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Abstract 
The circulation of air borne oceanic constituents is discussed to the extent available data 

permit. From data on sea salt particles in the atmosphere and their fall rate it is estimated that 
they are produced at a rate of the order of magnitude 1000 million tons a year over the ocean 
areas. About 90 per cent of this is precipitated over the oceans, the rest is carried into con- 
tinents and is brought back to the sea in rivers. The estimated residence time for sea salt particles 
in the atmosphere is only a few days, higher for smaller particles, which lose their identity 
through coalescence, and lower for larger particles, lost by rainout or fallout. From the rate 
of production of sea salt particles in breaking waves it is concluded that about 0.3 per cent of 
the ocean areas is covered by breaking waves. On land the residence time of sea salt may vary 
from a few years in peripherally, drained humid areas to thousands of years in arid areas or 
areas without peripheral run-off. 

Geochemical balance computations indicate that a major part of the sulfur in the atmosphere 
is of oceanic origin but does not originate as chloride through spray emitted from breaking 
waves. Of chemical reactions taking place in the atmosphere between sea salt constituents the 
release of HCI from sea salt particles due to absorption of oxidized sulfur dioxide seems to be 
quantitatively important and mainly responsible for variations in the CI/Na ratio in precipitation. 
The deposition of chloride in precipitation over continents shows nicely the main areas of 
inflow of maritime air. Dry deposition of sea salt components seems to be an important prc- 
cess. The rate of which these constituents are cariied to the ground from the air is about 1-2 
cm per second, a figure concordant with the turbulent nature of air close to the ground. 

As for proportions of sea salt components in precipitation some fractionation processes seems 
to take place at the sea surface (probably involving organic matter derived from surface films). 
In typical maritime areas there is always an excess cations over inorganic anions suggesting 
association of some cations with organic acid material in precipitation. The presence of sea 
salt components in groundwater can be taken advantage of in the estimation of regional e v a p  
oration using chloride as an indicator. Reduction of sulfur in groundwaters can cause pre- 
cipitation of calcium and magnesium, thus modifying the chemical properties of groundwaters 
considerably. The role of air borne sea salt components for the development and properties 
of soils is discussed in principle. 
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I. Introduction 

It has been known for some time that 
oceanic salts are present in the atmosphere 
over continents and are found in precipita- 
tion, the earliest measurements dating back to 
the middle of the nineteenth century. The 
geochemical implication of this transport was 
visualized by Posephny, a Hungarian geologist 
already in 1877. In an extremely well written 
paper he discussed the origin of chloride in 
river water and recent saline deposits. At that 
time not much was known about the chemical 
composition of precipitation but he concluded 
from geological evidence that chloride in river 
water and various saline deposits must have 
originated in the sea and were carried inland 
by the atmosphere. He discussed also at some 
length the saline deposits of the Bonneville 
Basin-the present Great Salt Lake region in 
North America-an area which he visited 
and found that the older saline formations 
could not account for the present amounts of 
chloride. 

Later investigations on rain-water in different 
places gave a qualitative support to Posephny’s 
views. KOHLER’S (1921, 1922, 1925) investiga- 
tions on cloud droplets and the role of sea 
salt articles in condensation processes stimu- 
latef the development of cloud physics in 
which field a good deal of recent useful data 
are found. 

In the meantime the uestion about the 
circulation of oceanic sa 9 ts in nature was 
discussed on occasions. In his well-known book 
“Data on Geochemistry” CLARKE (1924) 
discusses the oceanic elements in river water but 
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2. Absorption of gaseous compounds 
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tion 
I .  The Cl/Na ratio 
2. Possible separation processes at the surface 

IX On chemical hydrology 
I. Evaporation and chloride concentration 
2. Reduction of sulfate and precipitation of calcium 

VII Deposition of chloride and sulfur over the continents 

VIII The proportions of sea salt components in precipita- 

and magnesium carbonates 

X Soils and airborne salts 

gives a rather low estimate of the airborne 
art. He is, however, somewhat embarrassed 

{Y the presence of so much chloride and sulfur 
in river water. Clarke’s attitude can be under- 
stood from his belief in the method of comput- 
ing the age of the oceans by means of sodium in 
river water and his sceptical attitude towards 
the now acknowledged isotope methods of 
geological age determination. 

A splendid effort was made by CONWAY in 
1942 to reconstruct quantitatively the evolu- 
tion of oceans. In this procedure he regarded 
all chloride in river water as cyclical, because 
weathering can hardly suppl any. Most of 
this cyclical chloride he was ir ed to believe is 
airborne, and, furthermore, he found that also 
a large part of the sulphur in river water must 
originate in the sea generated by some other 
mechanism than chloride is generated. 

At present there is more information 
available on the composition of air and precip- 
itation and on various physical and chemical 
processes in the atmosphere, allowing a rather 
complete reconstruction of the yearly circula- 
tion of oceanic salts in nature and the role of 
the atmosphere in this circulation. To some 
readers the present paper may seem to contain 
too much of speculation. There is, admittedly, 
some but only in the sense of trying to tie all 
pieces of information into a comprehensible 
pattern, resembling to a high degree of prob- 
ability the pattern actually existing. 

The present paper is thus mainly concerned 
with the release and transport of sea salts from 
oceans into continental areas. To understand 
these processes better a short description of 

Tellus XI (1959). 4 
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ificant chemical and physical properties 
o the atmos p here is given. Investigations on 
sea salt partic es over the oceans are reviewed 
rather thoroughly as well as the generation of 
sea salt particles. After that a section is devoted 
to considerations on the year1 circulation of 

revealed by the use of geochemical data. Mech- 
anisms of transfer to and removal by the 
ground of sea salt components are iven in 

on the possible separation of sea salt compo- 
nents from sea salt particles. Existing data on 
preci itation of chloride and sulphur over land 

matically outlined. 
The two last sections touch briefly on some 

problem of great interest in hydrology and soil 
science. They do not ex lore the sub'ects by 

intimately tied to atmospheric chemistry. 

sea salts between oceans an H continents as 

another section followed by consi f erations 

are t! en reviewed and their circulation sche- 

any means but do show t R at such prob i ems are 

Some of the present material was included 

II. General features 

I. Average Composition of Tropospheric A i r  
Available average data for minor constit- 

uents in the atmosphere have been compiled 
in table 2.1. This table is intended to give an 
impression of the order of magnitude of the 
constituents present. The table is by no means 
complete as it excludes among other things 
organic compounds which, presumably, are 
very numerous. 

The estimates in the latter part of the table 
are based partly on data from the European 
chemical network described by EGNBR and 
ERIKSSON (1955) and since then somewhat ex- 
tended, and partly on data from a similar 
table compiled by HUTCHINSON (1959). 

Gaseous constituents of principal interest here 
are those of carbon, nitrogen, sulfur and 
chlorine. The presence of sulfur dioxide has 
been known for quite a long time but does 
not exclude also some other forms of sulfur 
like H,S. Its presence is mostly ascribed to 
industrial and domestic combustion of fossil 
carbon though, as wdl be shown later, this 
source is by no means sufficient to explain its 
incidence on a global scale. 
Tellur XI (1959), 4 

The presence of gaseousforms of chlorine was 
indicated very recently in investigations by 
JUNGE (1956). There are only two possible 
gaseous com ounds of chlorine in the atmos- 

nium chloride. Free chlorine, Cl,, can hardly 
exist in an atmosphere where hydrogen is 
present at a fifty times higher pressure. 

