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C. Sulfur in rainwater 

Unlike the nitrogen most sulfur determina- 
tions in rainwater have been carried out 
comparatively recently. The greater part of 
the investigations were carried out in the 
U.S.A. where an extensive survey of the con- 
tribution of atmospheric sulfur to the soil has 
been made for agricultural purposes. 

I. Methods and analysis 

The analytical procedure has mostly in- 
volved a precipitation of the sulfur compounds 
as BaSO,. If properly done this is a satisfac- 

procedure. A division between sulfate 
sul ur and other forms of sulfur has rarely 
been done. If other forms of inorganic sulfur 

resent in rainwater they are generally 
rapi are B ly oxidized by dissolved oxygen to sul- 
fate. 

The sampling of rainwater for sulfur anal- 
ysis has mostly been done in metal containers 
which, as ALWAY et al. (8) pointed out in 
1937 may give too lar e figures for the sulfur 
in rain. Most metals a B sorb SO, directly from 
the air which is then oxidized to SO, and 
washed down into the containers with the 
rainwater as H,SO,. In areas of a high atmos- 
pheric pollution the contribution by this 
adsorbtion can amount to six times the sulfur 
actually present in rainwater. 

It ‘is obvious that under such circumstances 
most of the figures on the amount of sulfur 

in rainwater are too high. An absorption of 
SO, by the soil itself and even by the plants 
can, however, also occur. (THOMAS 283, 284.) 
Therefore the rainwater analysis may represent 
the total sulfur income by soil which from 
agricultural point of view is of most interest. 
But in the discussion on the origin of sulfur in 
precipitation they are of but little use. 

The yearly averages from different states 
within the U.S.A. are shown in table 6 and 
results from other parts of the world are in 
table 7. 

From table 6 it will be seen that the average 
yearly amounts of sulfur vary very much 
even within the same state due to differences 
in atmospheric pollution. There are also 
significant differences between different states 
(or probably better, between different in- 
vestigations) which at least partly may be 
due to different sampling techniques (different 
sampling gauges). There are some striking 
differences between Merent states, compare 
e. g. Alabama, with Indiana. Both are fairly 
recent. 

The U.S.A. investigations cover the eastern 
central area of the country. 

The European figures are generally lower 
than those from the U.S.A. Some of the 
Russian figures are low and may therefore 
correspond to fairly uncontaminated air in 
continental areas. The New Zealand figures 
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Alabama 
Auburn .......................... 
Birmingham ...................... 
Block Belt Subst . Marion Jet ........ 
Exp . field Alexandria ............. 

H . D Aliceville ............... 
1) H Monroeville ............. 
o D Prattville ............... 

Gulf Coast Subst . Fairhope ......... 
Kinston .......................... 
Sand Mountain Subst . Crossville ..... 
Wiregrass Subst . Headland ......... 

Experiment ....................... 
Georgia 

Illinois 
Chicago .......................... 
Liberty .......................... 
Urbana .......................... 

Indiana 
Branchville ....................... 
Evansville ........................ 
Gary ............................. 
Indianopolis ...................... 
Lafayette ......................... 
Monterey ......................... 
Montgomery ...................... 
Rising Sun ....................... 

Larwill ........................... 

Orland ........................... 

Ames ............................ 
Irowa Mount Vernon (10 years) . . . . . . . . . . .  

Table 6 . Sulfur in precipitation in the United Stater and Canada . 

194-1943 
194-1943 
194-1943 
1940-1943 
194-1943 
194-1943 
194-1943 
194-1943 
194-1943 
194-1943 
194-1943 

1940-1943 

1921/22-1922/23 
I921/22-1922/23 

1913.1 9x7 

I946/47 
I946/47 
1946/47 
I946/47 
I946/47 
1946147 
1946/47 
I946/47 
'946/47 
I946/47 

1921 
1913114.1 93I/32 

IgZI/Z2-1922/23 
1921/22-1922/23 
IgZI/22-1922/23 
IgZI/22-1922/23 
1921/22-1922/23 
1921/22-1922/23 
IgZI/22.1 922123 

1936-1937 
1936-1937 

1936 '937  
1936-1937 

194-1943 

Ref . 

294 
294 
294 
294 
294 
294 
294 
294 
294 
294 
294 

294 

95 
95 

279 

26 
26 
26 
26 
26 
26 
26 
26 
26 
26 

I00 
15. 1x7 . 161. 

269. 290 . 235. 246 . 
306 . 313 . 

I53 
I53 
I53 
I53 
I53 
I53 
I53 

8 
8 
8 
8 

294 

Place Period 
Precipi- 
tation 
mm 

I I Kentucky 
Greenville ......................... 
Lexington. center ................... . 15 miles from center . . . . .  
Lincoln Inst . Shellbyville . . . . . . . . . . . .  
May field .......................... 

)) 

Paducale .......................... 
Russelville ......................... 

Minnesota 
Minneapolis. Weather Bureau . . . . . . . .  

H . University Farm ....... 
Page .............................. 
Bemidji ........................... 

I Mississippi 
State College ....................... 
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kg 
Slha 

6.0 
34.2 
6.3 
6.3 
5.6 
4.8 
5.6 
6.5 

4.6 

3.2 
6.8 

7.8 

234 
61.6 
50.5 

34.0 
32.5 

36.5 
24.3 
26.0 
30.6 
31.0 
28.9 
33.2 

142 

16.7 
22.7 

40.3 
46.1 
26.6 
19.1 
29.0 
38.0 
40.3 

170 
31.1 
8.2 
5. 0 

5.8 
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Ref. Place 

New York  
Alfred ............................. 

Geneva ............................ 
Ithaca . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Brockport ......................... 

Oklahoma 

. . . . . . . . . . . . .  

Tennessee 

Columbia. ......................... 

I) , 6 miles from center.. . . . .  
Crossville .......................... 
Jackson . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Copperhill, ........................ 

Jackson ........................... 

I) . 7 miles from center.. . . . . .  
London. . . . .  . . . . . . . . . . . . . . . . .  
McGee . . . . .  . . . . . . . . . . . . .  

Texas 

Angleton . . . . . . . . . . . . . . . . . . . . . . . . . .  
Balhorhea . . . . . . . . . . . . . . . . . . . . . . . . .  
Beaumont . . . . . . . . . . . . . . . . . . . . . . . . .  

Denton. . . . . . . . . . . . . .  
Lubbock . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nacogdoches . . . . . . . . . . . . . . . . . . . . . . .  
San Antonio.. ..................... 
Spur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Virginia 
Blacksburg . . . . . . . . . . . . . . . . . . . . . . . .  

Wisconsin, Canada 

Madison. . . . . . . . . . . . . . . . . . . . . . . . . . .  

Period 

1933-1934 
1931-1939 

I934 
1934, 1936 

I92 7-1 942 

I9 19-1 92 I 
1919-1921 
I919-1(>21 
I9 19-1 132 I 
191 9-192 I 

'940--"243 
1919-1920 
191 7-1920 
1917-1()20 
I9 19-1 (22 I 
I9 19-1 C)Z I 

1924-1928 
1924-1 (928 
1924-1 928 
I 924-1 928 
I 924-1 928 
1924-1928 
1924-1928 
1924-1928 
I 924-1 928 

1924-15j28 

1924-1g28 
1924-1928 

1924-15j28 

I 924- I qz 8 

1923-1928 

I010 

Precipi- 
tation 

mm 
kg 

Slha 

55.6 

38.3 

86.7 
46.2 

6.5 
9.0 

19.0 
10.8 
9.9 

29.5 

80.9 
14.2 
66.2 
14.8 

48.0 
20.7 
21.6 
27.1 

2 60 

103 

10.6. 
4.6 

17.2 
7.4 

14.2 
13.2 
'3.4 
13.4 
9.2 
9.0 

11 .2  

10.0 
10.2 
17.4 

18.9 

7.8 

are fairly representative of conditions in rainwater. In densely populated areas the 
uncontaminated air in coastal places. winter months are highest in sulfur due 

The yearly variation is as a rule greater in to increased coal consumption during this 
areas of a high degree of atmospheric pollution season. 
than in areas of a low. In the results from several years of investiga- 

The monthly variation is interesting from tion there are sometimes trends, the values 
the point of view of the origin of sulfur in increase during the period, indicating an in- 
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Table 7. Sulfur in precipitation in Europe and other countries except America. 

2 8  3 

Curope 
..................... France: Paris. 

Grignon 

Germany: Miincheberg. 

.................... 
.............. 

Great Britain: Rothamsted. . . . . . . . . . .  
Garforth. . . . . . . . . . . . . .  

Place Period I 
1931132 
1934135 

1933134 

1881/82-188618 
1907/08 

New Zealand 
Lincoln, Canterbury. . . . . . . . . . . . . . . .  

Asia 

Russia: Leningrad. ................. 
o outskirt of town. ... 

Pawlosk .................... 
Sapolje, Kreise Luga. . . . . . . . .  
Smolensk ................... 
Jekaterineslaw .............. 
Schotilowska, Tule distr. . . . . .  
Borowoje, Ssarnara. . . . . . . . . .  

1884-1887 

Tokio, Japan. .  .................... 1 1938 

mg 
s/1 

16.0 
2.5 

3.3 

1.0 
1.4 

4.9 
4.8 
1.4 
.9 
.4 

6.5 
.8 
.4 

.9 

1.9 - 

kg 
S/ha 

(96) 
(15) 

13.4 

7.9 
10.2 

31.5 
31.7 
7.3 
4.3 
2.7 

3.7 
2.3 

22.1 

6.8 

- 

creasing degree of atmospheric pollution. This 
can be observed in the figures from Ithaca, 
N.Y. (310) where the yearly amount in- 
creases regularly from 1919-20 to 1925-26. 
In other places, e.g. in Stillwater, Oklahoma 
(132) no regular trend can be observed but 
rather periodic fluctuations. The variation in 
the yearly amounts in Ithaca and Stillwater is 
shown in fig. 7. 

Fig. 7. The yearly amounts of sulfur in precipitation 
in Ithaca, N.Y. and Stillwater, Okl. 

2. Origin of combined s u l f u r  in the 
rainwater 

As mentioned before sulfur present as sulfate 
has usually been estimated in the analytical 
procedure. In one instance (81) sulfide, sulfite 
and organic sulfur have also been determined 
besides sulfate sulfur. But then no division 
between sulfide, sulfite and organic sulfur was 
made. 

There is probably very little of sulfide and 
sulfite present in rainwater, as H,S is rather 
volatile and probably exists only as a gas in 
the air. Sulfite is rapidly oxidized to sulfate 
by dissolved oxygen in the rainwater but may 
be present in the air in appreciable concen- 
trations. 

There are several probable sources of sulfur 
in the atmosphere. One of these is coal which 
on combustion releases considerable amounts 
of sulfur. In industrial areas it has been noted 
that the yearly amounts of sulfur brought down 
by precipitation is very high. There are a 
number of recent investigations carried out 
to asses the degree of atmospheric ollution 
in industrial centres; but these ,I9 not be 
referred to in this paper. One of the earlier 
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r:l:zk 
River 

00 

99.86 
. I 4  

6.5 

7.1 
.7 

9.7 
36.4 
65.7 

3.8 

- 

investigations, however, of great agricultural 
interest was carried out in Leeds and its vicinity 
around 1910 by CROWTHER & RUSTON (81) 
(see also CROWTHER & STEWART 82). The re- 
sults show very clearly that sulfur in precipi- 
tation is a very sensitive indicator of atmos- 
pheric pollution caused by industries. Even at 
5 km distance from the centre of Leeds 170 
kg S per hectare and year was brought down 
by precipitation and at 11 km distance it 
varied between 57 and 108 kg. 

Apart from coal, sulfide ores used in industry 
certainly contribute to the sulfur content of 
the air. 

Another source is organic matter which, on 
decay may give off hydrogen sulfide to the 
atmosphere which is oxidized to SO, and 
dissolved in the rainwater. The rate of delivery 
of hydrogen sulfide in this way will de end on 
the season. Hydrogen sulfide, formelby the 
reduction of sulfate in the sea is another source 
of atmospheric sulfur as suggested by CON- 

A great source for atmospheric sulfur is, no 
doubt, the sea. The sulfate is brought into the 
air by spray and preci itated by rain water. 

study this contribution from the sea. 
It is fairly well accepted that the main 

source for chloride in rainwater is the sea, 
and the only way it can be derived from there 
seems to be by spray. Comparing the ratio 
Cl/S in rainwater and in sea water in coastal 
districts, GRAY (125) in New Zealand observed, 
however, that this ratio was smaller for rain- 
water than for sea water. As the place where he 
collected the rainwater was situated on a 
small peninsula far from industries it could be 
expected that the ratio would be the same, 
as long as the proportion of chloride and sul- 
fate is the same in the spray from the sea as 
in the sea water. In table 8 some values of the 
Cl/S ratio from different places are tabulated. 
It is seen that the New Zealand values come 
nearest to the expected values. There is 
also a seasonal variation, the winter and spring 
values bein highest. This can be due to an 
accelerated fberation of H,S during the sum- 
mer and the autumn, not only from the soil 
but also from the sea. 

It is remarkable that even the highest values 
of the Cl/S ratio in rainwater are only half as 
great as in sea water. Unless the washing out 

WAY (78). 

In coastal areas it is t hp erefore interesting to 

Snarket Sea 
Creek water 

I 0 0  I 0 0  
99.86 99.85 

.I4 .I5 
8.2 10.26, 

5.0 } .45 
- - 

5.5, 3.83 
32.1 19.59 
74.7 85.17 
2.4 1.82 

Table 8. The ratio Cl/S in precipitation 

Jan. 4 

water 
level 

Low 

in some places. 

Place 

June I: 
Very 
low 

water 
level 

Lincoln, Canterbury New Zealand 
Sept. to Nov.. .................... 

Dec. to  Febr.. . . . . . . . . . . . . . . . . . .  
March to May.. . . . . . . . . . . . . . . . . .  
June to Aug.. . . . . . . . . . . . . . . . . . . .  

Nagoya. u 4000 m from the sea 
Matsumato, n IOO km * I) n 
Holland 440 m from the sea. . . . . . .  

I) 2280n I) n n ...... 
I) 3000 n n n I) . . . . . . .  
8 5600 n I) n I) . . . . . . .  
I) 48000 o )) )) I) . . . . . . .  
I) 86000 N n N n . . . . . . .  

Sea water. . . . . . . . . . . . . . . . . . . . . . . .  

Sugashima, Japan at the see.. ...... 

00 
- 
_. 

