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ABSTRACT 

Large quantities of sea salt particles are suddenly transported to the land by the 
discrete events of a violent storm. In Japan these events are the typhoon in summer 
on the Pacific coast region and the north-west monsoon in winter on the Japan Sea 
coastal region. The share of “sedimentation”, one of the mechanisms of the transport 
of sea salt particles to  the land, is only about 20 % of “precipitation” over various parts 
of Japan. The contribution of “impaction” with surface obstacles is negligibly small, 
as observed in the example of the Ogbchi Basin. This conclusion was also confirmed by 
analysing the concentration of chloride in rivers undisturbed by other sources. More- 
over, the analysis reveals the following facts. The half-decrease distance of the con- 
centration is about 20 km from the coast in both coastal regions of Japan. The total 
deposition of sea salt was calculated to  be 2.7 x 1Ola  g/yr in the whole of Japan (area 
3.7 x lo6 kma) and the mean concentration of chloride in rain to be 2.4 ppm over Ja- 
pan aa a whole, but the concentration is about 3 times larger over the Japan Sea coastal 
region than over the Pacific coast region, owing to the violent north-west monsoon 
in winter. 

Introduction 

Some attempts to estimate the amount of 
sea salt transported from sea to land have been 
made. Toba (1965a, b)  analysed the variation 
in the vertical profile of sea salt particles over 
land and concluded that the scavenging of sur- 
face obstacles may be an efficient process, al- 
though it was not directly comparable to the 
rainout process. 

Eriksson (1960) estimated the proportion of 
wet removal (precipitation) of chloride in the 
atmosphere and dry removal (sedimentation 
and impaction), using an observational network 
over Scandinavia. His results show that im- 
paction is dominant and precipitation accounts 
for less than 30% of total fallout. 

Sugawara (1964) found that dry fallout ac- 
counts for two-thirds of total deposition, by 
calculating the total deposition from the balance 
between river discharge (mean concentration 
of chloride in Japanese rivers, 5.2 ppm) and the 
other sources on land such as hot and mineral 
springs and artificial sources, and comparing 
it with wet precipitation (mean concentration 
of chloride in rain over Japan, 1.1 ppm). 
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Gorhem (1961), however, suggested that dry 
fallout is of little importance, finding that the 
amounts of chloride in precipiatation tallied 
well with river discharges of chloride in Aus- 
tralia. 

It is difficult to estimate the absolute 
amounts of total deposition from Toba’s cal- 
culation, since his method needs some assump- 
tions which largely affect the absolute value 
and he has used number concentration in his 
equation instead of mass concentration. More- 
over, the balance calculation, using concentra- 
tions in river and rain, is apt to cause large er- 
rors in the estimates of the mean concentration 
and of the amounts supplied from sources other 
than meteoric precipitation. 

First of all, therefore, I will discuss the im- 
portance of discrete events for the transport 
of sea salt particles. Secondly, I will show the 
minor importance of dry fallout, using results 
of observations for one year a t  Og6chi Baain 
where the supply of salts from sources other 
than air-borne is little and the amounts of 
water discharged are well known because the 
dam at the opening of the basin has been con- 
structed to supply Tokyo with water. Fi- 
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Table 1. Fallout of chloride i n  precipitation including sedimentation i n  the various parts of Japan , 

Location 

Distance Level Partial fall 
from the above 
coast the sea Annual fall Event 
(km) (m) Year’ (g/me/yr) or period g/m2 

The Pacific coast region 
Kawane, Shizuoka 25 

Koenji, Tokyo 12 

Saku, Nagano 150 
Taba I, Yamanashi 70 

Taba 11, Yamanashi 70 

The Japan Sea side region 
Shishiku, Ishikawa 15 

Assabu, Hokkaido 20 

190 1963 
1964 

40 1964 

1965 
650 1964 
620 1964 

1 000 1964 

600 1966 

1971 

95 

3.49 
2.80 

2.14 
1.7Sb 
- 
- 

0.84, 
0.71b 
0.70 

Typhoon No. 20 
In Sept. 
Typhoon No. 20 
In Sept. 
Typhoon No. 24 
Typhoon No. 20 
In Sept. 