The constituents in particulate state listed 
in table 2.1 are components of so called con- 
densation nuclei which have recently been thor- 
oughly discussed by JUNGE (1958), as well as 
of substances which normally would be 
classified as dust. All listed elements of the 
particulate matter may occur as soluble salts, 
and as such they can be components of the hy- 
groscopic particles called condensation nuclei. 
Sodium, potassium, calcium and magnesium 
are, however, also constituents in common 
minerals, and as such they can be derived also 
from atmospheric dust which is, mainly, finely 
divided mineral matter. 

Components invariably to be expected in 
particles of marine origin are primarily chloride, 
sodium and sulphate. These particles which 
are also called sea salt particles have been in- 
vestigated quite extensively during the last 
years and will be discussed at some length in 
a later section. They occur as crystals or 
liquid droplets, depending on the relative 
humidity of the air, in a size range from 
about 0.1 p (I p = micron = 10-4 cm) to 
20 p or even greater or, in weight, from 10-14 
to IO-* g or greater. The actual size distribution 
has been investigated on many occasions 
especially by WOODCOCK and co-workers 
(1949, 1950 a, I950 b, 195% 1953, 1955, 
1957). The size distribution can within not 
too wide limits, be approximately described 
by the so-called inverse r3 law originally 
proposed by JUNGB (1952). 

phere, name P y hydrochloric acid and ammo- 

dN k 
d(1ogr) 13 
-= I  

where N is the number of particles equal to or 
greater than the radius and k is a constant. 
The simple formula above implies that each 
logarithmic size interval contains the same 
mass of sea salts (see fig. 2.1.) Considering a 
wider range of particle sizes it can, however, 
be inferred when the frequency of particles 
is expressed as a function of the logarithm of 



E R I K  E R I K S S O N  3 78 

Juppe's r -'low 

> 
IOQ lwqht of portick) 

Fig. 2.1. Schematic mass-weight distributions of particles 
in the atmosphere. 

size (or weight) that the mass is more or less 
normally distributed. (See fig. 2.1.) 

The term sea salt particles should not be 
taken as indicating that the relative composi- 
tion is exactly that of sea water. JUNGE (1956, 
fig. 2) has found that the larger particles 

contain sodium and chloride in approximately 
the same proportion as sea salts, but in smaller 
particles, sulphate is present in a greater pro- 
portion than in the sea. This phenomenon, 
which does not exclude the marine origin of 
the excess sulphate, will be discussed in more 
detad later. At present it will be understood 
that sea salt particles lar ely if not altogether 

though the proportions of these are not quite 
the same as in sea water. 

Besides sea salt articles there are also smaller 

Aitken nuclei of a size less than 0.1 p. Practi- 
cally n o t h g  is known about their chemistry 
but it has been inferred from experiments 
that condensation nuclei of similar size and prop- 
erties can be produced in a number of processes 
such as combustion, photochemical reactions, 
etc. Their concentration in densely populated 
areas is very great, generally amounting to 
several ten thousands per cmS. Over the sea 
as well as over sparsely populated areas they 

represent constituents f erived from the sea, 

hygroscopic con ! ensation nuclei, the so-called 

TABLE 2.1 
The chemical composition of the troposphere (I atm. pressure) 

Nitrogen . . . . . . . . . . . . . . .  
Oxygen. . . . . . . . . . . . . . . .  
Water. . . . . . . . . . . . . . . . .  
Argon . . . . . . . . . . . . . . . . .  
Carbon dioxide. . . . . . . . .  
Neon .................. 
Helium . . . . . . . . . . . . . . . .  
Methane. . . . . . . . . . . . . . .  
Krypton. . . . . . . . . . . . . . .  
Nitrous oxide. . . . . . . . . .  
Hydrogen . . . . . . . . . . . . . .  
Ozon . . . . . . . . . . . . . . . . . .  
Carbon monoxide. . . . . . .  
Xenon ................. 
Sulfur dioxide. ......... 
Ammonia. ............. 
Hydrochloric acid. ...... 
Nitrogen dioxide . . . . . . .  
Iodine . . . . . . . . . . . . . . . . .  
Chloride ................ 
Sulfate-sulfur ........... 
Ammonia nitrogen. . . . . .  
Nitrate nitrogen 
Sodium. ............... 
Calcium. ............... 
Magnesium ............. 
Potassium. ............. 

Compound 

Na 
0, 
H2O 
Ar 
CO, 
Ne 
He 
CH, 
Kr 
NaO 
H, 
0 s  

so, 
HSN 
HC1 
NO, 
5 s  

so,-s 

co 
Xe 

c1 

H8N-N 
N08-N 
Na+ 
ca'+ 
Mg*+ 
K+ 

~~ 

Partial pressure 
in 

atmospheres 

0.78101 
0.20946 - 0.02 
0.00917 
3.3 x 10-* 
1.82 x I O - ~  

1.5 x 1 0 - 6  

1.14 x 1o-I 
5 x 10-7 

5 x 10-' 
-5 x 10-7 

I x 10-7 
8.6 x I O - ~  
I x 10-8 

-5 x 10-0 - 10-8 - 10-B - 2 x 10-1s 

5.24 X 10-a 

Concentra- 
ion in micro- 
gram per ms 

-1 
-1 
-1 
N I  
-1 
-1 
N 0.5 
N 0 . 5  

Remarks 

constant 
constant 
very variable 
constant 
somewhat variable 
constant 
constant 
constant 
constant 
constant 
constant 
very variable 
variable 
constant 
somewhat variabIe 
variable 
variable 
variable 
variable 
very variable 
very variable 
very variable 
very variable 
very variable 
very variable 
very variable 
very variable 

Tdur XI (1959). 4 
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are usually low in number (cf. LETTAU 1939). 
An extensive review of Aitken nuclei distri- 
bution is given by LANDSBERG (1938). Quan- 
titatively they cannot be as important as sea 
salt articles as they are mainly products of 
com B ustion. 

garticles9 
Another important category of 

which has been mentioned before, is t e group 
of insoluble mineral articles classified meteor- 
ologically as atmosp K eric dust. Too little atten- 
tion has been given to these, as it usually has 
been inferred that they are of local origin. 
They range in size from 10 to 0.1 p. Obviously 
they are derived from soils and, more impor- 
tant, the bulk of them must originate in arid 
regions with little or no vegetative cover or 
in semi-arid areas with well developed agri- 
culture. Conchions in humid re ions do not 

from the soil surface. 
Some information exists about dust in the 

atmos here although no systematic collections 

“dust falls”, i.e. cases where precipitation con- 
tains appreciable concentrations of dust. But 
actually it appears that dust is normally just as 
common as sea salts in precipitation. This 
can be inferred from analyses of snow collected 
in Finland during the late winter, published 
by VIRO (1953). The amount of silica (SiO,) 
in his analyses, which must come from such 
dust, is uite substantial and is of equal geo- 
chemica 4 importance as the sea salts. 

as a rule favour the release of t f ese particles 

have f een made. The reports mostly concern 

2. Circulation of atmospheric constituents 
The circulation of an element is defined as net 

transports of the element or a compound 
containing the element along closed paths in 
nature. It is clear from t h i s  definition that 
purely molecular exchange between, for in- 
stance, the atmosphere and the sea surface is 
not a part of a circulation unless a net transport 
takes place. 

It can be shown (cf. ERIKSSON 1959) that 
practically all constituents in the atmosphere 
take part in circulations. They are added to 
the atmosphere in certain regions and with- 
drawn from the atmosphere in other regions. 
Every constituent thus spends a certain average 
time in the atmosphere, between the addition 
and the subtraction, th is  time being called 
residence time and is generally defined as the 
Tellur XI (1959). 4 

ratio of the amount of the constituent in thc 
atmosphere divided by the rate at which it is 
added to the atmosphere in the particular 
circulation studied. 