2.99 
.91 
.56 

.r9 

86.26 
3.95 

- 

13.09 

Cl/S 
- 

11.05 
9.86 
9.00 

10.89 
5.85 
6.31 

.92 
8.70 
5.70 
5.24 
3.83 
2.61 
2.18 

21.5 - 

I 0 0  

99.84 
.16 

2.89 
.60 
.54 

. I I  

87.00 
3.21 

- 

13.27 

of the salts from the air is selective it can be 
inferred that only half of the sulfur in rain- 
water from this place is derived from the 
sea by the same mechanism as the chloride; the 
rest must have been delivered in another way. 

reat in- 
fluence on the Cl/S ratio as seen B rom the 
dutch values. In France, however, FARCY (105) 
has found a quite opposite trend, the Cl 
content being rather constant inland while 
the S was highest at the coast. 

There is a recent investigation carried out 
in Australia by ANDERSON (13)  on the compo- 
sition of lake waters in arid districts com ared 
to the composition of sea water (see tab s e 9). 

The distance from the sea has a 

Table 9. The relative composition of some lake 
and river waters in south east Australia: 

C1 + Br = 100. 

Cl+Br 
c1 
Br 
so, 
CO, 
HCO, 
NO, 
Ca 
Mg 
Na 
K 

Lake 
Corangamite - 



COMPOSITION OF ATMOSPHERIC PRECIPITATION 2 8 5  

The runoff from some of the lakes is very small 
and practically all their chlorides are derived 
from the sea, carried inland and precipitated 
by rain. He found, however, that the relative 
sulfate contents in these lake waters were less 
than in the sea; sulfate being lost in some way. 
Anderson suggested that this loss was due to 
the reduction of SO, to H,S as there was a 
definite smell of H,S around the lakes. It is 
also seen from the CO, and HCO, contents 
that the pH of the waters must have been 
quite high, a parently due to this reduction 

H,S in the lakes must have been very high 
and proportionally higher than in the sea 
as it can be expected that the rainwater 
carried relatively more sulfate than chloride 
from the sea. 

An interesting investigation was carried out 
by BOSS (46) on the south west coast of Africa. 
Due to a cold water current in the sea reaching 
the surface at this place there is a permanent 
fog in this district which is a desert. He found 
that the fog was relatively richer in sulfur 
than in chloride compared to sea water and 
that the proportion of sulfur increased in- 
land. For an explanation he suggested a small 
sulfur cycle which took place in the following 
way. Both chlorides and sulfates are carried 
inland by the fog but the chlorides seems to be 
leached down into the soil much easier than 
the sulfates especially as most of the latter 
are in the form of MgSO,. During dry weather 
fine particles of MgSO, are carried from the 
earths surface to the air where they serve as 
condensation nuclei. Very little sulfate is 
actually lost in this way and the process leads 
to an enrichment of MgSO, in the top soil 
while chlorides are leached down into the 
subsoil. Perhaps such a small cycle of sulfur 
is partly responsible for the lower Cl/S 
ratio in rainwater compared to sea water. 

To summarize it can be concluded that a 
great part of sulfur in precipitation is of oce- 
anic origin either brought into the air by 
spray or as H,S formed by reduction of sul- 
fate in the sea. Another source of sulfur in 
rainwater is coal, sulfide ores and wood 
which, on combustion, liberate considerable 
quantities of sulfur. A third source is H,S 
liberated from organic matter on decay, 
and a fourth may be of inorganic litospheric 
origin. 

process. The ? oss of sulfate by reduction to 

D. Chloride in precipitation 

I. Results from different places 

The first determinations of chloride in rain- 
water were made at the beginning of the 
nineteenth century but the first more system- 
atic work was not published until 1851 when 
ARACO (14) in Paris reported monthly amounts 
for a half year period. Another systematic 
investigation was carried out b SMITH (277) 

and Rain”, where he has given analyses of 
rainwater collected at different laces in the 

his work are given in table 11. 
One of the longest series of analyses was 

carried out at Cirencester by KINCH (158, 159) 
covering a period of 26 years. 

The determinations of chloride in rain- 
water has, of course, been made mostly for 
other reasons than agricultural. The salt trans- 
port from the sea may be of agricultural but 
is also often of technical value. In meteorology 
chloride in rainwater is of great interest as it 
can probably give a good indication of the 
origin of the air masses. 

The amount and composition of chloride 
in rainwater from different places are tabulated 
in table 10. The European investigations are 
not so extensive as the corresponding ones for 
ammonia and nitrate and the American ones 
are also few, compared to the sulfur investiga- 
tions. The New Zealand and Australian in- 
vestigations are rather extensive because of 
the great practical importance of the salt 
transport from the sea by rain in these places. 

The amounts and concentrations of C1 in 
rainwater do not vary very much in inland 
places whereas coastal places show a great 
variation. Remarkably high figures are how- 
ever obtained from Iowa and Tennessee in the 
U.S.A., places which are really inland situated 
at great distances both from the Pacific Ocean 
and the Atlantic. For Iowa it has been assumed 
that all chloride in rain water is derived from 
the sea as no other likely sources exist in the 
neighbourhood. 

who in 1872 published his we Y known “Air 

British Isles. Some of the chlori B e analyses in 

2. Origin of chloride in precipitation 
It was suggested long ago that the sea was 

the greatest source for chloride in rainwater as 
rainwater in coastal places contained by far the 
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Place Ref. Period 
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Table 10. Chloride in precipitation at different places. 

I 
'urope 
Denmark: Askov.. . . . . . . . . . . . . . . . . .  

Blangsted . . . . . . . . . . . . . . .  
Hornum . . . . . . . . . . . . . . . . .  

France: Paris.. .................... 
Nantes .................... 

Germany: Miincheberg. . . . . . . . . . . . . .  
Great Britain: Cirencester. . . . . . . . . . .  

Rothamsted . . . . . . . . . .  
Garforth. . . . . . . . . . . . .  

Russia: Leningrad . . . . . . . . . . . . . . . . .  
R outside town.. . . . .  

Pawlowsk .................. 
Sapolje, Kreise Luga . . . . . . . .  
Smolensk . . . . . . . . . . . . . . . . . .  
Jekaterieslaw . . . . . . . . . . . . . . .  
Schotilowska, Tule distr. . . . .  
Borowoje, Ssarnara . . . . . . . . .  

Spain: La Guardia (at the coast). . . . .  

Spangsbjerg . . . . . . . . . . . . . .  

i merica 
Geneva N.Y ....................... 

Iowa: Mont Vernon (8 years). . . . . . . .  
Tennessee: Knoxville . . . . . . . . . . . . . .  

R Univ. Farm. .  . .  
Kansas: Madison. . . . . . . . . . . . . . . . . . .  
Barbados ......................... 
British Guiana: Georgetown. . . . . . . . .  

4 sia 
Japan:Tokyo ..................... 

Kobe ...................... 
Hamamatu . . . . . . . . . . . . . . . . .  

Bombay. . . . . . . . . . . . . . . . . . . .  
India: Ceylon.. . . . . . . . . . . .  . . ,  

4 frica 
Bloemfontein, South Africa. . . . . . . .  
Cedera, ,) n . . . . . . . .  
Durban, I) 1) . . . . . . . .  
Grahamstown, B 1) . . . . . . . .  

New Zealand 
Rangatai 500 mfromthese; 
Baring Head 500 n w w R 
Kelburn 6500,) w )) I) 

Pirinoa 65000 I) I) )) 

Belmont Hills 8000 w I) )) b) 

Levin 10000 w )) )) I) 

Wallaceville 18000 w H P) w 
PalmerstonNorth32000 )) I) )) n 
Martinborough 32000 w )) r) P) 

Te Awa 48000r H I) )) 

Waingawa 61000 n )) B x 
Lincoln, Canterbury.. . . . . . . . . . . . . .  

1919-1928 

[9I3/I4-193'/32 

I922 
1922 

1915-191 8 
1886-1889 
189e1895 

191011 1-191 I / I  5 

1912 

1911/12 
I 9 I I --.I 9 I 2 

'recipi- 
tation 
mm 

740 
600 
495 
730 
560 

405 
775 
740 
720 
646 
669 
522 
486 
660 
339 
476 
54' 

I433 

- 

900 

- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

550 
680 
910 
590 

965 

840 
I 400 
I 090 
1270 
1040 
790 

1070 
860 
750 

820  
I 2 2 0  

4.2 
4.7 
5.8 

12.4 
2.3 

3.6 
3.2 
2.4 
3.1 
3.6 
2.4 
1.6 
3.0 
3.1 
3.8 
1.8 

31.2 

- 

2 . 0  

2 .0 (5  

- 

- 
- 
- 
8. I 
4.6 

1.8 
2.3 
2.4 
9.7 

13.6 

.9 
2.7 
8.1 
4.5 

22.4 

8.7 
11.8 
7.5 
4.6 
5.8 
4.E 
7.f 
3.3 
4.E 
8.8 

2 0 . 2  

kg 
Cl/ha 

30.8 
29.3 
28.6 
90.9 
13.0 
8.4 

14.4 
24.6 
18.0 

23.0 
15.8 
8.3 

14.6 
20.3 
12.8 
8.7 

10.6 

22.0 

447 

18 

72 

140 
70 
18 
- 
- 

- 
- 
- 

202 
- 

5.1 
18.1 

73.5 
26.3 

216 
I 66 
I 06 
99 

106 
50 
74 
50 
60 
35 
41 
66.4 
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Place 

4 wstralia 
South Australia, York Pennisula. . . . .  
Victoria: O'Shamarsy . . . . . . . . . . . . . . .  

East Camberwell. 
Yarra . . . . . . . . . . . . . . . . . . .  
Upper Murray. . . . . . . . . . . . .  
Barrwan River Catchment. . 

West Australia: Merredin . . . . . . . . . . .  
Salmon Gums.. ..... 
Esperance . . . . . . . . . .  
Geraldton . . . . . . . . . .  
Perth . . . . . . . . . . . . . .  
Coolgardie. . . . . . . . . .  
Cue. . . . . . . . . . . . . . . .  
Mundiwindi . . . . . . . . .  
Rawlinna ......... 
Wilunna. ........... 
Condon. . . . . . . . . . . . .  

. . . . . . . . .  
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Period 

1923-1937 
1923-1937 
1923-1937 
1923-1937 
1923-1937 
1923-1937 
1933-1936 
1933-1936 

1926 
1926 
1926 
1926 
1926 
1926 
1926 
1926 
1926 

Ref. 

highest amounts of chloride. This is also clearly 
seen in table I I where SMITH'S data are tabulat- 
ed. Special investigations have also been car- 
ried out in order to asses the influence of the 
sea. Recent investi ation from New Zealand 

influence of the sea. Another investigation 
which is of interest in this connection is that 
published in 1905 by JACKSON (151). He ana- 

(119) shown in tab s e 10 shows very clearly the 

Table 11. C1-content in precipitation in Great 
Britain from Smith's investigations (277). 

Place 

London, spec. for 1869.. . . . . . . . . . . . .  
Birkenhead, Liverpool. . . . . . . . . . . . . .  
Scotland, inland country places . . . . . .  

, near an alkali work. . . . . . . .  
England, inland country places. . . . . . .  
Manchester, 1869-1870 . . . . . . . . . . . . .  
Scotland, towns (not Glasgow) . . . . . . .  
Newcastle on Tyne. . . . . . . . . . . . . . . . .  
England, towns. . . . . . . . . . . . . . . . . . . .  
Glasgow ........................... 
St. Helen's.. ...................... 
Liverpool .......................... 
Scotland sea coast country places, west 
Scotland sea coast country places, east 

and west ........................ 
Scotland sea coast country places, east 
Runcorn... ....................... 
Ireland, Valentina .................. 
Waterlow, near Liverpool.. .......... 
England, sea coast place, west. . . . . . .  
10-204486 

mg Cl/l 

1.2 
3.1 
3.3 
3.3 
3.9 
5.7 
5.7 
7.9 
8.5 
8.7 
9.3 
9.9 

11.9 

12.2 
12.6 
25.0 

35.5 
47.3 
54.6 

Precipi- 
tation 

mm 

445 
1620 
7'5 

1130 
840 
645 
2 60 
320 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
mg 

Cl/l - 

21.6 
2.7 
5.7 
4.4 
I .6 
8.4 
4.2 
5.7 

20.7 
28.7 
16.5 

9.6 
3.5 
6.3 
4.0 
8.2 

12.0 

kg 
Cl/ha 

lysed sprin waters in New England and New 

isochlors for the whole area. These isochlors 
show very clearly the influence of the sea in 
this district. Later CONWAY (78) used his 
data to set up a mathematical relation between 
the chloride content in uncontaminated spring 
waters and the distance to the sea. The rela- 
tion can be written 

York and B rom his analysis he was able to draw 

where C1 is expressed in mg/l and x is the 
distance from the sea in kilometers. 

The first term represents a relatively rapid 
decrease of C1 inland while the second one, 
although small shows that after the first rapid 
decrease there is a much smaller decrease. 

There is an investigation from Holland 
carried out by LEEFLANC (177) in 1938 of a 
similar kind as the New Zealand one although 
better suited for the calculation of a relation- 
ship of a similar type as (D) than the New 
Zealand investigation. The relationship corre- 
sponding to (D) from LEEFLANG'S figures 
reads 

C1= 11.7 e-o.SzSx + 3.0 e+.O23ox+ 3 . 0  (E) 

Also in this case the relation can be expressed 
by two exponential factors but it also involves 
a constant which is reasonable as there is 
always chloride in rainwater even very far 
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from the sea. The coefficients in (D) and (E) 
differ considerably. Firstly the initial Cl con. 
tent seems to be higher in (E) than in (D) and 
the decrease in the first term is also much 
more rapid. The second term in (E) decreases, 
however, much faster than the same in (D). 
It is probable that the differences are significant 
and indicate differing meteorological condi- 
tions on the North American east coast and 
the European west coast. 

The experimental points and relation (E) 
are shown graphically in fig. 8. 

An investigation similar to that of Leeflang 
has also been carried out in France by FARCY 
(105) at different places on the road from 
Brest to Paris. As a rule the C1 contents are 
higher than the Dutch ones with a very slow 
decrease inland. In one serie the Cl content 
in rainwater at the sea was 19.0 mg per litre 
and 18.7 mg per litre at 24.3 km distance 
from the sea. It is thus seen that the conditions 
for the transport of chloride from the sea 
may vary considerably from place to place. 