In Sept. 

- Feb. 3-Feb. 6 

May-Aug. 

Nov.-Feb. 
10.52 (Mean) 

0.87 
1.06 
0.22 
0.38 
0.79 
0.010 
O . l l 1  

0.07, 

0.98 
0.74‘ 
1.41 

6.45 
(Mean) 

(Mean) 

a From April to March. 
Excluding sedimentation. 
Deposition from 21.00 on Feb. 3 till 04.00 on Feb. 4. 

nally, I will re-examine the river discharges 
using the data from Japanese small rivers which 
are not greatly affected by any land sources 
such as hot springs, industries, or other human 
activities. 

In  this article, I tentatively assume that the 
chemical composition of sea salt particles is tho 
same as that of sea water and that the sources 
of the atmospheric chloride other than sea salt 
are negligibly small. That is to say, chloride 
is considered as the representative of sea salt 
particles. This is based on the findings of Gor- 
ham (1955) and Tsunogai et al. (1972), that the 
composition of oceanic rain is similar to that 
of sea water. On the other hand, Komabayashi 
(1964) observed an enrichment of major cations 
relative to sodium content in sea water, with 
an enrichment factor of 1.4 to 2.1 for particles 
of radius 0.4 ,u, which may originate from the 
film of breaking bubbles, whereas no fractiona- 
tion was found between major ions for particles 
of radius larger than 0.8 p. 

Junge (1972) critically reviewed the reports 
on this subject and stated “fractionation is 
possible but it may occur only under certain 

conditions, of which the presence of organic 
film is perhaps only one”. Gorham (1958) dem- 
onstrated the atmospheric pollution by hydro- 
chloric acid. Tsunogai et al. (1972) found an 
occasional contribution of chlorine other than 
sea salt in air and rain samples, especially over 
industrial areas, whereas the degree of the 
contribution in rain over rural area is very 
small, compared with that of sea salt particles. 
Thus, the assumption is practically valid and 
the amount of sea salt is obtained by multi- 
plying 1.8 by that of chloride. 

I. Events affecting the supply of sea salt 
particles 

Amounts of wet deposition including sedi- 
mentation were estimated by determining the 
chloride concentrations in the samples taken a t  
various stations in Japan. Cylindrical samplers 
made of glass or plastic were placed 1-2 meters 
above level ground. The precipitation samples, 
including dry sedimentation, were collected 
every month or a t  certain periods, and analysed 
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Fig. 1. Og6chi Basin. Solid circles show locations 
where the amounts of rainfall were determined. 

for dissolved major cations and anions. The 
method and analytical data were reported in 
detail by Tsunogai (1966) and Tsunogai et al. 
(1972). The summarized results are shown here 
in Table 1. 

In the Pacific coast region of Japan, the an- 
nual deposition rate decreases with increasing 
distance from the coast. A remarkable feature 
is found when the annual deposition rate i3 
compared with the partial deposition rate. At 
Kawane (Shizuoka Prefecture) in 1964, for ex- 
ample, about one-third of the annual deposition 
was transported by one typhoon alone, Ty- 
phoon No. 20, 1964. The phenomenon seems 
to be rather local, as the amount deposited by 
the same typhoon a t  Koenji, Tokyo, was not 
so large and was negligibly small at  Saku, 
Nagano Prefecture, inland area of Japan. The 
event of a concentrated deposition, however, 
may be not so rare, as in the following year the 
amount of sea salt transported to Koenji by 
Typhoon No. 24, 1965, is nearly the same as 
that by Typhoon No. 20, 1964, at Kawane. 