In many of the circulations the transported 
amount returns uantitatively to the regions 
where it is adde 3 to the atmosphere. A few 
elements, however, are radioactive and are 
consequently subjected to decay during the 
circulation. Of special interest are those who 
are formed in the atmosphere by cosmic 
radiation. In their circulations they resemble 
the corresponding inactive isotopes except for 
the continuous disappearance by decay. 

Other radioactive isotopes, added from land 
surfaces are radon and thoron which, by their 
decay forms a series of elements that partly 
will accumulate on the deep sea floor as lead 
isotopes. This circulation is not closed in the 
sense defined but represents a net transport 
from one region to another without any 
foreseeable return. 

Localities where a net addition of chemical 
constituents to the atmosphere takes lace will 

are of considerable areal extent. The regions 
where a net subtraction of chemical constit- 
uents from the atmosphere takes place are, 
consequently, called sink regions, also those 
of large areal extent. 

The circulation path in the atmosphere can 
be both zonal, i.e. along latitude circles, or 
meridional, i.e. across latitude circles. The dis- 
tinction between these two transports is signif- 
icant for the following reason. The average 
air circulation is zonal and one could imagine a 
planet where it was strictly zonal. In such a 
case zonal transports would be simple advec- 
tions but meridional circulations would be 
strongly impeded. The air circulation on the 
earth has, however, meridional components 
though no net transport of air takes place 
meridionally. These components can be rather 
steady features as in the subtropical high pres- 
sure systems over the oceans and, to some 
degree, in the blocking situations that can 
build up at higher latitudes. They can also be 
irre ular in time and space as in the travelling 

higher altitudes. All these features of the at- 
mospheric motion greatly facilitates meridio- 
nal transports of chemical and physical r o p  

be referred to as S O N I C ~  regions as t K ey often 

cycones s 
erties. In regions where they are irreg uf ar in 

or in the meandering jet stream at 
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time and space their effect can be looked u on 

large scale eddy fzux) . 
The large scale eddy flux of a compound 

in a region where irregular features of the air 
circulation prevail will manifest itself by time 
variations in the concentration of the com- 
pound in the air that asses a fixed point on 

course, irre ular, but their relative average 

to be inverse1 related to the atmospheric resi- 
dence time o r the constituent studied. 

Examples on meridional circulations of ele- 
ments have been given recently by ERIKSSON 
(1959) who infers that all ermanent gaseous 

net transport in the atmosphere from e uato- 

gions, the return taking place in the oceans. 
The reason for this is the variation of solubility 
of gases in water with temperature, the differ- 
ence in tem erature of ocean surface water in 
low and hig g latitudes and the ocean circula- 
tion as manifested by the salinity distribution 
in the sea and the net evaporation pattern 
over the sea surface. 

A typical and well recognized meridional 
circulation is shown by water, low latitudes 
being its source region for the atmosphere and 
high latitudes its sink regions. The residence 
time of water in the atmosphere in its merid- 
ional circulation is short, about a month, and 
the relative variations of water vapor pressure 
in the atmosphere are very large. Carbon 
dioxide has a similar circulation but as its resi- 
dence time in this meridional circulation may 
be of the order of roo years or so, its relative 
variation in the atmosphere is quite moderate, 
amounting to only a few per cent. Finally, a 
gas like argon, that also must circulate in the 
same manner, has a residence time of perha s 
IOO,OOO years or more and any variation w o f h  
probably be hard to detect by any known 
analytical rocedure. 

When ip lustrating the circulation of an ele- 
ment it is convenient to do this on a global 
scale and divide the nature into reservoirs be- 
tween which the element is transferred. One 
of these reservoirs is logically the atmos here, 

phase or the hydrosphere, represented 
cally entirely by the oceans, is another ogical 

as a large scale d@sion process (often ca Y led 

the earth's surface. T K ese variations are, of 

magnitude % efined in a suitable manner seems 

constituents in the atmosp K ere must show a 

rial-subtropical regions to temperate-po ? ar re- 

i.e. the gaseous phase of the globe. The P iquid 

rracti- 

reservoir. The solid inorganic phase ma 

and the other the pedosphere, i.e. the soil where 
plants are rooted and which is a medium where 
all three phases plus organic dead and living 
matter are intimately mixed. Living plants that 
use the sun's energy in assimilating carbon 
dioxide may be divided into a reservoir of 
land plants and another for marine plants. 
The distinction is significant because land 
plants take the carbon dioxide and possibly 
other elements from the atmosphere while 
marine plants use dissolved carbon dioxide 
and other elements in sea water. 

The decay of plants takes place in many 
steps in which animals and other parasitic or- 
ganisms take part. As they together with unde- 
composed organic matter represent acertainstor- 
a e of not only carbon dioxide but also nutrients 
l i e  nitrogen and sulphur they are conveniently 
regarded as a reservoir of undecomposed organic 
matter in nature. Again, a distinction should be 
made between a land reservoir and a marine 
reservoir of undecomposed organic matter. 

vided into two reservoirs, one is the 7 itosphere be &- 

3 .  Vertical transports 

Vertical transport of properties in the at- 
mosphere depends on four processes, namely 
convection, turbulent diffusion and molecular 
diffusion and in the case of particles, fall by 
gravity. Convection is a selective vertical 
transport of warmer air through the environ- 
ment and is ultimately dependent on the vertical 
stability of the air. 

ictured as a 

and is caused by wind shear which, together 
with the inertia of the air causes instabilities 
in an air stream leading to formation of eddies 
which move in all directions relative to the 
mean wind. These eddies are finally elongated 
to long filaments and across their large surfaces 
molecular diffusion causes them rapidly to lose 
their identity (cf. WELANDER 1955). By this 
mechanism rapid transports of ro erties can 

surface acts as a sink or a source. Close to the 
surface, however, in the so-called laminar 
boundary layer turbulent elements disappear 
so that molecular diffusion, or in the case of 
particulate matter, the fall by gravity and 
impingement are the ultimate transport mech- 

Turbulent diffusion can be 
random motion of air parcels o P different size 

take place vertically, provide B R  t e earth's 

Tdur XI (1959). 4 
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anisms. The thickness of t h i s  layer is of the 
order of magnitude 0.1 cm. 

Near the ground the effect of convection is 
difficult to separate from turbulent diffusion. 
For this reason it is included in the turbulent 
diffusion which then depends strongly on the 
vertical stability of the air. This is, of course, 
also true when vertical stability is such that no 
convection occurs. Even then the vertical stabil- 
ity influences the turbulent diffusion. But the 
de endence of turbulent diffusion on the sta- 
bifty cannot be of the same nature in a stable 
stratification and in an unstable. 

The trmsport by turbulent diffusion can be 
expressed mathematically in the same way 
as molecular diffusion. If F is the vertical tur- 
bulent flux of a property present at a density of 
p, the flux is related to the gradient of the 
property by 

z being the vertical height coordmate and K 
the turbulent diffusion coefficient. Generally 
K increases rapidly with height which means 

ae that - decreases if F is the same at all levels. 

K is further a function of the wind velocity 
and the stability of the air. In general, K 
changes so rapidly near the earth's surface 

a@ that - for any property is difficult to evaluate 
az 

already at a few meters' height above the 
surface. 