CONWAY (loc. cit.) has discussed the sources 
of C1 in detail. From equation (D) he calcu- 
lated by integration over all coast lines that 
the total amount of C1 brought inland from 
the sea each year amounted to 0.69 . 1014 g. 
Compared to other possible sources he men- 
tions that the total salt production by human 
activities amounts to 0.09 - 1014 g per year 

km from the sea 

Fig. 8 .  The concentration of CI, Mg and Ca in pre- 
cipitation in Holland as a function of the distance to 

the sea. 

Fig. 9. The relation between the concentration of S 
and C1 in precipitation around Leeds, Great Britain. 

while human secretion amounts to 0.05 * 1014g. 
Combustion of coal contributes onlyo.oI5 1014 

g per year. From equation (D) and the French 
investigation mentioned it is obvious that the 
figure 0.69. 1ol4g C1 per year may be far 
too small; obviously other sources of Cl in 
rainwater become insignificant compared to 
the sea. 

In industrial places the Cl content of the 
rain may rise somewhat but compared to the 
increase in sulfur the increase in Cl is smaller. 
This is seen from an investi ation by CROWTHER 

different points around Leeds in England. 
From their data on S and C1 it is possible to 
get a linear relation between these two which 
reads 

&STUART (82) who co l? ected rainwater at 

C1= 4.06 + 0.275 (F) 

This relation is shown diagrammatically in 
fig. 9. The correlation coefficient is equal to 
0.925. It is seen that the increase in C1 is 
about one fourth of the increase in S due to 
atmospheric pollution. In other places it may 
be even less.1 

Equation (F) is interesting as it shows that in 
absence of any industrial contamination the C1 
content of rain should amount to 4.1 mg ro 
litre, a very reasonable figure for England pCf. 
tab. 11 inland country places in England with 
3.9 mg C1 pro litre). 

In their final report of the Rothamsted in- 
vestigations RUSSEL & RICHARD (254) men- 
tion that the C1 content in rainwater at 

The increase of C1 in this case can hardly he due 
to combustion of coal as the chloride content of coal 
is very low. It i s  probably connected to some chloride 
containing chemicals used in the industry. 
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Vesuvius, I taly 
. . . . . . . . . .  March, 5, 1934 . 17, n .......... 

,v . 18, D .......... 
June, 30. u .......... 

Paracutin, Michoacan, Mexico 
1947 12 km N of the foot of 
the  Volcano.. 

. . . . . . . . . .  May, 10, 

. . . . . . . . . . . .  

289 

47 2.96 247 
47 3.16 I93 

47 2.82 105 
47 2.39 202 

55 

Table 12. C1 in precipitation near volcanoes. 

Rothamsted had a tendency of increasing with 
time, a fact they attributed to the increased 
combustion of coal. In the Cirencester series 
(KINCH, 159) it is, however, impossible to 
detect any such trend. 

Another source not mentioned before is 
C1 in volcanic gases. There are a couple of 
investigations which may be of interest in 
this connection. One is carried out near the 
Vesuvius volcano by BOTTINI (47) in 1934. The 
composition of 5 Sam les with respect to pH 

analysis from the Paracutin volcano in Mexico 
(BULLARD, 59). It is seen that the chloride 
figures are very high and, further, that in 
the Vesuvius’ figures a t  least part of the C1 is 
present as HCI as the pH is very low. 

It is evident that some chloride may lo- 
cally be of volcanic origin but the total contri- 
bution by volcanoes is insigiiificant compared 
to the contribution by the sea. 

and C1 is shown in ta t: le 12, together with-an 

3. Meteorologicid factors influencing the 
Cl-content of rainwater 

Some of these factors are obvious from the 
preceding discussion but as they have been 
pointed out in the literature they will be dis- 
cussed here. 

a. Rainfall 
As in the case of other compounds there is 

generally an inverse relationship between 
the C1-content and the amount of rainfall. 
As examples it can be mentioned that MILLER 
(213) using monthly averages calculated for 
Rothamsted the relationship to be approxi- 
mately 

Cl= 2+3/p 
in winter 

in summer and 
c1 = 0.5 +3/p 

c1 = 1.25+3/p 

for the whole year. In these expressions p is the 
monthly rainfall in inches. 

The expressions indicate that there is a 
lower limit of concentration in the precipita- 
tion, and this limit is higher in winter than 
in summer. 

SUGAWARA et al. (281) have recently (1946- 
47) analysed rainwater in Japan and found at  
Nagoya (4 km from the sea) also an in- 
verse relationship between rainfall and C1- 
concentration. 

Also in a few other investigations an inverse 
relationship can be traced. 

b. Wind direction and wind strength 
It is a well known fact that near the sea the 

C1 concentration in rainwater is largely in- 
fluenced by the wind direction at the time of 
rainfall. Also in inland places the Cl-concen- 
tration may be influenced by the wind direc- 
tion, a fact which at least to a certain extent 
can give information as to the origin of the 
air masses. 

In Leningrad WITUYNJ (312) found that the 
Cl content was higher in spring than in 
autumn depending on the westerly winds 
prevailing in the spring. In Denmark HANSEN 
(131) found that the C1 content even at in- 
land places was highest during westerly winds. 
In Donnersberge in Germany MENZL (207) 
found that the C1 content of rime frost depos- 
ited under different wind directions was the 
following: N, 8.01; NE, 4.78; E, 3.43; W, 
9.67 and NW, 10.53 mg/l. This shows that 
the air masses from north to west carried 
most CI. In snow he (208) found about the 
same while rain from the west had the hghest 
C1 concentration. In Haid also in Germany 
rain from SW had the highest C1 concentra- 
tion followed by rain from NW. In Hohen 
Sonnblick in Austria at 3106 metres’ altitude 
LAUSCHER & SCHWARZ (170) found that winds 
from north carried less chloride than winds 
from the south. 

From this is seen that at lower altitudes the 
sea has still a noticable influence on the Cl. 
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Fig. 10. The relation between the concentration of C1 
and wind length at Perrh, West. Australia. 

concentration of atmospheric preci itationeven 

this influence is not so pronounced. 
The wind strength when the winds come 

from the sea is reported to have some influence 
on the Cl content of rain. MIYAKE (216) in 
Ta an found a strong correlation between - f  C content and wind strength. WOOD & WII s- 
MORE (316) in their research on the salinity of 
rain in Western Australia correlated the C1 
content of rain at Perth with the total way 
the wind had travelled from the sea in 24 
hours. It is a rather interesting relationship 
although the correlation is not very strong. 
In fig. 10 the Cl content of the rainfall has 
been plotted against their computed wind 
length sea wind in miles124 hours. 

From fig. 10 it is seen that the C1 content 
of the rain is independant of the wind strength 
up to a wind velocity of 200 miles pro 24 
hours with a lower limit of 2 mg Cl ro litre. 
Above that velocity it can be state1 that in 
general 

in places far from the sea. At hig !i er altitudes 

C12 - 7.2 +0.036 v 

where v is the wind length in 24 hours, this 
lower limit being indicated on the figure by 
the dashed sloping line. Deviation from 

(GI 

this rule can, of course, occur on single occa- 
sions. The interpretation of this rule is simply 
that at high winds one cannot expect low C1 
contents in the rains, 

c. Altitude 
There is an old investigation from France 

carried out by BOBIERRE (43) in Nantes in 
1863 which may show differences at lower 
altitudes. He collected rainwater from two 
height$, 7 m and 50 m above the ground and 
analysed them. In the yearly averages there 
was no difference in the Cl contents but 
in winter the Sam les collected at 50 m con- 

while the reverse was true during summer. 
The reason for this may be local. 

There are, however, several investigations 
made at dfierent altitudes where precipita- 
tion has been collected on mountains. 

Analyses of rime frost on the Hohen Sonn- 
blick in Austria made both by LIPP (192) and 
LAUSCHER & SCHWARZ (1701 gave relatively 
low C1 values. LIPP found on 2962 m altitude 
an average of 1.1 mg CIA for 12 determina- 
tions with variations from 0.25 to 5.90. 
LAUSCHER & SCHWARZ found on 3106 m an 
average of 0.21 mg for 15 determinations with 
variations from 0.035 to 0.554 mg pro litre. 
In Donnersberge (207) on 8 5 3  m altitude the 
average for 17 determinations was, however, 
as high as 7.23, rain and snow containing about 
the same. Some analyses of water from lakes 
and rivers in the Haldde district in northern 
Norway presented by KOHLER (167) indicate 
that the Cl content in general decreased with 
increasing altitude althou h there were varia- 
tions, according to KO er probabl due to 

tained more C1 t K an those collected at 7 m 

topogra hic conditions $ K  influencing t e turbu- 
lence o P the air. 

The Cl content of precipitations thus 
seems to decrease with increasing altitudes. 
This has also been predicted by KOHLER (166) 
from theoretical considerations. 

d. Seasonal variation 
The seasonal variation in the C1 concen- 

tration of precipitation seems to be entirely 
connected to the prevailing winds as can be 
expected and also to the general meteoro- 
logical conditions such as wind strength. 
Such observations are reported from several 
places. 



COMPOSITION OF ATMOSPHERIC PRECIPITATION 29 1 

4. The CCKohler” distribution of Cl-con- 
centrations 

In 1925 KOHLER (165) published a report 
on an investigation of the C1 concentration 
in white frost formed at high altitudes by pre- 
cipitation and freezing of undercooled water 
particles in clouds. This type of frost will be 
called cloud frost here. From 49 analysis of 
collected cloud frost he found that the C1 
concentration in the melted frost could be 
expressed by 

C1= 3.523 . 2 n  mg pro litre 

where n is a positive or negative integer. Of 
course there was some variation within each 
group but the group formation was quite 
obvious and statistically significant. 

The distribution of Cl concentrations will 
be called the “Kohler” distribution here. It is of 
interest as he had earlier found that the masses 
of cloud particles also showed a group for- 
mation which could be written 

m = B . n  

where B is a base number and n so far has 
been shown to take the values 2, 3, 4, 5, 6, 7, 
8, 10 and 12. 

A surprising fact from this frost analysis was, 
however, that no correlation between the 
masses of the cloud particles and their C1 
concentrations was found. 

The explanation offered by Kohler for the 
observed C1 distribution is that the weight 
of the spray particles, which leave the sea 
is distributed in the same way as the C1 con- 
centrations, but the reason for such a distribu- 
tion in the spray is, of course, difficult to 
give. 

On basis of further investigations in the 
same place (the Haldde district in northern 
Norway) he found that the most comnion 
particle size had a radius of 8.82 10-4 cm. 
As the most common C1 concentration was 
3.523 mg/l the most common amount of 
sea salts in a particle is 1.847 * IO-’~ g but that 
smaller or greater amounts could occur. For 
comparison it can be mentioned that ALI- 
VERTI (6, 7) in an investigation from Pavia in 
Italy found that the average amount of salt 
in condensation nuclei was 0.075 - 10-l~ which 
corresponds to a value of n in Kohler’s for- 

mula between -4 and -5, if the particles had 
the same masses. 

Investigations similar to Kohler’s were later 
carried out by LIPP (192) and LAUSHER & 
SCHWARZ (170) in the Hohen Sonnblick and 
by MENZL (207) in Donnersberge. The data 
of LIPP and LAUSCHER & SCHWARZ are, how- 
ever, too few to detect any “Kohler” distri- 
bution. The C1 values from Donnersberge are 
surprisingly high, varying from 3.43 to I 5.3 3 
mg Cl/l. 

There are some other investigations of Cl in 
rainwater where distinct “Kohler” distribu- 
tions of C1 concentrations are found. In these 
the rainfalls are, of course, analysed separately. 
In Leiden in Holland (4 km from the sea) 
ISRAEL (150) found that the C1 content of 
rainwater could be expressed by 

C1= 3.42 * 2 n  mg pro litre 

where n =  o and I seemed to be the most 
common values. 

The West Australian investigation mention- 
ed before (WOOD & WILSMORE 316) show 
also weak signs of the “Kohler” distribution as 
well as MENZL’S (208) on rainwater from 
Donnersberge. 

In an investigation from Japan MIYAKE (216) 
also found “Kohler” distributions of Cl con- 
centrations in rainwater although the base 
numbers varied somewhat. In Tokyo he found 

C1 = 2.10 2” mg Cl/l 

C1 = 1.89 - 2” mg Cl/l 

C1 = 4.0 2 n  mg Cl/l. 

and in Kobe 

and in Hamamatu 

The most pronounced “Kohler” distribution 
of C1 contents in rainwater is found in the 
analysis from Mont Vernon in Iowa, U.S.A. 
The investigations are extended over 10 years 
with analysis of separate rainfalls. The anal- 
yses are, however, ap arently carried out by , 

N. KNIGHT at the Mont Vernon University 
(For references see IS, 117, 161, 234, 246, 
269, 290, 306 and 318). In most of the reports 
only the total amount of Cllacre is . 
concentrations from these amounts and the 
listed rainfalls. 

different workers un B er the supervision of 

The author has therefore recalculated t F= e C1 
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Table 13. The distribution of C1-concentrations of the rainfalls at Mont Vernon, Iowa. 

S I 
Frequ. I 

5 28 
Frequ. I 

3 7 8 1 0 1 3  
I I 3 30 I 

29 30 32 33 34 
I 71 2 I 2 

73 88 92 

Total Frequ. 

- 
18 
2 

43 
I 

- 

140 

14  15 
2 3 7  

35 36 
3 5 

16 

40 
‘4 

From the total number of analysis it can be 
concluded that the analyses of C1 were car- 
ried, out with a recision of 0.355 mg Cl pro 

presented by the formula 
litre as practical P y all the figures can be re- 

Cl = 0.355 - s 
where s is a positive integer ranging from I to 
140. The number of Cl analysis for different 
s is shown in tab. 13. 

In connection with KOHLER’S work it is 

23 24 = 5 

49 50 
I I 

Freouencv 

25 26 27 

52 60  70 
4 5 3 1 6 7  

I 4 2 1 1 4  

4 1 285 

Mont Vernon, Iowa 

20 

94  

45 

Menzl 1948 (only roin) 

22 

4 

3 1  
48 

Israel 1934 

Kohler 

West -Australion PlOces. 
Wood 1929 

Perth, Wood I929 
log ( m g  CI /  litre) 

Fig. 11. The distribution of log (mg Cl/l) for some 
places. 

of interest to note the high frequency of s 
equal to 10, 20 and 40. These are well repre- 
sented by Kohler’s formula with the base 
number 3.5 and n equal to 0, I and 2. On the 
other hand the high frequency of the figure 
10.65 (s = 301 indicates a deviation from the 
“Kohler” distribution, 10.65 being the sum 
of 3.55 2O and 3.55 - 21. 

