-
nental aerosols over the ocean. Prospero &
Bonatti (1969) collected some samples of the
dust ( >2 u size) using the mesh technique on
board over the eastern Equatorial Pacific, and
Parkin et al. (1970) collected those in the same
way over the North Atlantic. Tsunogai et al.
(1972), however, could not find continental

1 Present address: Hokkaido Institute of Public
Health, Sapporo, 060, Japan.

aerosols in the maritime air by filtering the air
with membrane filter (0.1 u pore size and 90
mm diameter) on board over the Pacific.

The Japan Islands lying at the middle lati-
tudes may have some role on the transport of
continental aerosols. The air mass transported
from the continent by the north-west monsoon
gains lots of moisture over the Sea of Japan,
resulting in heavy snow fall in the western
coastal area of Japan in winter. Some studies
have been made mainly from the physical
aspects of this subject by Ninomiya (1964),
Asai (1965), Isono et al. (1966), etc.

Recently Ishizuka (1972) found that most of
the solid particles in snow on the coast of the
Hokuriku district in winter comprizes soil par-
ticles originated from the arid or semi-arid re-
gions of North China or Mongolia. There are,
however, no quantitative studies on the aero-
sols transported from the continent.

Some radioactive elements such as Pb-210
(half-life, 21.4 years) seem to be useful for this
study. Pb-210 in the atmosphere is a daughter
of Rn-222 (half-life, 3.8 days) exhaled from the
earth’s surface. According to Chamberlain &
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Fig. 1. Sampling stations in the south-western Hokkaido. Contour lines of 0, 100 and 500 m above the sea

level are shown.

Dyson (1956) and Lassen & Rau (1960), radio-
active nuclides produced in the atmosphere,
especially metallic elements having low vapor
pressure, adhere to surrounding particles as
soon as they are born. These nuclides in aero-
sols, then, are transported by wind and re-
moved chiefly by precipitation. Vertical pro-
files of continental aerosols are rather similar
to those of Rn-222 (see Junge, 1963). Even
though the concentration of Pb-210 in strato-
spheric aerosols is fairly high (Feely & Seitz,
1970), the contribution of the stratospheric
aerosols to the total aerosol deposition is small
owing to its long residence time in the strato-
sphere, say one year (Katsuragi, 1965). Tsunogai
& Fukuda (1974) estimated the fraction of Pb-
210 of the stratospheric origin in the total de-
position to be less than 59%, using Pb-210, Bi-
210 and Po-210 in snow produced from the
north-west monsoon in winter in Japan. There-
fore it is possible to use Pb-210 as a tracer of
continental aerosols in the troposphere. Some

Tellus XXVII (1975), 5
33% — 752897

studies have already been carried out (e.g.
Lambert et al., 1966; Feely & Seitz, 1970; Pers-
son, 1970; Peirson, 1971).

Now we tried to study quantitatively the
transport of aerosols from the continent to the
Sea of Japan, Japan Islands and the Pacific.
We collected total precipitation including rain
or snow and dry fallout and determined the
monthly deposition rate of Pb-210 at five sta-
tions from the coast of the Sea of Japan to
the inside of the Hokkaido Island.

2. Sampling stations and equipment

Five sampling stations (Fig. 1) were placed
between Esashi & Hakodate in Hokkaido, and
total precipitation including dry fallout was
collected once a month from February 1970 till
March 1972.

As shown in Fig. 2, a big polyethylene bag
was supported by a tall drum can settled on
the plain ground, and the bottom of the bag
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Fig. 2. Sampling equipment. Figures indicate di-
mensions in cm.

_l

135

185

was protected with a polyethylene bucket (60 1).
The bucket and the bag were replaced every
month. Surface area of the equipment was
0.237 m*. We have found no instance of narrow-
ing of the area with snow. A sample of the few
tens of liters was usually collected every month.

3. Analytical method

After adding a carrier solution of bismuth to
the sample, Pb-210 and Bi-210 are coprecipi-
tated as carbonates and hydroxides with am-
monium hydroxide and sodium carbonate. The
precipitate is dissolved in hydrochlorie or nitrie
acid solution. A small aliquot of the solution is
used for the measurements of bismuth to deter-
mine coprecipitation efficiency and lead from
the air pollution. After adding a carrier solu-
tion of lead free from Pb-210 to the remaining
solution, hydroxides are precipitated at pH 7
with ammonium hydroxide. The hydroxides are
again dissolved with hydrochloric acid. Bis-
muth hydroxide is reprecipitated at pH 4.5
with ammonium hydroxide. The precipitate is
dissolved in hydrochloric acid solution and po-
lonium in the solution is removed by the spon-

K. FUKUDA AND S. TSUNOGATI

taneous electro-deposition method of Nozaki &
Tsunagai (1973b). By adding ammonium hyd-
roxide to the solution bismuth oxychloride pre-
cipitated at pH 2.5 and the precipitate is
mounted on a small circular membrane filter.
The p-activity of Bi-210 is counted by using a
2 n gas flow type GM counter with shielding
anticoincidence counters and the content of
bismuth is also determined.