As K can be assumed to be the same for the 
vertical transport of all chemical constituents 
in the atmosphere the following relation can 
be taken advantage of. For a compound a 
and b we can write 

az 

and consequently 

Integrating between two levels z1 and za one 
gets (assuming Fa and Fb to be constant) 
Tellur XI (1959). 4 
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or 

For many chemical constituents of interest 
their density at the interface air-ground (the 
ground taken to represent also surfaces of 
vegetation) may be zero. The density in free 
air at normal observation height ( -  2 m) 
can be easily assessed experimental1 
Fb and A @ ,  represent a property e water 
vapor and is known, merely measurements of 
the density in air of any other property makes 
it possible to calculate its flux. Assuming that 
we know AeHzo and F H ~ O  we can obviously 
define a kind of a vertical transport velocity w 

kThUS if 

by 

which can be inter reted as the rate at  which 
fresh air is steadily rought in immediate con- 
tact with the ground. This concept of a vertical 
velocity in the case of vertical transports of 
chemical quantities has been used earlier by 
EGNBR (1932) when discussing nitrogen losses 
from soils and manure and recently by CHAM- 
BERLAIN & CHADWICK (1953) in connection 
with absorption of radioiodine by soil and 
vegetation. If w is known, then apparently 

Fa = W A Q ,  (2.7) 

The velocity w averaged over a longer 
period also de ends on the roughness of the 

regions can be estimated crudely in the follow- 
ing way. The evaporation in trade wind 
regions between 15 and 25' S or N of the 
equator is according to WUST (1954) about 
130 cm per year. This means that the daily 

ground. A vaue P for the subtropical ocean 

flux is 130 - = 0.356 g x cm-2 x day-1. In these 
36s 

regions -the relative humidity from ship 
measurements, averaged over a year is around 
80 per cent and as the water temperature is 
around 25" the density of water vapor at the 
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surface must be 23 x I O - ~  g xcm-3. Thus, 
d @ H Z o  =4.6 x I O - ~ .  Then w becomes 7.5 x 104 

cm x day-1 or 0.87 c m  x sec-1. 
This value may be regarded as a minimum 

value as the air is always slightly stable in 
trade wind regions (WYMAN-WOODCOCK ex- 
pedition, un ublished). Over land, especially 

change is presumably greater due to convec- 
tional processes. On the other hand, low air 
inversion due to nocturnal coohg  of land will 
reduce the turbulent exchange considerably at 
times. So from these points of view the value 
around 1,000 m per day may ap ly also to 

where the roughness of the ground leads to 
very strong turbulence. 

Particulate matter has also a certain settling 
velocity which wdl ultimately bring particles 
to the ground. For such particles the vertical 
transport is given by 

when heate B in summer, the turbulent ex- 

continents, maybe except for woo 8 ed regions 

where V is the fall velocity and is negative. 
From this 

F =  wde + V@ (2.9) 

which shows that the trans ort is made up 

to settling. In the case of particles, however, 
conditions in the laminar boundary layer 
differ vastly from conditions in the case of 
trans ort of molecules. Particles are practically 

no radient whatsoever can be developed in 

is the onl transport means. This means that 

does not generate particles, de will be zero 
unless the fall rates are increased in the bounda- 
ry layer. 

When air is moving over land covered with 
vegetation, the inertia of particles can increase 
the apparent fall rate near the round due to 
im ingement of particles on B eaves, needles 
an s other obstacles. With the normally occur- 
ring wind speeds it can be shown that objects 
of a diametre of 1-2 mm are effective for 

larger particles by impingement. 
Pine an spruce needles should be effective 
in removing particles by impingement and in 

of two quantities, one turb J ent and one due 

unin 1 uenced by molecular processes so that 

the P aminar boundary layer where fall velocity 

in a stea dr y state process where the surface 

such a case a turbulent transport from higher 
levels will take place. One prerequisite for 
removal by impingement is, however, that 
the particles are retained for some specific 
reasons. This is mostly the case for sea salt 
particles because they are hygroscopic and 
wet even at low relative humidties. 

A turbulent transport of gases can only 
take place if the gases are absorbed, or released, 
by the ground, i.e. soil and vegetation. Absorp- 
tion can be predicted from the known proper- 
ties of gases once the chemical properties of 
soil and vegetation are known. 

4. Sources of chemical constituents in the 

a. Continental sources 

We have been concerned so far only with 
the removal of chemical constituents from the 
atmosphere. The ground can also act as a 
source which is apparent from the existence 
of particulate matter or dust in the atmosphere. 
It is also clear that the ground can be a source 
of gaseous constituents. 

Very obvious sources of both particulate 
and gaseous material due to human activities 
are found in densely populated districts with 
much industrial activity. Important areas in 
this regard can be found in western Euro e 

output of material into the atmosphere from 
these regions is obviously of great local impor- 
tance and much work assessing atmospheric 
pollution has consequently been done. On 
the other hand the importance of these source 
areas on a global scale may have been consider- 
ably overestimated. 
a. Sources of particulate matter. Atmospheric 

dust has been discussed earlier to some extent 
and it was inferred that the source regions 
must be the arid parts and agricultural areas of 
our continents. Dust appears in precipitation 
as well, therefore it may influence its composi- 
tion. This influence depends, however, on the 
technique of analysis of precipitation samples 
as well as on the kind of dust which is carried 
by the atmosphere. 

The composition of atmospheric dust must 
reflect the com osition of the top soils in arid 

of these it can be inferred that the insoluble 

atmosphere 

and the north-eastern United States. T K e 

and agriculture B regions. From the composition 
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material consists of the three most common 
minerals, quartz, feldspar and mica, 
with a greater weight of uartz. Ari regions 
often contain calcium car 1 onate and calcium 
sulphate in the top layer; in this case these 
two could be present in the air representing 
compounds which are not readily soluble but 
still found in solution. Calcium carbonate, 
which is more frequent and which is probably 
easier to get into the air, would probably not 
exist as such for long when much sulphur 
dioxide is present in the air which on oxidation 
converts the carbonate into sul hate. Calcium 

when considering such dilute systems as rain 
water. It is, however, of no use to speculate 
further on these two compounds as there is 
too little evidence concerning their resence 

tioned, however, that carbonate particles, 
which are easy to identify, have been detected 
in dust collected by impingement on glass 
slides in northern Sweden (unpublished re- 

Salt efflorescences occur in large areas of the 
arid regions in top soils. It could perhaps be 
expected that these salts would be carried up 
into the air together with dust particles and 
thus be transported away from the arid regions. 
There is, however, some evidence that such a 
transport of easily soluble salts is not too 
important. Some salt particles may be carried 
into the air as observed by CROZIER & SEELY 
(1952) above the Mojave Desert in western 
United States. The number of such particles, 
however, was generally low compared to the 
number of salt particles encountered in mari- 
time air masses above this region, and seemed 
to be correlated with the number of dust 
articles. In Quetta, situated on the Behchistan 

Lghland in Pakistan, thick dust haze coming 
from the deserts to the west where large areas 
of salt waste are found is often ex erienced 
during summer. FOURNIER D’ALBE 6955) in- 
vestigated the salt nuclei content in the surface 
air layer at this place and found no significant 
rise in the number of h groscopic nuclei 

in the salt wastes are resent on the surface as 

strong winds, rapidly fall out again under the 
influence of gravity. Therefore very little is 
actually camed away by wind from these 

Brobably 

sulphate is comparatively so f uble, at least 

in the atmosphere at present. It can bp e men- 

sults). 

during these occasions. He t k;lk s that the salts 

fairly large grains w 7l ich, though raised by 
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regions. They may, however, influence the 
composition of precipitation locally. 

There is thus far no evidence of any substan- 
tial transport of easily soluble salts from the 
arid regions. 

The transport of insoluble mineral matter 
from arid regions into humid areas is, of 
course, a transport of great geochemical im- 
portance. The windborn soil material known as 
loess must be derived from such transports. 
The classical example of such soils is the ex- 
tensive loess deposits in parts of China which 
are believed to be derived from the arid central 
part of Asia. The yearly amounts transport- 
ed need not be great; in a few million years 
substantial deposits will be the result even if 
the yearly amount precipitated is of the order 
of only kg x ha-I x year-I. 