The distribution of log (mg C1 pro litre) 
for Perth and some other places in Australia 
(WOOD & WILSMORE, 3 16) Haldde (KOHLER, 
165) Leiden (ISRAEL, 150) Donnersberge and 
Haid (MENZL, 208), and from Mont Vernon, 
Iowa is shown in fig. 11. The intervals have 
been taken equal to 0.05 units. It is seen that 
the Haldde series shows the widest distribution 
and very distinct frequency groups. This is 
also quite distinct in the Leiden series as well 
as in the Donnesberge-Haid series. In the 
Mont Vernon series this frequency group 
formation is very pronounced. The Australian 
series have, at least, a tendency of frequency 
group formation. The base values for this 
series seems, however, to differ from the 
European and American series, a fact which is of 
interest in connection with the earlier men- 
tioned Japaneese observations. 

A frequency group formation can also be 
traced in the figures published by HEYMANN 
(140) from Oosterveld in Holland which has 
been mentioned earlier. On the other hand the 
Zeeveld figures do not show any such ten- 
dency. As Zeeveld is close to the sea the figures 
may be influenced by sea spray which has 
precipitated straight into the rain gauge. 

It should be mentioned that HOUGHTON & 
BENRIS (142) did not find any frequency 
group formation in the C1 values from cloud 
water collected on Mount Washington. How- 
ever, they did not give any details of their 
work. 
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Table 14. See the text. 

0.283 I .o 3.5 
0.520 2.7 5.2 
0.311 4.4 14.2 
0.075 8.4 I12  
0.034 6.7 I97 

Area 1 km8 
Catchment area 

I- 
3.4 
4.75 

15.3 
'34 
203 

Upper Murray, Vic.. . . . . . . . . . . . . . . . .  
O'Shannany River, Vic.. . . . . . . . . . . . .  
Yarra River, Vic. 
Barwon River, Vic. .  
Helena River, West. Austr.. . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  

From all the results shown it seems quite evi- 
dent that a frequency group formation of the 
C1 content in precipitation does exist. 

5. Practical importance of the transport of 
oceanic salts inland 

In arid places the transport of sea salts 
inland has a very great practical importance. In 
western Australia the transport of sea salts 
inland has caused an increase in the salt con- 
tent of the soil, the streams and the water 
reservoirs (WOOD, 315) .  In 1914 WELLER (303)  
found that the Mundering reservoir catch- 
ment area (about 1400 square km) received 
around go kg of oceanic salts ro hectare 

from this area to the sea the salinity of the 
reservoir water has been steadily increasing. 
WOOD (315) also mentions that in many of 
the water reservoirs for the railways in West- 
ern Australia the salinity of the water had 
increased to such a degree that the water could 
not be used for the locomotives. This process 
has been enhanced in many places by the 
clearing of land from natural vegetation 
thereby causing a ra id runoff of water to the 

mulated salts in the soil. 
A more recent Australian investigation men- 

tioned earlier (ANDERSON, 13) concerns arid 
parts of the State of Victoria. He found from 
analysis of river waters from different catch- 
ment areas that, knowing the rainfall, runoff 
and the salt content of the rainfall, it was 
possible to calculate the composition of the 
river waters. Comparison between calculated 
and found values shows a very good agree- 
ment. (See table 14.) As mentioned earlier he 
also found that the composition of some lake 
waters in this district was very similar to that 
of sea water. 

and year and as there is practical P y no outlet 

reservoir, the run0 2 water carrying the accu- 

26600 

2530 
3710 
1480 

I Z I  

Rainfall 

mm 

842 

642 

1620 
I 1 1 0  

713 

It is obvious that under arid conditions 
where the percentage evaporation is high an 
accumulation of salts must occur in the soils. 
This is, no doubt, a very common cause of 
saline soils in desert and semidesert district 
although some saline soils may be due to 
salt lenses in the soil at greater depths and a 
high eva oration. 

The sa P t transport seems to be of some im- 
portance also in New Zealand (119) where, in 

aces, the soil processes appear to be 

A concentration of oceanic salts in the soil 
water seems also to take place in humid areas. 
WARINGTON (295) published an account of 
analysis of drain and well waters in Rotham- 
sted in 1887. He found that the C1 content 
of drain water from unfertilizedplots was higher 
than in rainwater. This, he ex lained, was due 

effecte Some s' by the accumulation of oceanic salts. 

to the eva oration which ta kp es place during 
summer. T R is fact suggests an indirect method 
of estimating loss of water by evaporation 
from uncultivated soils. This, however, is 
possible only where no well waters containing 
Cl can reach the upper layers of the soil. 

E. Iodine in precipitation and air 

The presence of iodine in atmospheric pre- 
cipitation is mainly of medical interest in 
connection with goitre and most of the more 
recent investigations seem to have had, as a 
purpose, the making of a survey of existing 
sources which can deliver iodine to the air. 

As early as in 1852 MARCHAND (197) showed 
that rain, snow and hail contained considerable 
amounts of iodine and bromine. At about the 
same time CHATIN (71) found in analysis of 
rain and spring waters from Guiana in South 
America 5 pg iodine/l and in Nice 4 ,ug/l. In 
an investigation from Pisa around 1860 DE 
LUCA (193) found iodine both at 54 and 18 m 
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height above the ground. (The samples were 
taken from the famous leaning tower.) On 
the other hand CHAIRY (70) in 1884 did not 
find any iodine in rainwater collected in Al- 
giers despite the fact that the content of 
oceanic salts in the water was quite high. 

More systematic work was started by VON 
FELLENBERG (107, 108) who in 1926 published 
a paper about the iodine cycle in nature. Most 
of his work is concerned with analysis for 
iodine in the air. 

In 1927 HEYMANN (140) in Holland publish- 
ed analyses of air, rain and drainwater. A few 
air analyses from Leiduna (6 km from the sea) 
in 1924-25 are given below. 

Wind direction E SW SW E SO SSW NW 
p,g I / l . .  . . . . . 0.5 1.0 0.2 1.5 0.1 0.05 0.2 

The rain analysis were carried out in Ooster- 
veld and Zeeveld. He found an average of 
3.6 pg for Oosterveld and 3.7 pg for Zeeveld. 
The distribution of the values are given below 

p g  I pro litre I 2 3 4 5 6 
Oosterveld . . . 5 o 7 7 5 I 
Zeeveld . . . . . 3 6 3 4 8 I 

p g  I pro litre 7 8 g 10 1 1  12 

Frequency at Oosterveld . . . 3 I I o o o { Zeeveld . . . . . I z I o o I 

Frequency a t  

There is as seen no difference in the iodine 
content of rain from these two places. The 
average C1 content in Oosterveld was 12.6 
and in Zeeveld 28.8 mg Cl/l, Zeeveld being at 
only 0.4 km distance from the sea. Further 
there was no correlation between the C1 
and the iodine figures. This suggests a different 
mechanism by which iodine is brought from 
the sea which in this case was the only possible 
source. 

Further the ratio Cl/I in the samples was 
very much lower than in sea water as sea 
water contains only 20 pg/l. HEYMANN further 
observed a great difference in the behaviour 
of C1 and iodine. From his drain water 
analysis he found that while C1 was hgher 
in the drain water than in the rain (due to 
evaporation) the reverse was true for iodine. 
A loss of iodine must have occured in the soil. 
VON FELLENRERG (108) found a little later that 
water containing iodide lost iodide when in 
contact with air. He suggested that iodide is 
oxidized to iodine which is volatile and 

escapes from the water to the air. Further he 
found that the air in spas which used iodine 
rich ground water contained a high concen- 
tration of iodine, up to 5 y pro cubic metre, 
a fact which supported his theory. 

In a series of investigations CAIJER (63, 64, 
65, 66) continued VON FELLENRERG’S work. He 
also analysed air at high altitudes 3000 m for 
iodine and found about the same concentration 
as near the ground, i.e., it varied between 0.1 
and 1.4 ,&cubic metre. This is also different 
from Cl which seems to decrease at higher 
altitudes. 

CAUER developed a theory that the oxidation 
of iodide to iodine was done by ozone, present 
in the air, and he showed that ultraviolet ra- 
diation of iodide containing water caused 
great losses of iodine. The iodine cycle in 
nature is thus more complicated than the 
chloride cycle. 

The sea is thus a great source of iodine 
which is partly brought to the air by s ray 

Iodide carried to the soil by rain may also be 
brought to the atmosphere by this oxidation. 

An important source of iodine in air in the 
western Europe is iodine released in the proc- 
ess of burning seaweed as practiced to a great 
extent in Bretagne in France. Seaweed con- 
tain rather great amounts of iodine and Cauer 
estimated that about 6 per cent was lost 
during the burning process. In 1933 and 1934 
this amount was equal to 65 tons a ear, an 

raise the iodine content of the air in western 
Germany up to 2 p g  pro cubic metre. 

Another source is from coal used in industry 
but this contribution is very small. 

and partly by oxidation of iodide to io 1. me. 

amount which he considered to be su 2 icient to 

F. Other inorganic compounds in 
precipitation 

Occasionally rain and snow has been anal- 
yses for other compounds than those discussed. 
Some old analyses are given by PIERRE (237), 
ARAGO (14), BARRAL (20), DE LUCA (193) and 
RORINET (248). Of these that of ARAGO is of 
greatest interest. He collected rainwater in 
Paris from July to December 1851 and ana- 
lysed for Ca and Mg. The average for this 
time is 6.5 mg CaO and 2.1 mg MgO/l. 

More recently MAC INTYRE & YOUNG (19s) 
made analysis for Ca, Mg, K and Na in rain- 
water collected at some points in Tennessee in 
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U.S.A. The atmospheric pollution was, how- 
ever, quite strong at these places due to indu- 
strial activities. 

In Europe some recent data on Ca and Mg 
in rainwater have been given by FARCY (10s). 
He collected rainwater in the neighbourhood 
of Brest in France. He concluded from his 
analysis that art of Ca and Mg in the rain- 

found Mn in the rainwater on some occasions. 
He believed that it had been carried over the 
Atlantic from America. 

In a series of papers from 1943 to 1947 
BERTRAND (29-35) gives some data on Ca 
and Mg in rainwater collected at Grignon and 
at Paris in France. In Paris he found as an 
average a Mg/Ca ratio of 0.089 (the soluble 
part) and in Grignon 0.049. The same ratio 
in sea water is 3.16. Most of the Ca must then 
have been of litospheric origih while at least 
part of the Mg was derived from the sea. 

In Holland LEEFLANG (177) analysed rain- 
water collected at different distances from the 
sea also for Ca and Mg. The results are shown 
below 

Distance from 
the sea in Sea 
km 0.44 2.28 3.0 5.6 48.0 86.0 water 
Ca mg/l 2.5 1.9 1.7 1.7 1.7 1.7 
Mg ,, 1.7 1.3 1.2 I,I 1.0 1.8 
Mg/Ca .68 .68 :70 .65 .59 .47 3.16 
Mg/Cl .105 .143 .160 .169 .250 .250 .068 
Ca/C1 .154 .209 .226 .262 .425 ,532 ,021 

and are shown graphically in fig. 8. 
It is seen that Mg decreases regularly inland 

whereas Ca remains comparatively constant. 
The Mg/Cl ratio increase 2.5 times inland 
but is of the same order of magnitude as in 
sea water near the coast. The ratio Ca/Cl is 
much higher in the rainwater than in the sea 
even near the coast. It is about 25 times 
higher far from the coast. 

A recent work from Japan gives similar 
results as those of LEEFLANG. From rainwater 
analyses durin 1946-49 SUGAWARA etal. (281) 

water was o P litospheric origin. FARCY also 

reported the B ollowing ratios. 

Suga- Na- Matsu- Sea 
shima goya mot0 water Place 

Distance from 
the sea in km o 4 I00 

Na/C1. . . . . . . .05 .55 .58 .55 

Ca/CI ....... .138 .172 3.76 .02 I 
Mg/Cl . . . . . . . .080 . ~ o g  .344 .068 

The Na/Cl ratio is remarkably constant 
but the Mg/Cl and Ca/C1 ratios shows about 
the same trend as mentioned before. 

SUGAWARA et al. offer an interesting explana- 
tion for the variation in these ratios. They 
regard the salts in rainwater as derived from 
the sea but they are washed down selectively, 
the most hygroscopic salts being washed down 
near the coast. Salts like CaSO, which are 
non-hygroscopic can be carried far inland, 
thus raising the Ca/C1 ratio considerably as 
chlorides of Mg and Ca are much more hy- 
groscopic than corresponding sulfates and are 
precipitated near the coast. They found a 
similar trend in the ratios in a vertical direction 
by analysing recipitation, rain and snow 

considerable enrichment of Mg over C1 in 
rime frost on Hohen Sonnblick in Austria. 

BERTRAND (36, 38, 39) also determined K in 
some rainwater samples collected in Paris. He 
found 0.22 mg K/1 in 1942 in a sample and 
0.42 in another. The corresponding Mg figures 
were 0.19 in the first sample. The potassium is 
thus relatively high. Part of it may be derived 
from coal by combustion. 

In a recent work INGHAM (148) found that 
vegetation can adsorb comparatively large 
quantities of Ca from air which is washed 
down by rain. It is possible that non-hygroscop- 
ic salt can be adsorbed from the air in this 
way and thus be brought to the soil. 

A few other compounds have been reported 
occasionally in rainwater. Small amounts of 
P,O, have been found (MOORE et al., 217; 
TRIESCHMANN, 290; DE LUCA, 199). INGHAM 
(148) found in rain 0.34 mg P,O,/l and in 
drip from tree leaves during rain 2.0 mg/l. 
These figures are indeed very high compared 
to earlier estimates. 

There is also an analysis on As in rainwater 
reported by XHORIS (317). The rainwater was 
collected near Liege and contained 3.07 mg 
As pro 100 g dry matter from the rainwater. 
He suggested industrial origin. 

G. Miscellaneous 

Atmospheric precipitation invariably con- 
tains insoluble substances of different origin. 
These have not been studied very much; on a 
few occasions with exceptional high contami- 
nation they have been investigated mostly in 
order to determine their origin. 

from different a P titudes. Also LIPP (192) found a 
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Volcanoes often give rise to local conta- 
minations. Sometimes the dust from eruptions 
can travel long distances. A well known 
example is the dust rain which occurred in 
northern Europe in 1875 when the volcano 
Askja on Iceland was in action. The distri- 
bution of ash and dust from this occasion has 
been reviewed by THORARINSSON (285). 