On the other hand, all the filtrates and
washings are combined and the concentrations
of lead and bismuth are determined by using
an aliquot. A carrier of bismuth is again added
to the solution. After allowing to stand for
more than 2 months Bi-210 produced from Pb-
210 is separated and its B-activity is determined
as stated above.

The concentration of bismuth is determined
colorimetrically with thiourea (Sandell, 1965)
and that of lead is determined with dithizone
(Sandell, 1965) or an atomic absorption method.
The overall yields for Pb-210 or Bi-210 was
50 to 90%. When a large amount of iron is
contained in the sample, the iron is eliminated
by the extraction with methyl isobutyl ketone
prior to the separation of bismuth from lead.

4. Results and discussion

Fig. 3 shows the monthly deposition rate of
Pb-210 (nCi/m?-month) observed at four sam-
pling stations and the amount of rainfall (mm)
observed at the Esashi Meteorological Station
(Station 1), the Uzura agricultural weather sta-
tion (Station 2) and the Hakodate Marine Ob-
servatory (Station 4). At Station 3 on the sum-
mit of Mt. Hakodate, the sampling often failed
because of the strong wind which blew away
the snow. The dashed lines in Fig. 3 show the
presumed deposition rates which are obtained
by multiplying the mean concentration of Pb-
210 at neighboring stations by the observed
amount of rainfall at the particular station.
This is due to the fact that the concentration
of Pb-210 does not vary so widely from station
to station.

(@) Variation of the monthly deposition
rate of Pb-210
A remarkable peak among the monthly de-
position rate of Pb-210 is found in winter as
shown in Fig. 3 at first sight. To make this fact
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Fig. 3. Monthly deposition rate of Pb-210 and amount of rainfall at station 1 (Fig. 3a), 2 (Fig. 3b), 3 (Fig.
3c) and 4 (Fig. 3d). The bar graphs show the deposition rates in nCi/m2?-month and open circles show

amounts of rainfall in mm/month.
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Table 1. Rainfall in mm, and deposition, monthly deposition rate and mean concentration of

Pb-210 in nCifm?, nCi/m? -month and pCifl, respectively, at the four

south-western part of Hokkaido

stations in the

Summer Winter Whole year
(May to Aug.) (Nov. to Feb.) (Mar. to Feb.)
1970 1971 1970 1971 1970 1971
Station 1
mm 446 445 416 331 1325 1216
nCi/m? 1.93 1.70 4.42 3.45 8.26 7.43
nCi/m?- month 0.48 0.43 1.10 0.86 0.69 0.62
pCi/l 4.3 3.9 10.6 10.4 6.2 6.1
Station 2
mm 456 444 573 453 1557 1443
nCi/m? 2.01 1.93 7.96 6.37 12.61 11.33
nCi/m?-month 0.50 0.48 1.99 1.59 1.05 0.94
pCi/l 4.4 4.3 13.9 14.1 8.1 7.8
Station 3
mm 539% 502% 576% 487% 1733¢% 1661
nCi/m? 2.19 1.95 7.40 6.52 12.78 12.38
nCi/m?-month 0.55 0.49 1.85 1.63 1.06 1.03
pCifl 4.0 3.9 12.8 13.4 7.4 7.4
Station 4
mm 365 377 316 307 1075 1124
nCijm? 1.35 1.30 3.82 3.39 7.11 6.72
nCifm?- month 0.34 0.33 0.95 0.85 0.59 0.56
pCifl 3.7 3.4 12.1 11.0 6.6 6.0

a

the sampler.

more clearly, the deposition rate of Pb-210, the
amount of rainfall and the calculated con-
centration of Pb-210 in precipitation are sum-
marized in Table 1.

In summer (May to August), the deposition
rate of Pb-210 is about 0.5 nCi/m2-month re-
gardless of the stations. The mean concentra-
tion of Pb-210 in summer rain is 4.0 pCi/l.
Moreover, the annual variation of concentra-
tion in summer is hardly found in each station.