In contrast, large quantities of sea salt were 
carried down to the coastal region of the Japan 
Sea in winter, when north-west monsoon pre- 
vailed. At Assabu, Hokkaido, the amount of 
deposited chloride was several times larger 
than that at the Pacific coast region, 60% of 
which fell during 4 months in winter (Table 1). 
A remarkable event, which may occur not so 
rarely, was the strong north-west wind lasting 
only 7 hours, but which conveyed 0.74 g/mz of 
chloride together with 15 g/m* of soil dust 
(loess from the continent) to Shishiku, Ishi- 
kawa Prefecture and consequently the snow 
was colored (Table 1).  

These facts suggest that a considerable 
quantity of sea salt particles is transported 
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from sea to land by the discrete events of a 
violent storm rather than by continuous events. 
According to Tsunogai et al. (1972), chloride 
in oceanic rain or maritime air increases by a 
factor of 10 with each 4 to 7 m/sec increase of 
wind velocity. As discussed by Toba (19653), 
the more windy it is, the more sea salt particles 
are produced and the farther they are trans- 
ported. The events of storm are more frequent 
in the Japan Sea region in winter than in the 
Pacific coast region in summer. This is the 
reason why snow in Japan generally contains 
more sea salt than does rain in summer. It is 
another conclusion that a mean calculated 
arithmetically from concentrations in normal 
rain may be an underestimated value. 

11. An estimate of sea salt particles remo- 
ved by impaction 

As stated previously, a proportion of the sea 
salt particles is removed from the atmosphere 
by impaction with surface obstacles such as 
vegetation and buildings. It is not easy to de- 
termine quantitatively the contribution of im- 
paction. Therefore, Og6chi Basin (drainage 
area, 263 kmz) was chosen as an experimental 
field. It is located 70 km west of central Tokyo. 
As shown in Fig. 1, three observation stations 
were established in the basin. Observation was 
started on April 1, 1964 and ended on May 31, 
1965. Sampling was carried out once a month 
a t  Taba I ,  where samples of precipitation in- 
cluding or excluding dry sedimentation and 
river water were collected, and at  Taba I1 
where samples of precipitation including sedi- 
mentation were collected. These samples were 
analysed for some major cations and anions. 
A detailed description of the method was given 
by Tsunogai (1966). 

The annual budget of chemical constituents 
in the Ogdchi Basin is calculated as shown in 
Table 2. The amount of chloride discharged 
was determined by multiplying the amount of 
water discharged by its chloride concentration, 
and adding the amount of chloride in the in- 
creased storage water a t  the start and end of 
the observations. The chloride deposition was 
calculated by integrating the products of the 
area of each 100 m contour interval and the 
assumed deposition at its level from the straight 
line in Fig. 2. This assumption is strengthened 
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Table 2. A budget of chemical constituents in the Ogdchi Basina 

Rainfall C1 SO, Na Ca Mg K F 
(mm/Yr) 

From the dam 753 189 1 4 5 3  544 1 6 1 8  157 
Discharged amount 675 167 1 3 9 7  490 1 4 2 1  141 
Change in storage 
amount 78 22 156 54 197 16 

To the dam 753 189 1 4 5 3  544 1 6 1 8  157 
Fallout 169 699 73 124 28 

Sedimentation - 329 24 263 14 71 8 
Precipitation 1 0 8 2  145 436 59 53 20 

39 17.6 
25 16.0 

14 1.6 
39 17.6 
43 10.0 
25 6.9 
18 3.1 

(Evaporn) 
~ - - - - - Impaction -0 

Other 20 754 471 1 4 9 4  129 96 7.6 
- - - - - 23 - 35 Cf. common salt used 

a Unit in tonslyr except for rainfall. 

by the following fact. The line connecting two 
points of deposition at Taba I and Taba I1 
fits well with the estimated deposition in the 
Taba river basin (mean height, 1 360 m), which 
is obtained from the mean concentration of 
chloride in Taba river (0 .64  ppm), the mean 
rainfall ( 1  229 mm/yr at Ochiai) and the mean 
evaporation (329  mm/yr in the whole basin). 
The proportion of sedimentation to total fall 
in the whole basin is assumed to be the same 
as that at Taba I ( 1 6 %  for chloride). 