In the Mediterranean coloured rain may 
occur. This is due to solid particles from arid 
regions. By the action of wind the particles 
are brought up into the air and can be carried 
long distances before they are precipitated by 
rain. MENIER (210) found on one occasion in 
Palermo in Italy that a sample of such dust 
contained 59.14 per cent sand, 23.91 per cent 
CaCO, and 8.58 per cent clay. He suggested 
as origin the Sahara Desert. 

A real dustrain occurred in 1892 in May 

(NORDENSKIOLD, 229, 230), the rain falling 
over parts of Germany, Denmark, Sweden 
and Finland. It was brought down in appre- 
ciable quantities in a comparatively narrow 
strip from northwestern Germany to Finland. 
The dust consisted mainly of mineral frag- 
ments. 

The radioactivity of precipitation has also 
been investigated. It is reported (77) that 
snow has an induced radioactivity which dis- 
appears after a couple of hours. 

Erratum 

In part I of this paper, page 231, the 
eleventh row below the subheading no. 8 
stands “cm3”. Should read “cm2”. 

BIBLIOGRAPHY 

I .  ACKROYD, W., 1901: Researches on Moorland wa- 
ters. Part 11. O n  the  origin of combined chlorine. 
Trans. Chem. Sor. 79, 673. 

2. ADEL, A., 1939: Note on the atmospheric oxides of 
nitrogen. Astroph. J., 90, 627. 

3, - 1946: A possible source of atmospheric N,O. 
Science, 103, 280. 

4 .  - 1951: Atmospheric nitrous oxide and the nitrogen 
cycle. Ibid., 113, 624-625. 

5 .  ALBRECHT, F., 1925 : Wolkenuntersuchungen auf 
dem Hohen Sonnblick in Sommer 1924. Jahresber. 
des Sonnblicks-Vereirtes, 1924, I 1-1 5 .  

6 .  ALIVERTI, G., 1941: La condensazione del vapor 
d’acqua nell’atmosfera. Ricercu sci. 12, 1251-1260. 

7 .  - 1946. La saliniti delle precipitazioni a Pavia nel 
period0 Ottobre 1944-Ottobre 194s. Ricerca sci. 
e ricostrur. 16, 929-31. 

8. ALWAY, F. J., MARSCH, A. W., & METHLEY, W .  J., 
1937: Sufficiency of atmospheric sulfur for maxi- 
mum crop yield. Proc. Soil Sci. SOC. Amer.,  2,229-238. 

9. ALWAY, F. J., 1940: A nutrient element slighted in 
agricultural research. J .  Amer. SOC. Agron. 32, 

10.  ANDERLIND, L., 1898: Mitteilungen iiber die Ab- 
hangigkeit der Menge des in den wassrigen Nieder- 
schligen enthaltenen Stickstoffs von den Land- und 
Seewinden. D i e  Landw. Versuchsst. 50, 159. 

11.  ANDERSON, V. G., 1914: The influence of weather 
conditions upon the amount of nitric acid and nitrous 
acid in the rainfall near Melbourne. Chem. News, 
110, No. 2859. 

12. - 1915: The influence of weather conditions upon 
the amount of nitric acid and nitrous acid in the 
rainfall near Melbourne. Quart. Journ. Roy. Met. SOC. 
London. 41. 99-12?,. 

1 3 .  - 1945: Some effects of atmospheric evaporation 
and transpiration on the composition of natural 

91 3-92 I .  

waters in Australia. Journ. Proc. Anstralian Chem. Insf. 
12. 41-68, 83-98. 

14.  ARAGO, F., 1852: Rapport sur un travail deM.Barra1, 
intituli: Premier mtmoire sur les eaux de pluie 
recuellies ?I I’Observatoire de Paris. Compt.  Rend., 34, 
824-834. 

I S .  ARTIS, B., 1916: Nitrogen, chlorin and sulfates in 
rain and snow. Chem. News,  113, No. 2928, 3-5. 

16.  ATKINS, W. R. G., 1947: Electrical conductivity of 
river, rain and snow water. Nature, 159. 674. 

17.  AUFRAY, 1909: Nitric acid and ammonia in the rain- 
fall at Tonkon. Bull. Econ. Ind. China, n. ser. 12. 

1 8 .  BAMBER, M. K., 1900: Report on Ceylon tea soils. 
Colombo. 

19. BARBADOS: Composition of Barbados rainfall. Rpt. 
Agr.  Work Barbados. Imp. Dept.  Agr. West  Indies. 
The Years 1901 to 1908. 

20. BARRAL, 1853: Note sur l’analyse d’eaux de pluie 
recueillies et distillies dans du platine. Compt.  rend., 
36, 184-187. 

2 1 .  BASILE, G., 1895: Analisi delle acqua meteoriche 
cadute a Catania du tutto giugna 1888 a tutto set- 
tembre 1889. Star .  Sper. Agrar. Ital., 28, 545-574. 

22. BATTA, G., & LECLERC, ED., 1934: Note sur la com- 
position des eaux resultant de la foute des neiges. 
Bull. SOC. Chim. Belg., 43, 320-326. 

23 BEAR, F. E., 1922: Nitrogen economy in soils. J .  
Amer. SOC. Agron., 14, 136-152. 

24.  BECHI, E., 1876: Saggi di esperienre agrurie. Florence 
1870-76. 

2 s .  BERTOLANI, M., 1946: La neve rossa caduta nel 
gennaia 1946 sulla zona dell’Abetone. Att i .  Soc. N a f .  
e Mat.  Modenu., 77, 123-129. 

26.  BERTRAMSON, G. R., FRIED, M., & TISDALE, S. L., 
1950: Sulfur studies of Indiana soils and crops: Soil 
Sci., 70, 27-41, 

27.  BERTRAND, G., 193s: A propos des apports atmos- 



297 COMPOSITION OF ATMOSPHERIC PRECIPITATION 

pheriques de soufre combinC aux terres arables. 
Compt. Rend. Acad. Agr.  France., 21. I O I S - I O I ~ .  

28. - 1935: Observations B propos des apports atmos- 
phiriques de soufre aux terres arables. Compt.  Rend., 

29. - 1943: Sur le magnCsium contenu dans l’eau de 
pluie rtcoltCe B Grignon. Ann.  Agron., 13. 109-116. 

30. - 1943: Sur le magntsium contenu dans l’eau de 
pluie rCcoltCe B Paris. Ann.  Agron., 13, 221-232. 

3 1 .  - 1943: Sur le magnCsium contenu dans l’eau de 
pluie rtcoltCe B Grignon. Ann. de l’lnstitute Pasteur, 
69, 294-302. 

32. - 1943: Sur le magnesium de l’eau de pluie rC- 
coltCe B Grignon. Compt.  Rend., 216, 364-367. 

33. - 1943: Sur le magnCsium et le calcium de I’eau 
de pluie recoltCe B Paris. Compt.  Rend., 216,701-704. 

34. - 1944: Origin multiple du magntsium de l’eau 
de pluie. Compt.  Rend., 219, 14-16. 

3 5 .  - 1944: Sur le magntsium contenu dans l’eau de 
pluie rCcoltCe B Paris. Ann. de l’lnstitute Pasteur, 70. 

36. - 1945: Le potassium dans l’eau de pluie. Compt.  
Rend., 220, 865-868. 

37. - 1945: Sur l’origine multiple de magnbsium con- 
tenu dans I’eau de pluie. Ann.  Agron., 15, 153-160. 

38 .  - 1946: Sur le potassium de l’eau de pluie. Ann.  
de l’lnstitute Pasteur, 72, 621-630. 

39. - 1947: Dtmonstration biologique de la prCsence 
du magntsium et du potassium dans I’eau de pluie. 
Compt.  Rend., 225.169-172. 

40. - 1947: Sur une demonstration par voie biologique 
de I’existence du magntsium et du potassium dans 
l’eau de pluie. Ann. Agron., 17, 639-642. 

41 .  BINEAU, A,, 1852: Recherches sur la composition 
chimique des eaux de pluie recueillies dans l’hiver 
de 1851-52 B l’observatoire de Lyon. Compt.  Rend., 
34. 357-359. 

42. BLEYER, B., SCHWEIBOLD, J., & HARDER, B., 1932: 
Beitrage zur Kenntnis des Jodumlaufes in der Natur. 
Biochem. Zeitschr., 251, 87-100. 

43. BOBIERRE, 1864: Recherches sur la composition 
chiniique de I’eau pluviale recueillie dans les villes 
B diverses altitudes. Compr. Rend., 58, 755. 

44, BONAME, P., 1895: Rapport Annuel de la Station 
Agronomique pour 1895. Mauritius. 

45. BORDAS, F., & DESFEMMES, A., 1928: Pluies de pous- 
sieres et pluies de sel. Compt.  Rend., 185, 603-605. 

46. Boss, G., 1941 : Niederschlagsmenge und Salzgehalt 
des Nebelwassers an der Kiiste Deutsch-Siidwest- 
afrikas. Bioklim. Beibliitter., 8 ,  1-15. 

47. BOTTINI, 0.. 1935 : Fattori pedogenetici particolari 
della regione vesuviana. Gas e sublimazioni vulca- 
niche. Ann.  Osservatorio Vesuviano., 3, 141-151. 

48. - 1939: (Corrosive rains in the Vesuvius region.) 
Ann. clrim. applicata, 29, 425-433. Ref. C. A., 34, 
1783. 

49. BOUSSINGAULT, J. B., 1882: Recherches sur la prt- 
sence de l’acide nitrique et de I’ammoniaque dans 
le eaux et la neige, recueillies dans les glaciers des 
Alper par M. Civilale. Compt.  Rend., 95, 1121-1123. 

50. - 1858: Recherches sur la quantitt I’acide nitrique 
contenue dans la pluie, le brouillard, la rosCe. Compt.  
Rend., 46. 1123-1130, 1175-1183. 

51. BRAADLIE, O., 1930: Inneholdet av ammoniak 
og nitratkvelstoff i nedboren ved Trondhjem. Kgl. 
Norske Vids. Selskaps Forlrandl., 3, no. 20. 

201, 309-312. 

234-247. 

52. BRAARUD, T., & KLEM, A., 1931: Hydrographical 
and chemical investigations in the coastal waters off 
More. Hvalrcd. Skr. no. I. 

53. BRETSCHNEIDER, P., 1872: Ueber den Regental/ zu 
Ida-Marienhiitte in den Jahren 1865-1872 und der 
Gehalt des mefeorischen Wassers an Sticksto$ in 
Form von Ammoniak und Salpetersiiure. Breslau 1872. 

54. - 1872: Ueber die Quantitaten Ammoniak welche 
die hauptsachlichsten Konstituenten des Kulturbodens 
aus der Atmosphare innerhalb eines Jahres auf ge- 
messener Flache absorbieren. Der Lantwirt, 8. 325, 
234, 238 &241. 

5 5 .  BROWN, H. T., 1870: On the estimation of ammonia 
in atmospheric air. Proc. R o y .  Soc., London, 18, 
286-288. 

56. BRWNNISH, J. C., 1909: Fertilizing value of rain- 
water. Ann.  Rep. Dept .  Agrir. Queensland, 1908-09, 
p. 59-60. 

57. BUCH, K., 1920: Ammoniakstudien an Meer- und 
Hafenwasserproben. Kemistsamfundets Meddelanden 

58. BUENOS AIRES, 1906: The climate of Buenos Aires. 
Statis. Ann. C i t y  Buenos Aires, 16, 3-8. 

59. BULLARD, F. M., 1947: Studies on Paracutin volcano, 
Michoacan, Mexico. Bull. Geol. SOC. Amer., 58. 
43 3-450. 

60. CAPUS, G., 1914: The economical value of tropical 
rainfall. Ann.  Geogr., 23, 109-126. 

61 .  CARMODY, P., 1902: Ann.  Rep.  Gout. Analyst f o r  
1901-2 (Trinidad 1902.) 

62. CASOLI, A,, 1901: L‘ammoniaca nelle acqua meteo- 
riche e la pioggia sanguinante. Staz. Sper. Agr.  Ital. 
34r 833-848. 

63. CAUER, H., 1931: Das Jod der Luft im Hoch- 
gebirge. Jahresber. des Sonnblicks-Vereines, I93 I ,  p 20 

-27. 
64. - 1933: Das Jod der Luft, sein chemisches Ver- 

halten und seine bioklimatische Bedeutung. Verof .  
Med. Verw. ,  39. 466-584. 

65.  - 1937: Chemisch-bioklimatische Studien in der 
Bretagne. Biochem. Zeitschr., 292, 116. 

66. - 1938: Einiges Uber den Einfluss des Meeres auf den 
Chemismus der Luft. Der Balneologe., 5. 409-415. 

67. - 1941: Chemische Studien iiber die Bedeutung 
der Gesteinsstaubteilchen als Sublimationskerne in 
der freien Atmosphare. Bioklim. Beibl. no. 3-4, 
90-92 .  

68. CAVALCANTT, A. B. U.: Aquas Pluviales. Inst. Agron. 
Estado Sao Paulo em Campinas Colleccao dos tra- 
balhos agricolas extrahidos dos Relatorios. Annuaes 
de 1888-1893, p 135-137. 

69. CHABRIER, 1871 : Dosage des acides nitreux et nitri- 
ques dans les eaux de pluie. Compt.  Rend., 73, 

70. CHAIRY, 1884: Sur les eaux de pluie de la ville 
d’Algier. Compt.  Rend., 99, 869-871. 

71.  CHATIN, A,, 1853: Prtsence de I’iode dans les eaux 
pluviales, les eaux courantes, et les plantes des 
Antilles et des cBtes de la MtditerranCe. Compt.  Rend., 
37. 958. 

72. CLARKE: The data of geochemistry. U. S. Geol. 
Survey Bull. 770. 

73. CLOEZ, S.,  1861: Note sur la presence de l’acide 
nitrique libre et des coniposCs nitreux oxygCnCs 
dans l’air atmospherique. Compt.  Rend., 52, 527. 

74. COLLINS, W. D., 81 WILLIAMS, K. T., 1933 : Chloride 

1920, P 57-74. 

485-488, 1273-1274. 



298 E R I K  E R I K S S O N  

and sulfate in rain water. Itid. Etg. Chem., 25, 
944-945.  

75. COLLISON, J. B., & MENSCHING, J. E., 1932: Compc- 
sition of rain water at Geneva, N.Y., for a Ic-years 
peri0d.N. Y. State Sta. Techn. Bull., 193, 19 pp. 

76. CONRAD, J. P., 1950: Sulfur fertilization in Cali- 
fornia and some related factors. Soil Sci., 70, 43-54. 

77. CONSTANZO, G., & NEGRO, C., 1906: Uber die Radio- 
aktivitat des Regens und Schnees. Physikal. Zeitschr., 
7. 350-352, 921-924. 