In winter (November to February), the de-
position rate of Pb-210 is 0.9-2.0 nCi/m*-month
depending on the stations. This variation may
be caused by the amount of rainfall, because
the difference in the concentrations among sta-
tions is rather small. The mean concentration
of Pb-210 in snow is 12.3 pCi/l. The annual
variation of the deposition of Pb-210 in winter
is also due to the amount of rainfall. The higher
concentration of Pb-210 in winter surely indi-
cates that continental aerosols are directly
transported over the Japan Islands by the
winter north-west monsoon.

Calculated by adding mean evaporation amount obtained at other stations to the amount of water in

(b) Relation of the deposition rate of

Pb-210 to the amount of rainfall

Fig. 4 shows the relation of the monthly de-
position rate of Pb-210 to the amount of rain-
fall. We find a marked difference between sum-
mer and winter values. The following linear

3-0T © Summer
Pb-210 e Winter
{nCi/m2-month)

2.0

100 150 200 250
Rainfall {mm )

Fig. 4. Relation between the monthly deposition
rate of Pb-210 in nCi/m?-month and the amount
of rainfall in mm/month. Straight lines are ob-

tained by the least squares’ method in each season.
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Fig. 5. Budget of Pb-210 and water-substance in
the atmosphere over the Sea of Japan and the Ja-
pan Islands. Solid lines with arrow heads show the
rates for water-substance in 10! g/h and broken
lines for Pb-210 in Ci/h.

relations are obtained by using the least square
method;

y = 0.00314x +0.098 in summer
y = 0.0112,2 +0.107 in winter

where y is the deposition rate of Pb-210 and
is the amount of rainfall. The correlation coef-
ficients are 0.92 in summer and 0.87 in winter.
The gradient of the winter line is 3.5 times
larger than that of the summer line.

The linear relation between the deposition
rate of Pb-210 and the amount of rainfall in-
dicates that the deposition rate of Pb-210
depends on the amount of rainfall in the same
season, in other words, that Pb-210 in the at-
mosphere is removed not so much by washout,
which is the process below the cloud of falling
raindrops, as by rainout which is the process
in the clouds. The high correlations observed
separately in summer and winter reveal the
relatively constant concentration of Pb-210 in
each air mass and the difference in the gradi-
ents shows that the concentration of Pb-210in
the winter air mass is a few times larger than
in the summer air mass.

(¢) Comparison of the deposition rate

of Pb-210 with the exhalation rate of Rn-222

The exhalation rate of Rn-222, a precursor
of Pb-210 in the atmosphere, from the earth’s
surface to the atmosphere has been estimated to
be 40 x10-18 Ci/em?-sec by Israél (1951). Ac-
cordingly the annual production rate of Pb-210
from Rn-222 in the atmosphere is 6 nCi/m?-yr
or 0.5 nCi/m?-month.
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The annual deposition rate of Pb-210 in
Hokkaido (Table 1) is somewhat large as com-
pared with the exhalation rate of Rn-222 from
the same area of the continent. The deposition
rate of Pb-210 in summer, about 0.5 nCijm?-
month, is nearly comparable to the production
rate of Pb-210 in the continental atmosphere,
while that in winter, 0.9-2.0 nCi/m?-month, is
much higher. Therefore Pb-210 deposited to 1
m? of the coastal area of the Japan Islands in
winter corresponds to the Pb-210 produced
from 2 to 4 m? of the continent. This indicates
that the Japan Islands are a good collector of
continental aerosols. We discuss this fact more
quantitatively in the next section.

(d) Estimate of the budget of continental
aerosols in winter

The budget of Pb-210 in the air coming from
the continent across the Sea of Japan in winter
is made on the basis of the Ninomiya’s calcula-
tion (1964) for the water-substance budget.
Ninomiya (1964) has used the data observed
during the period of heavy snow storm in
January over the Sea of Japan and the Japan
Islands. His schematical results somewhat
simplified are reproduced in Fig. 5.

The amount of the air mass transported from
the continent to the Sea of Japan is calculated
as the sum of the amount of the air mass from
the earth’s surface to 500 mb level height. The
velocity of geostrophic wind (v) is calculated
by the following equation,

g oz
p=——
f

an

where g is the gravitational constant, f is the
Coriolis’ factor and &z/on is the geopotential
gradient between Sapporo and Fukuoka. The
transported amount of Pb-210 is obtained by
multiplying the amount of the air mass by the
content of Pb-210 in the air. As the content of
Pb-210 in the continental air, we use the ver-
tical profile of Pb-210 in the air of Jacobi &
André (1963) who calculated the contents from
those of Rn-222 measured over Ohio, USA by
Wexler ot al. (1956). The calculated vertical
profile of Pb-210 is similar to that directly ob-
served over the continental USA by Moore et
al. (1973). The transported amount of Pb-210
from the continent to the atmosphere over the
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Sea of Japan was calculated to be 5.5 Ci/h in
the season of the north-west monsoon.