From the fact that loess de osits are calcar- 

be inferred that calcium carbonate is a signif- 
icant constituent of atmospheric dust. 

/?. Sources of gaseous compounds. The land 
surfaces, or better, the continental surfaces 
can be sources of gaseous compounds. A well 
known exam le is the escape of radon from 
soil, produce{ by desintegration of radium in 
rock material. Other gaseous compounds 
produced in the soil are ammonia, carbon 
dioxide, nitrous oxide and probably hydrogen 
sulfide. 

H drogen sulfide is easily formed by bac- 

organic substances are present but oxygen is 
absent. The bacteria use the oxygen of the 
sulphate for oxidizing organic matter, and 
thereby gain energy necessary for their suste- 
nance. This process occurs most frequently in 
swamps, bogs, soils with a high water table 
and in lakes with stable stratification. Even in 
normal well drained soils reduction processes 
can occur which may produce hydrogen sul- 
fide. A good soil consists of aggregates of soil 
material and when wet, these are sites of 
anaerobic processes in which sulfur may partic- 
ipate. 

In the reduction of sulphate ferrous sulphide 
ma be formed. This is a rather common min- 

ed by sedimentation in water (for instance 
the “gyttja” soils of Sweden). If there is not a 
sufficient amount of ferrous iron present HzS 

eous, i.e. contain calcium car L! onate, it might 

teria r reduction of sulphate. This occurs where 

era r in many soils high in organic matter, form- 
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will form. As the solubility of H2S in water 
is rather moderate, its escaping tendency is 
great and it gradually diffuses into the atmos- 
phere. Hydrogen sulfide is also formed during 
decomposition of sulfur containing organic 
matter. 

The best known example of sul hate reduc- 
tion in water is given by the Blac z Sea where 
the content of H,S in deep water is very 
great (NIKITIN, 193 I). 

Lakes in tropical and subtropical regions 
often contain very stable stratified water as a 
result of warm surface conditions. This de- 
rives deep layers of water of oxygen, and 

Eydrogen sulphide forms as a consequence. 
Large lakes in tropical Africa, investigated by 
BEAUCHAMP (1953), are remarkably low in 
sulphate when compared with chlorine. It 
seems likely that large quantities of hydrogen 
sulphide are being released to the atmosphere. 
Similarly ANDERSON (1945) noticed a deficiency 
of sulphate in some south Australian lakes 
where he also was able to smell hydrogen 
sulphide. The limit of detection of H,S by 
its odor is near 20 yg x m-3, consequently there 
must be appreciable concentrations in the 
atmosphere around these lakes. 

The reduction of sulphate in ground waters 
makes them alkaline as pointed out by RIFFEN- 
BURG (1925). He found that when water seeps 
through sedimentary beds high in organic 
matter it becomes alkaline. Since H,S is 
formed in such processes certady some, if 
not the main part, must reach the atmosphere. 
H2S which escapes to the atmosphere is oxi- 
dized to SO, and finally SO, which in turn is 
brou ht to earth again. 

occur with the help of sulphur trioxide. 
Sul hur trioxide which is very hygroscopic, 

it forms sulphuric acid which has a very low 
escaping tendency. Therefore both SO, and 
H,SO, can be rapidly removed from the 
atmosphere or added to condensation nuclei. 
In salt waste regions rich in sodium chloride 
the presence of SO, in the air may lead to a 
loss of HCI. As SO, is formed it reacts with 
NaCl and water forming sodium sulphate and 
hydrochloric acid. This process is actually 
employed in the most common commercial 
method for the manufacture of hydrochloric 
acid. 

Re f ease of HC1 from the ground may 

is P ormed by oxidation of SO,. With water 

b. Oceanic sources 

The open ocean areas can contribute chemi- 
cal constituents to the atmosphere in two 
ways. One is by mechanical disintegration of 
water into small droplets which evaporate, 
leaving droplets of concentrated solutions or 
crystalline matter as small particles in the at- 
mosphere. The other is by gaseous diffusion 
through the interface water-air. 

In addition to the open sea areas there are 
the borders of the sea in which the same two 
processes occur on a magnified scale. Produc- 
tion of sea salt particles in a surf has been 
known for long and the role of intertidal flats 
for production of various ases is obvious, 

and the anaerobic character of these deposits. 
As to the mechanical processes of water 

disintegration these have been studied rela- 
tively recently by WOODCOCK, KIENTZLER, 
ARONS and BLANCHARD (1953a) who discov- 
ered that burstin bubbles in sea water eject 

upon evaporation, form small sea salt particles. 
Bubbles are, of course, produced by breaking 
waves which always occur frequently when 
the wind force exceeds four (Beaufort). BLAN- 
CHARD & WOODCOCK (1956) have, however, 
also discovered other processes of bubble 
formation. One is by impaction of drops 
on a water surface, another which produces 
very small bubbles takes lace when snow 

small bubbles. 
All these processes have been studied in 

detail by BLANCHARD & WOODCOCK (1.c.) who 
related the number of articles produced and 
their size to the size o 3 the bursting bubbles 
and they account satisfactorily for the amount 
and distribution of sea salt particles in air over 
ocean areas. Breaking waves seem to be quan- 
titatively the most important and naturall 

particles to be related to the wind force which 
is also the case as shown by WOODCOCK 

Thus, a satisfactory mechanism exists by 
which disintegrated sea water is carried into 
the air. Once in the air the droplets formed are 
influenced by gravity which tends to carry 
them back to the sea surface. On the other 
hand they are influenced by the turbulence of 

considering the abundance o B organic material 

a number of smal P droplets into the air which, 

flakes fall into water, air l! eing entrapped as 

one would expect the production of sea s 9 t 
(19S3). 
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35.2 
39.2 
56.0 
73.2 
86.7 
99.3 

112.5 
124.3 
I37 
147.7 
168.5 
189.5 
206.8 
225 
241 

273 
281 (sat) 

1,000 (dry) 

257 

the air which tends to distribute them in all 
directions. At the same time evaporation sets 
in which tends to reduce the gravitational 
settling by increasing their specific surface. 
The final distribution of sea salt particles in 
the atmosphere over a source re ion will 

sea water droplets, their rate of evaporation 
and the turbulence of the air. 

In the steady state which requires a constant 
source of the surface we have 

largely depend on the rate of pro B uction of 

I .024 
1.026 
1.039 
1.051 
1.061 
I .070 
1.080 
1.089 
1.099 
1.107 

1.140 
1.153 
1.168 
1.182 

1.208 
1.215 

1.122 

1.195 

2.1 

a n  
az 

-K-+ V ~ = O  (2.10) 

I .ooo 
.898 
.620 

.392 

.339 

.297 

.267 

.240 

.22I 

.I91 

.167 

.151 
,137 
.1266 
.I173 
.I092 
.I057 
.01677 

.468 

where K is the turbulent diffusion coefficient, 
n the volume concentration of particles of a 
certain size, V the fall velocity and z the 
vertical coordinate. It is seen that provided K 
is constant the distribution will be simply 
exponential (V being negative), namely 

n = no exp (Vz /K)  (2.11) 

As the flux down to the surface where K is 
very small is Vn,, the rate of production must 
be the same. But this is the rate of production 
of sea salt articles, in equilibrium with the 

rium mass and volume of a sea salt particle 
relative humi B ity of the environment. The equilib- 

1.000 
.966 
353 
.777 
.733 
.698 
.668 
.645 
.622 
.605 
.576 
-551 
-532 
.516 
.502 
-490 
,478 
.473 
.256 

(relative to the mass and volume of the corre- 
sponding sea water droplet of 35 % salinity) 
at different relative humidities can be calculated 
from available data on the vapor pressure of 
sea water at different salinities (ARONS & 
KIENTZLER 1954) and from the densities of 
sodium chloride solutions found in chemical 
handbooks. Table 2.2 gives the results of these 
computations for relative humidities between 
75 and 100 per cent. RHis the relativehumidity 
under equilibrium conditions, S the salinity 
in g kg-1, e the density of sodium chloride 
solutions of the same satinity, e/eo the relative 
density, W/Wo the relative volume, r/ro the 
relative radius and V/Vo = e/eo (r/ro)2 the rela- 
tive fall velocity. The last hold within the size 
range of particles considered here. 