78. CONWAY, E. J., 1942: Mean geochemical data in 
relation to oceanic evolution. Proc. Roy.  Irish Acad. 

79. COOPER, L. H.  N., 1337: The nitrogen cycle in the 

80. CORBET: See Koch 1941. 
8 I. CROWTHER, CH., & RUSTON, H.  G., 1911 : The nature, 

distribution and effects upon vegetation of atmos- 
pheric impurities in and near an industrial town. 
J. Agr. Sci., 4, 2 5 - 5 5 .  

82. CROWTHER, CH., & STUART, D. W., 1913: The 
distribution of atmospheric impurities in the neigh- 
bourhood of an industrial city.J. Agr. Sci., s, 391- 
408. 

83. CULTRERA, R., 1946: (Photochemical oxidation of 
H,N+ to NOz- in soils.) Ann. Chim.  A p p l .  36, 
245-253. Ref. Soil G Fert., 10, 423. 

84. DALTON, J., 1825: Salin impregnation of rain. Edin- 
burgh J. Sci., 2, 176. 

8 5 .  DANIEL, H. A,, ELWELL, H. M., & PARKER, H. Y., 
1938: Nitrate nitrogen content of rain and runoff 
water from plots under different cropping systems 
on soils classified as Vernon fine sandy loam. Proc. 
Soil Sci. Amer.,  3, 230-233. 

86. DAS, A. K., SEN, G. C., &, PAL, C. K., 1933: The 
composition of the rain water of Sylhet. Indiarr 

87. DAUVILLIER, 1933: Sur I'origine de I'ozone atmos- 
phirique. Recherches faites au Scoresby Sund durant 
1'Annke polaire. Compt.  Rend., 197. 1339. 

88. DEACON, G. E. R., 1933: A general account of the 
hydrology of the southern oceans. Discovery Rep.,  7. 

89. DHAR, N. R., & RAM, A,, 1933: Variation in the 
amounts of ammonical and nitric nitrogen in rain 
water of different countries and the origin of nitric 
nitrogen in the atmosphere. J. Ittd. Chem. Soc., 10, 

90. DHAR, N. R., & SESHACHARYULU, E. V., 1939: 
Nitrogen fixation in soil not wholly a bacteriel 
process. J. Ind. Chem. Soc., 16, 557-562. 

91. DHAR, N. R., 1946: New aspects of nitrogen fixa- 
tion in soils and origin of soil nitrogen. Proc. Nat. 
Acad. Sci. India., 15, 15-53. 

92. DJALMA, H., 1929: The composition of rainwater 
of Rio de Janeiro. Rev.  Bras. Chim.,  I, 51-52. 

93. DOLE, R. B., 1914: Chlorine content of rainwater 
at Tortugas, Fla. Washington Acad. Sci. Journ., 4, 
3-4. 

94. DOLE, M., 1949: The history of oxygen. Science. 
IW. 77-81. 

95. EATON, S. V., & EATON, J. H., 1926: Sulfur in 
rain water. Plant Physiology, I. 77-87. 

96. EHRENBBRG, P., 1907: Die Bewegung des Ammo- 
niakstickstoffs in der Natur. Kritische Monographie 
aus dem Kreislauf des Stickstoffs. Miff. Landw. Inst. 
Kdhigl. Univ. Breslau, 4, 254 pp. 

4% 119-159. 

sea. J. Mar. Bid. Ass.,  22, 183-204. 

J. Agr. Sci., 3. 353-359. 

125-133. 

97. EICHHORN, W., 1866: Bericht der Central-Kom- 
mission fur das agrikulturchemische Versuchswesen 
uber die in den Jahren 1 8 6 4 6 5  ausgefiihrten Mes- 
sungen, der mit dem Regenwasser niederfallenden 
Ammoniak- und Salpetersauremengen, an den 
Minister fur die landwirtschaftlichen Angelegen- 
heiten Hrrrn von Selchow. Ann.  Landwirtschaft., 

98. - 1867: See ref. 97. Ann.  Landwirtschaft., 25, 
249-278. 

99. ELLET, W. B., & HILL, H .  H., 1929: Effect of 
lime materials on the outgo of sulfur from Hagers- 
town silt loam soil. J. Agr. Res., 38, 697-711. 

100. ERDMAN, L. W., 1922: The sulfur of rainwater. 
Soil Sci., 14, 363-367. 

101. ERNST, W., 1938: Uber pH-Wertmessungen von 
Niederschligen. Der Balneologe, 5,  545-549. 

102. ERWIN, R. W., 1893: Nitrogen in rainwater. Utah 
Sta. Rpt .  1893, p. 252-253. 

1 0 3 .  EUGLING, W., 1877: Ueber den Gehalt an Am- 
moniak und Salpetersaure in den atmospharischen 
Niederschlagen.Ber. iiber die Titigheit d.  l a m ] .  chem. 
Versuchsstation des Landes Vorarlberg, 1876-1877. 

104. FAILYER, G. H., & Willard, J. T., 1889: Ammonia 
and nitric acid in atmospheric waters.Sec. Ann.  Rpt .  
Kansas Agr.  Exp.  S f a .  p. 123-132. 

10s. FARCY, L., 1931: La composition des eaux de pluie 
de la region de Brest et du Nord finisthe. Anti. 
HVS.9 99 504. 

106. VON FEILITZEN, H., & LUGNER, I., 1910: Under- 
sokningar over de mangder bundet kvave, som 
tillfores jorden med nederborden. Kgl. Lantbr. Akad. 
handl. o. tidskrifier. 1910, p 151. 

107. VON FELLENBERG, T., 1926: D a s  Vorkommen, der 
Kreislauf und der Stojwechsel des Jods. Miinchen 1926. 

108. - 1930: Joduntersuchungen in Bad Hall in Ober- 
osterreich. Mitt.  Geb. Lebensmift. Unters. und Hygiene, 
21, 188-204. 

109. FILHOL, E., 1855:  Note sur la composition chimi- 
que de l'eau de pluie tomb& aux environs de 
Toulouse pendant le premier semestre de l'annie 
1855. Compt.  Rend., 41. 838-839. 

110. FINELL, H. H., & HOUGHTON, H. W., 1931: Soil 
nitrogen income from rainwater. Oklahoma Pan- 
handle Sfa .  Panhandle Buff., 23, 7-24. 

I I I .  - 1932: Nitrogen content of rainwater. Ibid. 34. 
3-8. 

112. FINNBERG, F. V., 1923: Einige Bestimmungen des 
Gehaltes der atmospharischen Niederschlage an 
Stickstoffverbindungen, ausgefuhrt in Storkyro 
(Finnland), 1921-22. SOL. Sci. Fennica Commen- 
tations Physica-Math. I nr 28, I-+. 

I 13. FODOR, J., 1881 : Hygienische Untersuchungen iiberlujt, 
Boden und Wasser. I .  Die  Luft. Braunschweig. 1881. 

114. FRAPS, G. S., 1930: Possibilities of sulfur as a soil 
amendment. Texas.  Agr.  Exp.  Sta. Bull., 414, 56 pp. 

11s .  FREEMAN, Y. F., 1924: Nitrogen in the rainwater 
of different points in Kentucky. J. Amer. SOL. Agron., 

116. FRIED, M. J., &JACKSON, M. L., 1947: Sulfur 
collection in precipitation by means of an all- 
weather noncorrosive rain and snow gauge. Science 
106. 19-20. 

I 17. FRIES, H. S. J., 1923: Substances dissolved in rain 
and snow. Chem. News, 126, I I 3 .  

118. GEHRCKE, E., 1933: Warum hat Agyptien eine 

24, 97-141. 

169 356-358. 



299 COMPOSITION OF ATMOSPHERIC PRECIPITATION 

braune Farbe? Forschung und Fortschritte no 34, 

119.  GIBBS, H. S.,  & BLAKEMORE, L., 1952. (On cyclic 
salts.) N. Z .  J .  Sci. Techn. In the press. 

120. GOPPELSCHRODER, F. R., 1870: Ueber Schwan- 
kungen im Gehalte der Trinkwasser an Salpeter- 
saure und Uber deren Gemenge in den atmo- 
sphirischen Niederschligen. Zeitschr. Anal. Chem. 

121. - 1871: Mitteilungen. Journ. Prakt. Chem. (N.F.), 

122. - 1871 : Bestimmungen des Salpetersaurege- 
haltes in Regenwasser, Quell-, Fluss- und See- 
wassern. Ibid. 4 ,  383-388. 

123. - 1871: Beitrag zur Kenntnis der Chemie der 
atrnosphirischen Niederschlagen, mit besonderen 
BerUcksichtigung deren Gehaltes an Salpeter. Zeit- 
schr. Anal. Chem., 10, 259-277. 

124. - 1872: Beitrag zur Kenntnis der Chemie der 
atmosphirischen Niederschlagen (Fortsetzung) und 
des Salpetersaure- resp. Nitratgehaltes verschiedener 
Quell-, Bach-, Fluss- und Seewassern. Ibid., 11, 
16-22. 

125. GRAY, G., 1888: On the dissolved matter contained 
in the rainwater collected at Lincoln, Canterbury, 
New Zealand. Proc. Austr. Ass.  Sydney. 138-152. 

126. - 1910: On the dissolved matter contained in rain- 
water, collected at Lincoln, New Zealand. Canter- 
bury Agr.  Coll .  Mag., 24, 1910, Nov. 

127. G~~NTHER,  C., 1914: Wasser und Wasserversor- 
gung. Eulenburg Real Encyklopidie der Gesamte-Heil- 
kunde. 4. AuR. Berlin 1914. 

128. HALL, A. D., & MILLER, N. H. J., 1908: The ni- 
trogen compounds of the fundamental rocks. J. Agr. 
Sci., 2. 343-345. 

129. - 1911: On the absorption of ammonia from 
the atmosphere.]. Agr. Sci. 4, 56-68 .  

130. HANSEN, F., 1926: O m  bestemmelse av nitratkvael- 
stoff i regnvand, drznvand og jord. Tidskr.f .  Plante- 
d., 32, 69-120. 

1 3 1 .  - 1931: Undersegelser av regnvand. Ibid. 37. 
123-150. 

1 3 2 .  HARPER, H. J., &COLLEGE, M., 1943: Sulfur con- 
tent of Oklahoma rainfall. Proc. Oklahoma Acad. Sci., 

1 3 3 .  HARRISON, J. B., & WILLIAMS, J. 1897: The propor- 
tions of chlorine and of nitrogen as nitric acid 
and as ammonia in certain tropical rain waters. 
J. Amer. Chem. Soc., 19, I-. 

134. HARRISON, J. B., 1912: Composition of rainwater. 
Rpt.  Exp.  Agr. Rpt.  Sc i .GAgr .  1904-10, p. 15-18. 

135. HART, E. B., & PETERSON, W. H., 1911: Sulfur 
requirements of farm crops in relation to the soil 
and air supply. Wisc. Agr.  Exp.  Sta. Research Bull., 

136. HARVEY, H. W,. 1931: The fertility of the sea. 
Finska Kemistsamfundets Medd., 40, 6 3 - 6 6 .  

137. HAYMAN, J. M., 1906: Amount and composition of 
drainage waters, rain, dew and canal waters collect- 
ed during the years 1g03-04. 1904-05, and 
1 9 0 5 4 6 .  Rpt.  Cawnpore India Agr.  Sta. 1906, p. 

138.  HEINRICH, R., 1881: Ueber die Ammoniakmengen 
welche der Atmosphfre im Lauf eines Jahres durch 
Salzlure entzogen werden. Wollnys Forschungen, 
4. 446-452. 

P 489. 

9 r  177-178. 

4. 139-159. 

23, 73-82. 

1 4 s  21 PP. 

23-29. 

139. HELLER, V. G., 1938: The chemical content of 
Oklahoma rainfall. Oklahoma Sta. Techn. Bull., I, 

2 3  PP. 
140. HEYMANN, J. A., 1927: Het jodiumgehalte van 

duin- en regenwater. Nederland. Tijdschr. Cenees- 
kunde, 71. 640. 

141. HOLL, K., 1935: Ueber die Trinkwasserversorgung 
der Insel Helgoland und Uber Vorkommen von 
bleihaltigen Trinkwasser daselbst. Arch. Hygiene, 
Bakteriologie, I 13. 283-295. 

142. HOUGHTON, H. G., &, BENRIS, A. C., 1939: Cloud 
particle studies on Washington. Bull. Met.  SOC. Amer. 
20, 400-401. 

143. HOUZEAU, A., 1883 : Sur les causes capables d'influe 
sur la teneur en ammoniaque des eaux de plu- 
viales. Compt. Rend., 96. 259-261. 

144. HUDIG, J., 1912: The amounts of nitrogen as am- 
monia and as nitric acid (and nitrous) in the 
rainwater collected at Vithuizermeeden, Groningen. 
J. Agr. Sci., 4, 260-269. 

145. HUTCHINSON, G. E., 1944: Nitrogen in the bio- 
geochemistry of the atmosphere. Amer. Sci. 32. 

146. ILKOV, V., 1925: (Nitrogen compounds in atmos- 
spheric precipitation.) Spisanic na zemedelskite opitni 
inst. v. Bulgarija., 3. 325-328. Ref. in E x p .  Sta. Rec., 

147. INGHAM, G., 1940: Fallowing in relation to nitrogen 
supply. J .  South African Chem. Inst., 23,  52-54. 

148. - 1950: Effect of materials adsorbed from the 
atmosphere in maintaining soil fertility. Soil Sci. 
70, 205-212. 

149. INGLE, H., 1905: Amounts of nitrogen as ammonia 
and nitrates in rainwater collected at Pretoria. 
Transvaal Agr. Journ.. 4, 104-105. 

150 .  ISRAEL, H., 1934: Ueber den Chlorgehalt des Re- 
genwassers. Bioklimatische Beibliitter 1934. 53-57. 

151. JACKSON, D. D., 1905: The normal distribution 
of chlorine in natural waters of New York and 
New England. U. S. Geol. Surv. Water Supp. and 
Irrig. Paper nr 144. 

1 5 2 .  JACOBS, W. C., 1937: Preliminary report on a 
study of atmospheric chlorides. M o .  Weather Rev.  

153.  JOHNSON, E. M., 1924: Sulfur in rainwater in 
Kentucky. J. Amer. SOC. Agron., 16, 353-356. 

154. - 1925: Analysis of rainfall from a protected 
and an exposed gauge for sulfur, nitrate nitrogen 
and ammonia. Ibid., 17. 589-591. 