The difference between the discharged amount 
at the dam and the deposition in the basin 

Fig. 2. The height distributions of drainage area of 
Oghhi Basin and the assumed deposition rate of 
chloride. A and B, the height distributions of the 
whole basin and of the Taba river basin (upstream 
from Taba I) in km2/100 m height, respectively. 
Solid circles are deposition rates observed at Taba 
I and Taba I1 and a cross marks that estimated 
from chloride in Taba river water. 

(Table 2) is due to impaction and other sources 
in the basin such as human activities and the 
dissolution of soil. For the case of chloride, the 
difference is only 2 0  tons/yr in the whole basin, 
which is nearly equal to the amount of common 
salt used by people in the basin. According to  
the Japan Monopoly Corporation, Japanese use 
3 0  g salt/person.day or a mean consumption of 
11 kg salt/person.yr for food, and the popula- 
tion in this basin was 5 300 at that time. Im- 
paction, therefore, does not contribute sig- 
nificantly to the total deposition. I think this 
conclusion does not necessarily contradict that  
of Toba ( 1 9 6 5 ~ )  who has predicted the contri- 
bution of impaction, since the sea salt particles 
which fell in the basin were transported by air 
over mountains higher than 1 0 0 0  m. The ex- 
tent of impaction for other chemical constitu- 
ents is obscure, owing to the extensive interac- 
tion with earth’s surface after rainfall. 

111. Chloride in small rivers reflecting the 
relation between sea salt particles and 
distance from the coast. 

As shown in Table 2,  air-borne sea salt in 
river water is the predominant source for the 
supply of chloride to the water, provided there 
are not many hot and mineral springs, surface 
areas covered by freshly deposited volcanic ash, 
factories, or inhabitants in the basin. I there- 
fore chose 3 4  small rivers in Japan from 2 2 5  
rivers where the chloride concentration has 
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Pig. 3. Locations of rivers used in the analysis. Solid circles show the sampling stations. 

been determined by Kobayashi (1960) (Fig. 3). 
He took monthly samples during the period 
1943 to 1957. The mean concentrations of 
chloride are shown in Table 3. These rivers 
satisfy the above conditions and their direc- 
tion of flow are almost parallel with the direc- 
tion of the monsoon. The rivers chosen from 
the Japan Sea coastal region are situated in 
the central part of Japan and those from the 
Pacific side are situated in the northern and 
southern parts of Japan. The results of the fol- 
lowing analyses obtained from these rivers must 
be regarded as an approximate mean for the 
whole of Japan. 

A part of the chloride in river water is derived 
from salt used for food, which can be corrected 
by the following equation 
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AC1 =PIP x 6.1 

where AC1 is the chloride concentration in ppm 
which is supplied from sea salt used by human 
beings at a rate of 30 g NaCl/person.day, P is 
the population density in person/km8 and F is 
the flow rate of river water in mm/yr. On the 
basis of the mean precipitation estimated by 
Ishihara (1972), F is assumed to be 2 200 mm/ 
yr for the Japan Sea coast region and the south- 
ern part of the Pacific coast region and 900 
mm/yr for the northern part of the Pacific coast 
region. The corrected concentrations of chloride 
are also given in Table 3. 