Table 2.2 shows that the decrease in fall 
velocity is ap reciable already at 97 % R H  

original. To decrease this value at 97 % RH to 
half, one has to decrease R H  to 88 %. From 
90 to 80 % the change in fall velocity is rather 
small, but an ap reciable reduction occurs at 

gether, the fall velocity is reduced by a factor 
of about 7 by the complete evaporation of a 
sea water droplet. 

when it has i ecreased to about 213 of the 

around '75 % w R en NaCl crystallizes. Alto- 

TABLE 2.2 

humidities all at 25' C 
Salinity, density, relative volume, radius and fall velocity of sea salt particles at different relative 

RH 
per cent 

98.2 
98 
97 
96 
95 
94 
93 
92 
91 
90 
88 
86 
84 
82 
80 
78 
76 
75 
75 

Density Salinity 
S in g * kg-' Wl wo 

Relative 
fall velocity 

Vl vo 

1.000 

.930 

.739 

.620 

.556 

.509 

.469 

.44' 

.414 

.394 

.364 
-337 
.319 
.303 
.291 
.279 
.269 
.266 
.I39 
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TABLE 2.3 

Fall velocities of sea water droplets and of sea salt particles in equilibrium with 91.4 per cent 
relative humidity and time constants for changes in the fall velocity with changing relative 

humidity. fv is weight of sea salt in particles in ppg; '91.4 radius at 91.4 yo RH 

.I00 

.178 

.316 
463 
1.000 
1.78 
3.16 
5.63 

10.00 
17.8 
31.6 
56.3 

I00 

178 
316 
563 

1,000 

1,780 
3,160 
5,630 

t0,ooo 

YO 
in p 

-1.00 
- -75 
- .50 
- .25 
& .oo 

.25 

.50 

.75 

1.25 
1.50 
1.75 

2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 

I .oo 

2.00 

372 
1.058 
1.28 
1.55 
1.88 
2.28 
2.76 
3.34 
4.05 
4.91 
5.94 
7.20 
8.72 

10.58 
12.8 
15.5 
18.8 
22.8 
27.6 
33.4 
40.5 

.0038 

.0056 
,0082 
. O I Z I  
.0176 
.0260 
.0380 
,056 
.082 

.176 

.2 60 

.380 

.56 

.82 
1.21 

1.76 
2.60 
3.80 
5.60 

.I21 

8.20 

r91.4 

In t.r 

,022 
,032 
.047 
,070 

. I 50 

.32 

.47 
,70 

1.50 

3.2 
4.7 
7.0 

15.0 

32 

.I02 

.22 

I .02 

2.2 

10.2 

22 

A 7  

.550 

.667 
207 
476 

1.178 
1.436 
1.74 

2.55 
3.09 
3.75 
4.53 
5.50 
6.67 
8.07 
9.76 

11.78 
14.36 
17.4 

25.5 

2.10 

21.0 

vo 
cm . sec-l 

The evaporation will take a certain time 
which is a function of the relative humidity 
and the original size of the droplet. The eva - 
state for our purpose and with this assumption 
oration rate can be approximated to a stea I! y 

- 4niDAg (2. I.) 
dW 
dt 
-= 

where W is the volume and r the radius of 
the drop, de is the vapor densit difference 

i.e. that of the environment whde D is the 
molecular diffusion constant which for water 

between the surface of the drop an B at infinity, 

.oogr 

.0133 

.or95 

.0287 
,0420 
.0618 
.0905 
.I33 
.I95 
.286 
.420 
.618 
.go5 

1.33 
1.95 
2.87 
4.20 
6.18 
9.05 

13.3 
19.5 

vapor can be 

As - =4nra- we get 

ut equal to 0.3 cm2x sec-l. 
dw 1 
dt dt 

dr 
I - -=  -Dd@ (2.13) at 

which shows that the decrease in radius is a 
parabolic function of time at least for the 
initial state. An approximate treatment of 
the problem can be done by putting 

v91.4 3= v, 
cm 

.6 - IO-' 
1.3. I O - ~  
2.8 - I O - ~  
6.0 - I O - ~  
1.3 7 I O - ~  
2.8 - I O - ~  
6.0 - I O - ~  
1.3 10-1 
2.8 - 10-' 
6.0 * 10-1 

1.3 
2.8 
6.0 

I 3  
28 
60 

130 
280 
600 

1300 
2 500 

where ro is the equilibrium radius and eo the 
equilibrium vapor density, S the average sali- 
nity in g .g-1 of the drop in the size interval 
studied, L the latent heat of evaporation, D the 
molecular diffusion coefficient for water va- 
por, K the heat conductivity of air and T the 
temperature. The term within brackets ac- 
counts for the effect of heat of condensation 
or evaporation on the vapor pressure of the 
droplet. Evaluation of 

in the range RH 91.4 to 98.2 and zs°C and 
S = 87 - I O - ~  gives 0.01 15 so we can write 
- 

or 

which incidentally shows that the fall velocity 
which is proportional to r2 changes approxi- 
mately exponentially with a time constant t 
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ro" z= 
0.023 Po D 

Some values of z for Po = 2 10-5, D = 0 . 3  and 
various equilibrium radii is given in table 2.3 
where also the weight of the salt in the particle 
is given as well as the fall velocity V, for a 
droplet in equilibrium with sea water and in 
equilibrium with 91.4 per cent relative humid- 
ity. In the same table also 3 zV, is calculated 
to show the magnitude of the distance travelled 
before the equilibrium velocity through evap- 
oration is attained. It is seen that ths distance 
is proportional to the forth ower of the 

appreciable for large particles. The calculations 
are made so that the time of evaporation for 
ejected sea salt droplets of different size can be 
estimated. It is evident that this time has some 
influence on the possibility of ejected sea salt 
droplet to be removed by turbulence into 
the air through the turbulence itself must be 
a much more important factor. 

It is apparent that a selective process occurs 
at the sea surface whereby the smaller salt 
particles are favored compared to big ones. 
A given distribution of sea water dro lets 
generated will be considerably modlfieg in 
the layer close to the surface. A low relative 
humidity will favor the formation of larger 
sea salt particles because of a more rapid 
eva oration. As the main mass of salt is found 

humidity like trade wind regions can be 
expected to be important source regions for sea 

duce sea salt particles but production o r- the 
salts in the atmosphere. Other areas also 

larger particles is impeded by the high relative 
humidity so that presumably smaller particles 
are produced in any number. 

It is known that a substantial poleward trans- 
ort of water vapor takes place carrying latent 

[eat from subtropical into temperate zones. 
Similarly, a net transport of sea salt particles 
probably takes place from the subtropical 
regions into the temperate zones. This is 
strongly sug ested by the fog water analyses 
carried out % y CUNNINGHAM (1941) on the 
north-east coast of the U.S.A. He found much 
larger chloride concentrations in fog water 
from air masses of tropical origin than in polar 
air masses. 