155 .  JORISSEN, W. P., 1906: Het chloorgehalte van 
regenwater. Chem. Weekbl., 3. 647-649. 

156. JURITZ, C. F., 1914: Chemical composition of rain 
in the Union of South Africa. South AfricanJ. Sci., 

157. KELLNER, O., SAVANO, J., Yosm, T., & MAKINA, 
R., 1886: I. Untersuchungen Uber der Gehalt den 
Atmosphlrishen NiederschLgen an Stickstoffver- 
bindungen. 11. Ueber das Maximum an gebundenen 
Stickstoff welches des Ackerboden der Atmosphare 
zu entziehen vermag. Lantwirtschaftliche Jahrb., 15. 

1 5 8 .  KINCH, E., 1887: The amount of chlorine in rain- 
water collected at Cirmcester. Trans. Chem. Soc. 
London. 51. 9 2 3 4 .  

159. -, 1900: Amount of chlorinein rainwater collect- 
ed at Cirencester. Ibid., 77, 1271. 

178-195. 

54s 61.5. 

65, 147-1.51. 

10. 170-193. 

701-71 I.  



3 00 E R I K  E R I K S S O N  

160. KNIGHT, N., 1911 and 1913: Nitrogen in rain and 
snow. Proc. Iowa Acad. Sci., 18, 75-77, 20, 189- 
191. 

161. KNOX, W. K., 1915: Nitrogen and chlorineinrain 
and snow. Chem. News.,  111, 61-62. 

162. KOCH, D. E. V., 1941 and 1943: The nitrogen 
content of Ceylon rain. Trop. Agr. (Ceylon) 97, 
74-77. 99. 18-19. 

163. KOSSOVICK, P. S., 1913: (On the circulation of 
sulfur and of chlorine on the earth, and on the 
importance of this process in the evolution of soil 
in the plant world.) Zhur. Opytoi.  Agron. 14, 181- 
228. Ref. in Exp. Sta. Rec. 30, 422. 

164. KUDRIN, S. A,, 1948: (Nitrogen in rain in the 
serozem zone.) Potchvovedenje, 10, 608-61 I. 

165. KOHLER, H., 1925: Untersuchungen uber die Ele- 
niente des Nebels und der Wolken. Medd. Stat. 
Meteor. Hydrogr. Anst. Stockholm, 2, nr 5 .  

166. - 1932: Vattendngans kondensation i atmosfaren 
och molnens konstitution. Kosmos, 10, 101-140. 

167. - 1937: Studien iiber Nebelfrost und Schnee- 
bildung, und iiber den Chlorgehalt des Nebel- 
frostes, des Schnees und des Seewassers im Haldde- 
gebiet. Bull. Geol. Inst. Uppsala, 26, 279-308. 

168. - 1941: An experimental investigation on sea 
water nuclei. Nova Acta Reg. SOC. Sci. Uppsaliensis., 
12, 5 5 .  

169. - 1946: Vatten i atmosfaren. Medd. nr 9 frdn Meteo- 
rologiska Inst. vid Kungl. Universitetet, Uppsala. 

170. LAUSCHER, F., & SCHWARZ, K., 1933: Ueber den 
Chlorgehalt des Nebelfrostes auf dem Sonnblick. 
Jahresber. des Sotinblicksvereiru. 1931. 32 pp. 

171. LAWES, J. B., & GILBERT, J. H., 1851:  O n  agri- 
cultural chemistry. J .  Roy.  Agr. Soc., 12, 1-40. 

172. - 1854: O n  the amount of, and methods of esti- 
mating ammonia and nitric acid in rainwater. 
British Assoc. Reports, 1854, p. 70-71. 

173. LAWES, J. B., GILBERT, J. H., & WARINGTON, R. 
1881. O n  the amount and composition of the rain- 
and drainage waters collected at Rothamsted. 
J. Roy.  Agr.  SOC., 17, 241-279, 311-350. 

174. - 1883: New determinations of ammonia, chlo- 
rine and sulfuric acid in the rain water collected 
of Rothamsted. Ibid., 19. 313-331. 

175. LEATHER, J. W., 1906: Composition of Indian rain 
and dew. Mem. Dep. Agr.  India. Chem. Ser. I. No. 
I. I 1  pp. 

176. LECLERC, A., 1877: Analyse de pluies tombees i 
Methroy en 1877. Bnll. Sot. Agric. France., 9, 302, 
10, 77 & 163. 

177. LEEFLANG, K. W. H., 1938: De chemische Samen- 
stelling van den Neerslag in Nederland. Chem. 
Weekbl., 35, 658-664. 

178. LEVY, A. A., 1877: Dosages d’ammoniaque dans 
l’air et les eaux nieteoriques faits i Montsouris. 
Compt.  Rend., 84, 273-276. 

179. - 1880: Ammoniaque de l’air et des eaux. Ibid. 

180. - 1888: Annuaire de l’observntoire de Montsouris pour 
l’an 1887. 180 pp. 

181. - 1902: Annales de I’Observntoire de Montsonris, 3, 
362. 

182.  LIEBIG, J., 1847: Farmer’s Magazine, 16, 5 1 1 .  
183. LIEBIG, J. ,  1851:  Letters on Chemistry, 1851,  3rd ed. 

P. 519. 
184. - 1863: Natural laws of husbandry. Chapt. XI. 

91, 94-7. 

I 85. LIESEGANG, W., 1927: Chemische Ermittlungen 
auf dem Gebiete der Lufthygiene. Kleine Mitt .  Mitgl. 
Ver. Wasser-, Boden und Lufthygiene., 3, 9. 

186. - 1927, 1928 and 1929: Die Untersuchung atnio- 
sphirischer Niederschlfge. Ibid., 3, 3 17-327, 4. 

187. - 1933: Untersuchungen uber die Mengen der 
in Niederschlagswassern enthaltenen Verunreini- 
gungen. Ibid., 9. 306-321. 

188. - 1934: Ibid., 9, 350-355, 
189. LINCOLN, R., 1934: Report of the Chemical Divi- 

sion. Dept. Agr.  Muuritus, Ann.  Rept. 1934, 27-28. 
190. - 1937: Chlorine in rainwater in Mauritius. 

Mauritius Dept. Agr. Leaje t .  41, 12 pp. 
191. - 1938: Report of the Chemical Division. Dept. 

Agr.  Mauritius, Ann. R e p .  1938, p. 55-56. 
192. LIPP, H., 1933: Ueber die chemische Zusammen- 

setzung des Nebelfrostes auf der Zugspitze. Jah- 
resber. des Sonnblicksvereins. 1937, p 27. 

193. DE LUCA, S., 1861: Recherches sur les matieres 
organiques et minerales des eaux de pluie. Compr. 
Rend., 53 ,  153-156. 

194. MACH, E., 1888: Ueber den Gehalt des Regen- 
wassers in St. Michele an Ammoniak und Salpeter- 
saure. Tiroler Landw. Be., 7, 16-17. 

195. MAC INTYRE, W.H. ,  & YOUNG, J. B, 1923: Sulfur, 
calcium, magnesium and potassium content and 
reaction of rainfall of different points in Tennessee. 
Soil Sci., 15, 205-227. 

196. MARCANO, V., MUNTZ, A., & LBvY, A., 1891. 
Ammoniaque dans l’atmosphhre et dans les pluies 
d’une region tropicale. Compt.  Rend. 113. 779-781. 

197. MARCHAND, E., 1852: Sur la constitution physique 
et chimique des eaux naturelles. Compt.  Rend., 34, 
54-~6. 

198. MARIMPIETRI, L., & SIMONCELLI, F.: I1 p H  e il 
contenuto in azote delle precipitazioni meteoriche 
vute in Roma nel triennio 1929-31. Pubblicazioni 
della R .  Stazione Chimico-Agraria di Roma. Pubbl. 

199. MARR, T., 1891: Over Nitreuse Stiktof in het 
Regenwater. EastJava Exp. Stn. Contr. 38. 

ZOO. -, 1893 : Stickstoffgehalt des Regenwassers in Java. 
Zuckerindustri, 18, I 521. 

201. - 1893: Over den Regenval en het Stikstofgehalte 
van het Regenwater. East Java Exp. Sta. Contr. 

202. MASON, O., ANDERSON, V. G., AVERY, D., & HUNT, 
H. A., 1915: The influence of weather conditions 
upon the amount of nitric acid and nitrous acid 
in the rainfall near Melbourne. Rep.  Brit. Assor. A d v .  
Sci., 85, 87-94. 

203. MASON, 0.. 1916: The influence of weather condi- 
tions upon the amount of nitric acid and nitrous 
acid in the rainfall near Melbourne. Ibid., 86, 
128-129. 

204. MATTSON, S., SANDBERG, G., 81, TERNING, P. E., 
1944: Electrochemistry of soil formation: VI. At- 
mospheric salts in relation to soil and peat forma- 
tion and plant composition. Ann.  Agric. Coll .  Sweden 
12,101-118. 

205. MAYER, A,, 1889: Stickstoffsgehalt verschiedenen 
Wassersorten in der Umgegend der Versuchstation 
Wageningen.1. Landw. 1889. p. 39-41, 

206. MENZL, 0.. 1944: Ueber den Chlorgehalt der 
Niederschlage. Bioklimatische Beiblitter, 11, 

178-182, 261-265, 329-330. 5,  84-86. 

N. 299. 

479 63-67. 



3 0 1  COMPOSITION OF ATMOSPHERIC PRECIPITATION 

207. -, 1948: Nebelfrostuntersuchungen auf dem Don- 
nersberge. Wetter und Klima, I, 88-92. 

2 0 8 .  - 1948: Ueber den Chlorgehalt der Niederschlige. 
Zeischr. Meterorologi, 2, 289-295. 

209. MERINO, B., 1894: Algunas indicaciones sobra el 
cloro y ammoniaco contenido en la lluvia del 
ano 1893 y parte de 1894. Observatorio Meterologico 
del Colegio de la Campania de Jesus en la Guardia 
Cuaderno Tercero p. 37. Tuy' 1894. 

210. MBUNIER, S., 1901: Sur la pluie de sang observke 
ii Palerme dans la nuit du 9 au 10 Mars 1901. 
Compt. Rend., 132, 894-896. 

21 I.. MEYRAC, V., 1852: Observations sur les eaux de 
pluie, des neiges et de roskes. Compt. Rend., 34, 

212.  MILLER, H. B., 1924: Economy through smoke 
abatement. Ind. Eng. Chem., 16, 1049-1051. 

213 .  MILLER, N. H. J., 1902: The amounts of nitrogen 
as ammonia and as nitric acid and chlorine in the 
rainwater collected at Rothamsted. J .  Agr. Sci., I, 

214. - 1913: The composition of rainwater collected 
in the Hebrides and in Iceland.]. Scot. Met.  Soc., 
3, 141-158. 

2 1 5 .  MIQWEL, P., 1908: Eaux d'alimentation de Paris. 
Premier semestre 1908. Ann. Obs. Munic. Montsouris, 
Paris 1908 nr 1-2, p. 29-62 .  

216. MIYAKE, Y., 1939: The chemistry of rainwater. 
J.  Met.  Sor. Japan, 17, 20-37. 

217.  MOORE, W.  A,, & BROWNING, G., 1921: The sub- 
stances dissolved in rain and snow. Chem. News 
122, 51-52. 

218. MROSE, H., 1940: Chemische Untersuchung von 
Raureifschmelzwasser in Thiiringen. Zeitschr..f an- 
gew.  Met. ( D a s  Wetter), 57. 241-254. 

219. MUNTZ, A., & AUBIN, E., 1882: De la distribution 
de l'ammoniaque dans les mCtCores aqueux aux 
grandes altitudes. Compt. Rend., 95, 788. 

220. - 1882: Sur la nitrification atmospherique. Ibid. 

221. - 1883: Sur les origines de l'azote combine exis- 
tant ii la surface de la terre. Ibid., 97. 240-243. 

222. MUNTZ, A,, & MARCANO, V. 1889: Sur la propor- 
tion de nitrates contenus dans les pluies des re- 
gions tropicales. Ibid., 108, 1062-1064. 

223. - 1892: Ammoniaque dans l'atmosphere et dans 
les pluie. Ibid., 114. 184. 

224. MUNTZ, A., & LAINB, E., 1911: Les nitrates dans 
l'atmosphere des regions australes. Ibid., 152, 
166-169. 

225. - 1911: L'ammoniaque dans les pluies et les neiges 
des stations d'observation de la Mission Charcot. 

226. NARAYANASWAMI, R., 1939: Measurements of the 
chloride, nitrate and nitrite present in the water of 
monsoon rains of Bombay. Proc. Indian Acad. Sci., 

227. NEWMAN, I. V., 1948: Aerobiology on commercial 
air routes. Nature, 161, 275-276. 

228. NICHOLS, R. L., 1941: Atmospheric oxygen and 
the volcanic gases. Trans. Amer. Geophys. Union. 
Part 11. 505-506. 

229. NORDENSKIOLD, A. E., 1893: Om stoftfallet i 
Sverige och angransande lander den 3 :dje maj 1892. 
Geol. For. Forh. Stockholm, 15, 417-459. 

230. - 1894: Uebrr den grossen Staubfall in Sweden 

714-71 7. 

280-303. 

95, 919-921. 

Ibid., 153. 749-750. 

9A, S I ~ - S ~ S ,  

und angrenzenden Ender  an 3 Mai 1892. Met. 
Zeitschr., 11, 201-218. 

231. OLSON, G. A,, & ST. JOHN, J. L., 1921: An in- 
vestigation of sulfur as a plant food. Wash. Agr. 

232. PASSERINI, N., 1889: (Soluble compounds in rain- 
water in I888  and 1889.) L'agric. Ital. 189. Fasc. 
IS.  Ref. in Ztbl.  Agrik. Chem. 1892, 291 

233. - 1891: Sui material; disciolti nell'acqua piovana 
precipitata negli anni 1888, 1889, 1890. Ricerche 
chimiche instituite presso la stazione meteorologica 
della Scuola Agraria di Scandicci (Firenze). Bol. Soc. 
Met.  Ital. 1891 p. 11. 

234. PECK, E. L., 1917: Nitrogen, chlorine and sulfates 
in rain and snow. Chem. News,  116, 283-284. 

2 3 5 .  PETERMANN, A,, & GRAFTIAN, J., 1893: Combi- 
naisons azotCes contenues dans les eaux mCtCo- 
riques. Bull. Stat. Agron. Gembloux., 53. 