The river drainage area is cut into two exact 
halves by drawing a line parallel to the coast 
line, or perpendicular to the direction of the 
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Table 3 .  Concentrations of chloride observed and 
corrected for the common salt consumed and the 
distance from the coast for 35 Japanese rivers 
which are used i n  the analysis 

Mean 
distance 

c1 c1 from the 
Name of obseIved corrected coast 
rivela (PPm) (PPm) (km) 

I. The Japan Sea coast region 
1. Miomote 
2. Kaji 
3. Sabaishi 
4. Kokura 
5. Katakai 
6. Hayatsuki 
7. JinzG 
8. Sh6 
9. Oyabe 

10. Wakayama 
11. Hakui 
12. Sai 
13. Tedori 
14. Daishoji 
15. Kuzuryc 
16. Asuwa 
17. Hino 

11. The Pacific 
1. Kuji 
2. Opanai 
3. Akka 
4. Omoto 
5. Hei 
6. Ohzuchi 
7. Unosumai 
8. Pakari 
9. Kesen 

7.4 7.3 
7.5 7.4 
8.0 7.7 
7.7 7.4 
2.1 2.0 
2.4 2.3 
2.4 2.2 
3.2 3.1 
5.9 5.1 

17.3 17.1 
15.2 14.6 
6.7 6.4 
6.7 6.6 
7.3 7.1 
3.6 3.4 
5.4 5.3 
6.2 6.1 

coast region- northern 
4.2 4.0 
3.6 3.3 
2.3 2.3 
2.4 2.3 
1.7 1.6 
3.1 2.6 
2.3 2.0 
3.6 3.4 
3.4 3.1 

111. The Pacific coast region- 
1. Kita 3.1 
2. H6ri 2.9 
3. Isuzu 3.4 
4. Rlimi 1.7 
5. Omaru 2.5 
6. Hitotsuso 1.8 
7. Kiyotake 4.2 
8. Pakatani 3.8 

-southern 
3.0 
2.8 
3.3 
1.6 
2.3 
1.7 
3.8 
3.7 

20 
24 
16 
19 
69 
69 
60 
54 
29 
5 

12 
21 
30 
18 
51 
35 
20 

19 
18 
24 
33 
36 
21 
23 
18 
25 

2 3 
19 
17 
39 
26 
35 
13 
15 

a 

south, as shown in Fig. 3. 
The rivers are numbercd in order from north to 

monsoon. Tho distance from the coast to this 
line is defined in Table 3 as the mean distance 
from the coast. 

As shown in Fig. 4, the plot of logarithms of 
the corrected chloride in river water vcrsus 
mean distance from the coast yields a straight 

line for rivers in nearly the same meteorological 
and topographical conditions. This fact can be 
explained as follows. If sea salt is removed from 
maritime air in proportion to its concentration 
in the atmosphere, the concentration of chloride 
in the air transported to the land is given by 

dCldZ = P I C  

:. C = C ,  exp ( - u) 

where C is the concentration of chloride in the 
air, C ,  is that  at the coast, 2 is the distance 
from the coast and 3, is the removal rate of 
chloride from the atmosphere. Though this as- 
sumption may not be the case for every rain- 
fall, it may well be valid for a mean value ob- 
tained statistically from a long period observa- 
tion. Therefore, the concentration of chloride 
in precipitation or in river water is considwed 
to be proportional to its concentration in the  
air, which decrease with the rate 1, from the 
coast, as written by 

Y =fC 

Y = Y o  exp ( -1.5) 

where Y is the concentration of chloride in pre- 
cipitation or in river water, Yo( =jC,) is that  
at the coast and f is the proportionality con- 
stant converting the dimension at the same 
time. For the case of river water, Z is approxi- 

10 k 
20 

10 

5 

CI 
PPm 

2 

0 20 40 60 km 

Fig. 4 .  The concentration of chloride in river water 
versus the mean distance from the coast. I, I1 and 
I11 in the figure are the indexes of rivers in the 
Japan Sea, the northern part of the Pacific and the 
southern part of the Pacific coast regions, respec- 
tively. 
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Table 4. Calculated concentration at the coast 
(Yo) and decrease rate constant (1) of chloride in 
Japanese rivers 

Half -decrease 
No. of Yo 1 distance 
rivers (ppm) (km-') (km) 

The Japan Sea coast region 
I 17 14.1 0.0288 24 

The Pacific coast region 
I1 9 6.0 0.0345 20 
I11 8 6.1 0.0352 20 

Mean 6.1 0.0349 20 

mately equal to the mean distance from the 
coast, estimated from the drainage area up- 
stream from the sampling point. 