The main regions of sea salt particles gener- 

radius and is very small for sma E particles but 

in t 1 e larger particles, regions of low relative 
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ation in the temperate zones must be the 
cyclone tracks due to frequent high wind 
velocities though probably not in the warm 
sector of a storm. The cold air side of a cyclone 
has, of course, much 'more favorable condi- 
tions for sea salt generation as the air is being 
heated along its way. 

Bursting bubbles in the sea can also be ex- 
pected to remove organic matter in surface 
films that are always resent on the sea sur- 

ered accidentally by WOODCOCK et ai. (1953) 
in their experiments on bursting bubbles. It 
is felt that this is a geochemically important 
process which probably accounts for the 
presence of organic matter in rain and snow 
even when collected in laces where hardly 
any vegetation grows an B no human contam- 
ination is present. 

The oceans are also sources of gaseous com- 
pounds, an aspect which has been discussed 
recently by ERIKSSON (1959) as mentioned ear- 
lier. There are, however, gaseous compounds 
that are formed in the biological cycle either 
in the surface layer or in shallow arts of the 

in over continents contributing to the circula- 
tion of these elements. An element of special 
interest is sulphur whose circulation is still 
puzzling. In order to balance the river run-off 
of sulphur CONWAY (1942b) hy othesized a 

reached the atmosphere and was carried in 
over the continents. The ossible oceanic 

may be sufficient at present to point out that 
intertidal flats which apparently are of a fair 
extent, may produce uite sizeable amounts 

turnover in the sea produces sizeable quantities 
which are brought into the atmosphere. 

III. Sea salt particles in the atmosphere 

I. General 
Most of the work on sea salt particles in the 

atmosphere over oceans has been carried out 
by A. H. WOODCOCK, Woods Hole Oceano- 
graphic Institution in connection with cloud 
physics studies. Sam ling has been done from 
small aircrafts at di 2 erent levels by the impac- 
tion method on glass slides and identification 
and measurements by the so-called isopiestic 

face. This mechanism P or removal was discov- 

sea and reaches the atmosphere an B are carried 

production over the shelf areas o P H2S which 

sources of sulphur will be B iscussed later. It 

of H2S. It is possible t x at also the biological 
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method. The sampling slides are exposed to a 
controlled, constant humidi in which the 
salt particles grow to equili 2 rium at which 
their sizes are measured microscopicall 
method is not s ecific for sea salts, as a 9‘ easily The 
soluble salts w’ s 1 react like sea salt particles. 
Over the oceans the assumption that these 
particles are sea salt particles is not entirely 
correct as will be discussed later though no 
serious error is introduced in most cases. Over 
land such a method may be more questionable 
unless sea salt components are identified in 
some other way. TWOMEY (1954) for instance 
used the phase transition method to establish 
the identity of sea salt particles samples over 
Australia. Chemical tests for chloride in sam- 
pled articles have been developed by SEELY 
(19pf)and later, in a more convenient form by 
LODGE (1954) enabling them to identify and 
measure the concentration of chloride particles 
over continents. LODGE (1.c.) has also developed 
similar techques for sulfate and magnesium- 
ion particles. 

Considering the oceans as the main source 
for sodium and chloride in the atmosphere, it 
is clear that the data obtained by Woodcock 
in his sea salt particle studies are most valuable 
as they may be used to obtain the average sea 
salt load of maritime air. How far this can be 
transported into continents can be surmised 
from investigation by TWOMEY (1955), CRO- 
ZIER and SEELY (1.c.) and BYERS et al. (1956) 
who all sampled from aircrafts. Ground 
sampling by impactor methods used by FOUR- 
NIER D’ALBE (1.c.) in Pakistan seems to be 
excellenty suited for synoptic studies on a 
large scale and over longer periods where 
aircraft sampling would be prohibitively costly. 

Some characteristic features of sea salt par- 
ticle distributions will be discussed in the 
present section followed by a discussion on 
the vertical mass distribution at various places 
in the next section. 

a. Number-size distributions of sen salt par- 
ticles. It was mentioned earlier that the for- 
mula, developed by JUNGE (1952) 

where N is the cumulative number of particles 
per unit volume with a radius smaller than or 
equal to r and k is a constant, cannot describe 

3 

L 
I 2 a G  

dN 
dr Fig. 3.1. Log - as a function of \/. 

Average of 67 samplings from Hawaii (WOODCOCK 1957). 
N in number * nrS, r in microns (p). 

number distributions of sea salt particles prop- 
erly. If (3.1) were valid then the mass of sea 
salt within each logaritmic size interval would 
be the same whereas in fact it is more like a 
normal distribution as pointed out earlier. 
From this it is apparent that the exponent of r 
must be a function of r. 

It was found, however, from WOODCOCK’S 
Hawaiian data (1957) that the number distri- 
bution could be expressed by a function 

( 3 4  

Fig. 3 .  I shows the average of all 67 samplings 

from Hawaii when log - is plotted as a 

function of 6 It is seen that the data fit 
relation (3.2) very well over practically the 
entire size range of sea salt particles. This does 
not, of course, mean that eq. (3.2) gives a 
physical interpretation of the whole complex of 
phenomena that leads to this distribution; 
the only purpose the equation can have is to 
describe the nature of the number-size distri- 
bution by a simple formula. 

WOODCOCK (1953) summarized earlier 
values in order to show how the wind strength 
influenced the number-size distribution, antic- 
ipated from the known mechanism of sea 
salt particle production. The results as pre- 
sented by Woodcock are shown in fig. 3 . 2  
where N is plotted against w on a log-log scale. 
The weight w is given in ppg (Io-12g). It is 

d N  
dr 

Tellus XI (1959). 4 
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wps 

dN 
dr Fig. 3.3. Log - as a function of \/rat afferent wind 

forces (in Beaufort), obtained from fig. 3.2. N in num- 
ber * m-s, r in cm. 

0 1 2 3 4 5  

Lop w 

Fig. 3.2. Number-weight distributions of sea salt parti- 
cles at different wind forces. Wind force in Beaufort. 

(From WOODCOCK ~ 9 5 3 . )  

found that these average curves for different 
wind force (in Beaufort) also seem to fit eq. 
(3.2) with some exceptions. A plot of the 
data in a way simdar to fig. 3.1 is shown in 
fig. 3.3.  Two things are, however, noted. 
Firstly, each wind force obeys eq. (3.2) in . cer- 
tain intervals. Below 2 ,u the curves run nearly 
parallell but above that size they have different 
p values. It looks as if p is influenced by the 
wind force and actually by converting the 
wind forces given on the figure into correspond- 
ing wind speeds it is found that f i  most likely 
is inversely proportional to the square root 
of the wind velocity in this upper size range 
or at least inversely related to the wind ve- 
locity. 

Fig. 3.3 indicates that the nature of the 
number-size distribution of sea salt articles 

external factors at least above a certain size. 
Below that size B is presumably independent 
of wind force though the total number is 
still a function of wind strength. 

Eq. (3.2) is not valid in all regions as will be 
pointed out in the next section. 

b. Mass-weight distributioizs of sea salt par- 
ticles. This kind of distribution is defined as 

as expressed by the parameter ,8 is re 'i ated to 

Tellur XI (1959). 4 

the mass of sea salt per logaritmic weight 
interval and can be formulated 

where m is the total mass of sea salt per unit 
volume and w is the weight of individual 
particles. 

Considering that 

dm = - wdN= - wNd (in N )  (3.4) 

it is a parent that the total mass m can be 
arrivect'at graphically in two ways. If wN 
is plotted as a function of -log N the area 
below the curve, which forms a kind of a 
statistical distribution, multiplied by 2 . 3  will 
be the total mass of sea salt per unit volume. 
From (3.4) we can also write 

dm= - w N W ' d ( 1 n w )  a(ln w) (3.5) 

which shows that if - w N  ~ '(log N ,  is plotted a(l0g w) \ " I  

as a function of log w the area below this 
curve, multiplied by 2 .3  will also be the total 
mass m. Both methods have been employed 
in the following for estimating the total con- 
centration of sea salt. 