236. - 1896: Recherches sur la composition de l'atmos- 
phere. 11. Combinaisons azotCes contenues dans les 
eaux mktioriques. Mem. C o w .  Acad. de Belgique, 

237. PIER=, J.. 1851: Note relative a l'emploi du sel 
sur les terres. Du sel contenu dans les terres non 
rCputCes terres salCes et dans les eaux de pluie. 
Ann. Agron.,I, 466-475. 

238. PFAFF, G., 1937: Ueber Lysimeter-Versuche. Der 
Forschungsdienst, Sonderheft, 6. 102-1 14. 

239. POSNJAKOV, A., 1904: (Investigations on the chem- 
ical composition of atmospheric precipitations 
as dependant upon meteorological factors). Zhur. 
Opytoi.  Agron., 5. 787. Ref. in Ztbl.  Agrik. Chem. 

240. POTTER, H. C., 1930: Hydrion concentration of 
rain and potable waters. Nature, 126, 434-435. 

241. QUITMANN, E., & CAWER, H., 1933: Verfahren zur 
chemischen Analyse der Nebelkerne der Luft. 
Zeitschr. Anal. Chem., 116, 8 1 - 9 4 .  

242. RAKESTRAW, N. W., & CARRIT, D. E., 1940: 
Some seasonal changes in the open 0cean.J. Marine 
Research (Sears Found.), 7. no. 3, 362-369. 

243. RAM, A., 1934: Origin of combined nitrogen in 
the atmosphere. The analysis of tropical rain and 
its importance im agriculture. Proc. Acad. Sci. 
(United Prov. Agr. Oudh. India) 4, 147-158. 

244. RAO, G., GAPALO, & DHAR, N. R., 1931: Bildung 
von Stickstoffverbindungen in Luft und im Boden 
unter dem Einfluss des Lichtes. Zeitschr. Anorg. 
Allgem. Chem., 199, 422-426. 

245. REGENER, V. H., 1938: Neue Messungen der verti- 
kalen Ozonverteilung in der Atmosphare. Naturwiss. 

246. RIBBLE, H., & BOWMAN, P., 1926: Substances in 
rain and snow. U. S. M o .  Weather Rev., .  54, no. 
10, 424. 

247. RIFFENBURG, H. B., 1925: Chemical character of 
ground waters of the northern great plains. U. S. 
Ceol.  Survey. Water-Supply Paper 560-B. 

248. ROBINET, I863 : Quelques faits pour servir a l'etude 
de l'eau de pluie. Compt.  Rend., 57, 493-494. 

249. ROBINSON, W. O., 1936: Composition and origin 
of dust in the fall of red snow. U. S. Mo. Weather 
Rev . ,  64, 86. 

250. ROELOFSEN, P. A., 1941: Stikstof in Regenwater. 
Natuurv. Tijdschr. Nederland. Indie, 101, 179-180. 

251 .  ROMELL, L. G., 1946: Organic dust in the air and 

E X P .  Sta. Bull., 165. 

49. 28 PP. 

34, 289-290. 

1938. P. 15s. 



E R I K  E R I K S S O N  3 02 
the ammonia found in atmospheric waters. Svensk 
Bot. Tidskr., 40:1, 1-8. 

2 5 2 .  ROSING, A,, & WANKEL, G., 1870: Ammoniak- 
mangden i Regn, Sne, Kilders, Floders og Seers 
Vand samt Havvandet. Kongl. Norsk Videnskab. 
Selsk. Skr., 6. 5-28. 

253. ROUSSEAU, E., 1928: (The colored rain of October 
30, 1926.) Rev.  vit. 69, 283-286. 

254. RUSSEL, E. J., & RICHARDS, E. H., 1919: The 
amounts and composition of rain and snow falling 
at R0thamsted.J. Agr. Sci., 9. 309-337. 

2 5 5 .  SCHARRER, K., & SCHROPP, W., 1940: Ueber den 
Stickstoffgehalt der Niederschlige. Forschungsdienst, 

256. SCHARRER, K., & FAST, H., 1951: Untersuchungen 
iiber die dem Boden durch die Niederschbge zu- 
gefiihrtsn Pflanzenernahrstoffe. Zeitschr. P'anxe- 
nernahr. Dungung. Bodenkunde, 55. (100) 97-106. 

257. SCHLOSING, T., 1875: Sur l'ammoniaque de l'at- 
mosphtre. Compt.  Rend., 80. 175-178. 

258. - 1875: Dosage de l'ammoniaque atmosphirique. 
Ibid., 80, 265-268. 

259. - 1875: Sur les lois de Cchanges d'ammoniaque 
entre les mers. I'atmosphtre et les continents. Ibid., 
81, 81. 

260. - 1875: Sur les kchanges d'ammoniaque entre les 
eaux naturelles et l'atmosphere. Ibid., 81, 1252- 
1254. 

261. SCHLOSING, T., 1876: Sur les Cchanges d'ammo- 
niaque entre les eaux naturelles et l'atmosphere. 
Ibid., 82.747-775.846-849.969-972. 1105-1 108 

262. - 1878: Ueber die Gesetze des Ammoniak-Aus- 
tauches zwischen dem Meere, der Atmosphare und 
dem Festlande. Zblt .  Agrik. Chem., 7. 162-177. 

263. - 1888: Contributions d I'htude de la chimie agri- 
Cole 1888. 

264. - 1890: Sur l'absorbtion de l'ammoniaque de 
l'atmosphtre par les terres vCgCtales. Compt. Rend. 

265. - 1890: Remarques au sujet des observations de 
M. Berthelot sur les rCactions entre la terre vkgttale 
et l'ammoniaque atmosphkrique. Ibid., 110, 612- 
613. 

266. SCHNEIDEWIND, W., 1910: Versuche iiber die Stick- 
stoffverluste des Schwefels. Ammoniak und Kalk- 
stickstoffs bei Oberflachendiingung. Lantw. Jahrb., 
39. Erg.-bd 111, 221-117. 

267. SCHMAUS, A., & WIEGAND, A., 1929. Die  Atmo- 
sphiire a& Kolloid. Braunschweig 1929. 

268. SCHROEDER, J., 1915: Composition of rainfall at 
Montevideo 1909-12. Rev.  Assoc. Rural Uraguay, 
49, 381-391. 

269. SHAPFER, S., 1922: Substances dissolved in rain and 
snow. U. S. Mo.  Weather Rev.,  49. 404-405. 

270. SHIPLEY, J. W., 1919: Ammonia and nitrous ni- 
trogen in the rain water of south Alaska. Ohio. 

Journ. Sci., 19, 230-234. 
271. SHUTT, F. T., 1908: The fertilizing value of snow. 

Chem. News, 97,243-244. 
272. - 1909-1924: The fertilizing value of rain and 

snow. Can. Exp.  Farms Rep. 1907: 173-176. 1909: 

1912: 164-166, 1913: 225, 265-268, 1915: 160 
-162, 1916: 174-178, 1918: 19, 1919: 51, 1920: 
54-55, 1921: 13-16, 1923: 11-12, 1924, 8-10, 
1925: 68-74. 

5. 469. 

110. 429-4353 499-504. 

1~0-1~2,1910: 216-218, I911 : 99-100,200-201, 

273. - 1910 and 1914: The nitrogen compounds in 
rain and snow. Proc. Trans. Roy .  SOC. Canada. Sec. 
111.9 4. 55-59, 8. 83-87. 

274. SHUTT, F. T., & DORRANCE, R. L., 1917: The 
nitrogen compounds in rain and snow. Ibid., 11, 
63-71. 

275. SHUTT, F. T., & HEDLEY, B., 192s: The nitrogen 
compounds in rain and snow. Ibid., 19. 1-10. 

276. SLOBOD, R. L. &, KROGH, M. E., 1950: Nitrous 
oxide as a constituent of the atmosphere. /. Amer. 
Chem. SOC., 72.. 1175-1177. 

277. SMITH, A. R., 1872: Air  and Rain. London. 1872. 
278. SRICANTIA, C., 1930: Combined nitrogen in rain 

water. Hag-Yearly Mysore Univ., 4. 195-198. 
279. STEWART, R., 1920: Sulfur in relation to soil fer- 

tility. Ill. Agr. Exp.  Sta. Bull., 227, p. I :7. 
280. STOKLASA, J., 1987: Gehalt der atmosphfrischen 

Niederschlage an Ammoniak und Salpetersaure im 
Jahre 1883-84. Ztlb.  Agrik. Chem.,  16, 361-362. 

281. SUGAWARA, K., OANA, S., & KAYAMA, T., 1949. 
Separation of the components of atmospheric salt 
and their distribution. Bull. Chem. SOC. Japan, 22, 

282.  TEAKLE, J. H., 1937. The salt (sodium chloride) 
content in rain water. /. Dept.  Agr.  W.  Australia, 
14, 115-123. 

283. THOMAS, M D., & HILL, G. R., 1935: Absorption 
of sulfur dioxide by alfalfa in its relation to leaf 
injury. Plant Physiology, 10, 291-307. 

284. - 1937: Relation of sulfur dioxide in the atmos- 
phere to photosynthesis and respiration of alfalfa. 
Ibid. 12, 309-383. 

28  5 .  THORARINSSON, S., 1944: Tefrokronologiska studier 
p a  Island. Kopenhamn, 1944. 

286. THOULET, J., 1903: Absorbtion de l'ammoniaque 
par l'eau de mer. Compt.  Rend. 136, 477-478. 

287. TISSIANDER, G., 1875: Corpuscules aCriens et 
matitres salines contenues dans la neige. Ibid., 80, 
58-61. 

288. TOTTINGHAM, W. E., 1919: A preliminary study 
of the influence of chlorides on the growth of 
certain agricultural plants. J.  Amer. SOC. Agron., 11, 
1-32. 

289. TRACY, S. M., 1895: Ammonia in rainwater. Miss. 
Agr.  Exp.  Sta. 8th Ann. Rpt. ,  p. 102. 

290, TRIESCHMANN, J. E., 1919: Nitrogen and other 
compounds in rain and snow. Chem. News,  119, 49. 

291. TUXEN, C. F. A., 1890: Undersegelser over Reg- 
nens Betydning her i Landet som Kvzlstofkilde 
for Kulturplanterna. Tidskr. f. Landsekonomi, 9. 

292. VINER, V., 1909: (Nitrogen compounds in rain- 
water.) Otchet Shatilov Selsk. K h o z .  Opuitn. Santxir. 
4, 44-63. Ref. in E x p .  sta. Rec., 24, 22. 

293. VOGEL, A., 1872: Ueber den, Ammoniakgehalt des 
Schnewassers. Chem. Ztbl.  3. Folge, p. 506. 

294. VOLK, N. J., TIDMORE, J. W., & MEADOWS, D. T., 
1945: Supplements to high- analysis fertilizers with 
special reference to sulfur, calcium, magnesium 
and limestone. Soil. Sci., 60, 427-435. 

295. WARINGTON, R., 1887: A contribution to the study 
of well-waters. Trans. Chem. SOC., 51, 500-552. 

296. - 1889: The amounts of nitric acid in rainwater 
of Rothamsted, with notes on the analysis of rain- 
water. Ibid., 60, 537-545. 

297. WATTENBERG, H., 1931: Der chemische Aufbau 

47-52. 

3 25-3 50. 



3 03 COMPOSITION OF ATMOSPHERIC PRECIPITATION 

des atlantischen Ozeans. Finska Kemistsamfundets 
Medd., 40, 67-78. 

298. WAY, J. T., 1855:  The atmosphere as a source of 
nitrogen to plants being an account of recent re- 
searches on this subject. /. Roy.  Agr.  Soc. Engl., 
16, 249-267. 

299. - 1856: On the composition of the waters of 
land drainage and of rain. Ibid., 17, 123-162. 

300. - 1856: On the quantity of nitric acid and am- 
monia in the rain water. Ibid., 17, 618-621. 

3 0 1 .  WELBEL, B. M.. 1889-1905: Rep. Ann. Sta. Exp. 
Agron. Plofy. 1899, 1900, 1902, 1903, and 1905. 

302. - 1903: (The nitrogen content of atmospheric 
precipitaions.) Zurn. Opytnoi. Agron., 4, 194. 

303. WELLER, W. K., 1926: Note on the salinity in the 
Mundaring reservoir. Austr. Ass.  Adu. Sci., 18. 
633-674. 

304. WEEDON, T., 1909: Fertilizing value of rain water. 
Ann.  Rpt .  Dept.  Agr. and Stock. (Queensland) 1908- 
09, PP 77-78. 

3 0 5 .  WIESNER, G. H., 1914: Nitrogen and chlorine in 
rain and snow. Chem. News.,  109, 85-87. 

306. WILLIAMS, S. F., & BEDDOW, 0. K., 1932: Ana- 
lysis of the precipitation of rains and snows at Mont 
Vernon, Iowa. Chem. News, 145. 40-43. 

307. WILSON, B. D.. 1921: Nitrogen in the rainwater 
of Ithaca, N. Y .  Soil Sci., 11, 101-110. 

308. WILSON, B. D., rgzr: Sulfur supplied to the soil 
in rainwater. J. Amer. SOC. Agron., 13, 226-229. 

309. - 1923 : The quantity of sulfur in rainwater. Ibid., 

310.  - 1926: Nitrogen and sulfur in rainwater in 
New York. Ibid., 18, 1108-1112. 

311. WITZ, G., 1885: Sur la presence de l'acide sul- 
phureux dans l'atmosphtre des villes. Compt.  Rend., 
100, 1385-1388. 

312. WITUYNJ, J.. 1911: Die Mengen von C1 und SO,, 
die in den Boden mit den atmosph~schen Nieder- 
schldgen gelangen. /. Exp. Landw. (Russia.), 12, 
20-30. 

313. WOEHLK, J. H., 1923: Nitrogen and other sub- 
stances in rain and snow. Chem. News,  127. 30. 

314. WOLLNY, E., 1896: Untersuchungen iiber das Ver- 
halten des atrnosphsrischen Niederschlage zur 
Pflanze und zum Boden. Wollnys Forschungen, 19, 
267-286. 

315 .  WOOD, W. E.. 1924: Increase of salt in soil and 
streams following the destruction of native vegeta- 
tion. J .  Roy.  SOL. W. Australia, 10, 35-47. 

316. WOOD, W. E., & WILSMORE, N. T. M., 1929: 
Salinity of rain in Western Australia. Final Report 
to the Royal Society of Western Australia. Ibid. 15, 
12-30. 

317. XHORIS, R., 1945: Sur la prksence d'arsinic dans 
I'eau de pluie. Bull. SOL. Roy. Sci. L i k e ,  14, 

15s 453-4561 

479-480. 