The values Y o  and 3, are determined from the 
intercept and gradient, respectively, of the 
straight line in Fig. 4, and which are repro- 
duced in Table 4. These values of the Pacific 
side of northern Japan agree closely with those 
of southern Japan. Thus, mean values of these 
two regions are regarded as representative of 
the Pacific side of Japan. When the regional 
differences of the Pacific side and the Japan 
Sea side are compared, Yo is remarkably larger 
on the Japan Sea side, but 3, is nearly equal. 
This seems to indicate that the Japan Sea in 
winter is more violent than Pacific in summer 
and that sea salt particles are removed from the 
atmosphere by nearly the same process on both 
sides of Japan. Of course, the half-decrease 
distance (0.693/1) may be influenced by many 
factors, such as topography. The distance, 
therefore, may be larger than 20 km on the 
plains. 

Next, the deposition of chloride is calculated 
in the following way. 

Total deposition in Japan (g/yr) 

=aJob cY d Z = a o Y o / o b ~ - a z d Z  

Mean deposition (g/ma/yr) 

= cIob  Y / b  d Z  

Mean concentration in precipitation (ppm) 
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= cIOb Y / b d  dZ 

where a is the length of the coastline in meters, 
b the distance in meters from the coast to the 
central ridge which cuts Japan into two almost 
exact halves, and c the mean flow rate of rivers 
(including underground water) in ma/me/yr, 
which is obtained by subtracting evaporation 
from rainfall. For simplicity in calculating, the 
shape of Japan (its area, 3.7 x lo5 km8) is ap- 
proximated by two narrow rectangles of equal 
area, divided by the central ridge, and the small 
regional differences in mean rainfall and mean 
evaporation between the Japan Sea side and 
the Pacific side are neglected on the basis of 
Ishihara's (1972) estimation. The assumed in- 
put data and the calculated results are given 
in Table 5. 

Although sources other than air-borne salt 
contribute to the above estimates somewhat, 
the estimated concentrations of chloride in pre- 
cipitation coincide well with those including 
sedimentation observed in various parts of 
Japan (cf. Table 1). This fact also indicates that 
impaction is not predominant in Japan. The 
deposition of sea salt particles is about 3 times 

Table 5 .  Assumed data for the calculation of sea 
salt particles transported to Japan and the results 
of the calculation 

The 
Japan Sea 
coast 
region 

Input data 
Rainfall (mm) 1 7 5 0  
Evaporation (mm) 450 
Length of the 
coastal line (km) 1 850 

Integrated distance 
from the coast 
(km) 100 

The 
Pacific 
coast Whole 
region Japan 

1 7 8 0  1 7 5 0  
450 450 

1 8 5 0  - 

100 - 

Results of the calculation for chloride 
Total fallout 

Mean fallout 

Mean concentra- 

( 10'Wyr) 1.1 0.4 1.5 

(s/m2/ur) 6.0 2.2 4.1 

tion in precipita- 
tion (ppm) 3.45 1.25 2.35 



58 S .  TSUNOQAI 

greater on the  Japan Sea side than on the Pa- 
cific side. The total deposition of air-borne sea 
salt in japan is one order of magnitude larger 
than common salt used for food. In  the  devel- 
oped area of Japan, however, salt used for  
food and industry is equal in amount to, or 
more than,  the  air-borne sea salt. Thus, large 
errors would be introduced if t h e  contribution 
of impaction were estimated by  analysing data 
on rivers in  developed areas, where the sampling 
is easier than in the undeveloped areas. 
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