The amount of Pb-210 deposited over the
Sea of Japan and the Japan Islands are calcu-
lated as the product of the amount of rainfall
and the concentration of Pb-210 in precipita-
tion. The mean concentration of Pb-210 in
snow is calculated to be 13.7 pCi/l from the ob-
served values in January at the four stations.
The amounts of Pb-210 deposited over the Sea
of Japan and the Japan Islands are estimated
to be 1.0 and 1.2 Ci/h, respectively.

As summarized in Fig. 5, Pb-210 in the con-
tinental air mass falls on the Sea of Japan by
189% of the total transported amount, subse-
quently by 22 9% on the Japan Islands and its
609 fraction is passing to the Pacific. Thus,
in the troposphere lower than the 500 mb level
height where the horizontal divergence of vapor,
liquid and solid water fluxes were negligibly
small as discussed by Ninomiya (1964), 40%, of
aerosols transported from the continent may
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be collected by the snow over the Sea of Japan
and the Japan Islands in winter. This propor-
tion seems to be large as compared to the pro-
portion of the coastal area of Japan along the
Sea of Japan to the vast area of the Sea of Ja-
pan or the Pacific. When a dry and cold air
mass is transported from the continent across
the Sea of Japan, a great deal of moisture is
supplied from the relatively warm Sea of Japan
and the continental aerosols seem to be effec-
tively removed from the air by the snow over
the coastal area of the Sea of Japan.
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PB-210 B OCAIKAX B AIIOHUN N CJIEACTBUA N3 3TOT'O AJIA NPOBJEMBI
IIEPEHOCA KOHTHUHEHTAJBHOT'O ASPO30JIA YEPE3 OKEAH

Pa3s B Mecan ¢ gespana 1970 r. no mapt 1972 r.
Ha HATH CTAHIMAX HAa 0. XOKKaiifo, pacnosuo-
#eHHHX B ray6uHe ot 6epera fAmonckoro Mops,
NPOU3BONMIICA cOOP MOJHEIX MECAYHHIX OCAgKOB
B BHUJle JOKIA WJIN CHera M CyXMX BHINAfeHHUI.
Onpefenanace cpegHeMeCHYHAA CKOPOCTb BHI-
nagenusa PB-210, a Takmxe APYruX XUMMYECKHUX
BelllecTB. PesyiIbTaThl CYMMHDYIOTCA CIegylo-
mum o6pasoM. 1) CKopocTH BEINAJEHHA U KOH-
neHrpanur PB-210 oueHb BHCOKH 3UMO#t. 2)
Bruno HalieHo, YTO JETOM M 3MMOM CymlecTByeT
JMHEeAHAA CBA3b MEMQY CKOPOCTBIO BHIIafeHUH
PB-210 M KOIMYECTBOM JOMKAEBHX OCaJKOB.
3) Ilo cpaBHEHHI0O CO CKODOCTBIO INOPOKIEHUHA
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PB-210, uMeHHO, CO CKODOCTHI0 BKCXAIALMH
Rn-222 ¢ KOHTHHEHTa, CKOPOCTh BHINAleHMA
PB-210 na eguuuny nnomanu Ha Gepery fmoH-
CKOT0 MOpA 3UMON OT ABYX HO YeTHpeX pas
MPEBOCXOJUT CKOPOCTh aKcxajanum Rn-222 ¢
KOHTHHeHTa. 4) Pacuern 6ajnaHca copgepaHuA
PB-210 B aTMocepe NOKABHIBAIOT, YTO OKOJIO
40 9%, asposoieit, MEPEHOCHMBIX C KOHTMHEHTA,
3aXBaTHIBAETCA CHETOM M OTKJAALBAETCA HAaJ
flmonckum Mmopem ¥ flmoHCKUMHU OCTPOBAMM
sumoit. [losTomy genaerca BHBOA, uTo fInmoHCKHUE
OCTPOBa 3HMOI WMIPAOT BAaMKHYI0 pPOJb B Ka-
4YeCTBE KOJIJIEKTOPA KOHTHHEHTAJIBHOTO a3po-
30J14.