The mass-weight distribution defined by 
dmld (log w) have some interesting features. 
From WOODCOCK'S number-weight distri- 
butions in fig. 3 . 2  the corresponding mass- 



ERIK E R I K S S O N  3 90 

weight distributions have been constructed, 
and the results are seen in fig. 3.4 where for 
comparison also the radius is given on top of 
the diagram. First it can be noted that the 
mass-log (weight) distributions are approxi- 
mately normal with well defined maxima. 
It can also be noted that the maximum in 
mass density is situated at about 6 ,LA for the 
greatest wind force and is shifted towards 
smaller sizes for lower wind forces. Finally it 
is seen that the total mass of salt is strongly 
dependent upon the wind force. 

The type of mass-weight distributions seen 
in fig. 3.4 are prevalent in most regions but 
there are interesting exceptions which will be 
discussed later. 

2. Vertical variations over ocean areas 
In section I1 the behaviour of particulate 

matter in the atmosphere was discussed and it 
was shown that at a steady state 

an 
az 

- K - +  Vn=o 

where n is the number concentrations of par- 
ticles who have a fall velocity V (being nega- 
tive), K is the turbulent diffusion coefficient 
and z the vertical coordinate. Further condi- 
tions implied in this equation are that the 
particles are conserved, i.e. no coalescence or 
disintegration of particles or removal by 
precipitation takes place and secondly that the 
horizontal gradient of n is zero. 

As the fall velocity increases with the size 
of the particles it is obvious that the number- 
size distribution must vary in the vertical in 
such a way as to decrease the mass concentra- 
tion. This is generally true too but important 
exceptions occur. MORDY (1959) has found 
that K in the eq. 3.6 can bz computed from 
WOODCOCK'S Hawaii data (1958) for some 
levels, and gives a value of K around 105 cm2 
x sec-1 in agreement with the K-value one 

can compute from the total evaporation in 
lower latitudes. At many levels, however, 
anomalies in the number-size distributions 
occur showing a far too great excess of large 
sea salt particles. WOODCOCK (personal com- 
munication) who also observed the abundance 
of large articles around clouds has ex lained 

within a cloud and subsequent evaporation 
which will inevitably lead to an excess of 

t h i s  as B,e to coalescence of cloud c f  roplets 

Log (weight of particles) 

Fig. 3.4. Mass-weight distributions of sea salt particles at 
different wind forces. Obtained from fig. 3.2.  Mass, m, 

in pg * m-3, w in ppg ( 1 0 - l ~  g) units. 

larger particles at cloud level. These higher 
numbers occur as invisible clouds, often in 
the rear of tradewind clouds where evaporation 
of the cloud droplets normally occur. Another 
mechanism which may operate in cloud and 
favour large particles is visualized by WOOD- 
COCK as follows. If the cloud is pictured as a 
ring vortex with moist, salt laden air flowin 
upward in the center, large salt particles 4 
reach the largest sized cloud droplets. In the 
upper part of the cloud where the u ward 
moving air diverges the velocity of t ie air 
stream decreases. Cloud droplets of the largest 
size will fall downward closest to the centre 
but on arrival at the bottom of the cloud they 
are evaporated and drawn into the upward 
moving air. Smaller droplets will be carried 
further out from the cloud before reaching 
the cloud base level and will have less chance of 

Tcllur XI (1959). 4 
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being drawn into the cloud again than the 
larger salt particles forming the larger droplets. 
Such a doud should thus tend to concentrate 
larger particles until it dissipates when it 
leaves an invisible cloud of larger salt particles. 

Though these mechanisms explain the anom- 
a1 in the vertical number weight distribution 

the sometimes observed fact that the smaller 
particles which are hardly influenced by 
gravity under normal conditions, also increase 
upwards to some level. To understand this we 
must consider the nature of air flow in trade wind 
regions. The trades are not the uniform flow 
of air many times visualized though the 
steadiness of the winds are great. In these 
belts the flow of air has a wave-like nature 
so that winds increase and decrease more or 
less periodically. As these variations in wind 
force often are accompanied by wind shifts 
and weather phenomena ldce cloudiness and 
precipitation it has become customary to talk 
about weather disturbances in the form of 
waves that may move with the wind or against 
the wind (cf. RIEHL 1954). Such disturbances 
are always accompanied by higher winds 
than usually due to convergence and release 
of latent heat by precipitation in the disturb- 
ances. The disturbances may occur on differ- 
ent scales and the best known are those rec- 
ognizable on a synoptic scale. One significant 
fact in this connection is that the areal extent 
of the synoptic disturbances is much less than 
of the undisturbed regions. On a much smaller 
scale and much less active, such disturbances 
may be responsible for the often remarkably 
regular pattern of cloud areas, i.e. areas 
where trade wind clouds occur more or less 
densely distributed. Such patterns have been 
dcscribed by STARR MALKUS (1957) from the 
Caribbean region and are sometimes even 
stationary, i.e. the air just passes through the 
cloud areas without moving the whole area. 

All this indicates that wind velocities vary 
from time to time and from place to place 
and that the areal frequency of high winds is 
much less than of low winds. As the production 
of sea salt particles increases rapidly with in- 

winds, one can apparently divide 
r t f o l e  trade wind belts into “source” 
areas and “sink” areas, the latter removing 
particles from the atmosphere. 

Now, the application of eq. (3.6) is, of 
MUS XI (1959). 4 

o Y larger sea salt particles they do not explain 

2-906063 

Fig. 3.5. Mass concentrations of sea salt particles as a 
function of altitude at different wind forces (in Beaufort). 

From WOODCOCK (unpublished). 

course, restricted. A more complete equation 
should read (considering only two dimen- 
sions) 

an an an a - + u - + V -  + a n = -  
at ax ar az 

where u is the wind velocity in the horizontal 
x-direction and an is the rate at which particles 
disa pear due to removal by coagulation, 
co a f  escence and precipitation. The equation is 
neglecting vertical motion of air and may 
be applicable in a sink region where occasional 
cloud formation and precipitation takes place. 

Consider eq. (3.7) in a steady state (&/at = 0) 
when air is emerging from a source region. To 
demonstrate what happens neglect the fallout 
and the dispersive term. Then 

an  
d X  

u - i - a n = o  

which gives 
01 

(3 -9) n = no(z) e - i x  

Let no(z), the vertical distribution at the source, 
be exponential of the form exp. ( - z /h) ,  then 
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z a  _--- 

n=n,e  h u x  (3.10) 

Let u increase linearly with height, say by u = 
uoz. Then n has a maximum at 

i.e. proportional to the square root of the 
distance. Thus, as we proceed from the source, 
a maximum in n is formed close to the surface 
and is shifted upwards, first rapidly, then more 
and more slowly. 

Inclusion of the dispersive term cannot 
remove this maximum, only flatten it and 
inclusion of the fallout term would only shift 
its position to a lower altitude. The example 
above is simplified but on can expect such 
a maximum in the salt load to appear in 
a sink region whenever the wind increases 
with height because of more rapid advection 
from the source region at higher levels 
than at lower. 

log w 

Fig. 3.6. Average mass-weight distributions of sea salts 
at different altitudes in Hawaii. Mass, m, in pg m-S, w in 

ppg (10-l~ 9). Data from WOODCOCK (1957). 
500 feet altitude 

-- -- . 1,000-2,000 feet altitude 
2,000-3,000 ” *’  

. . . . 3,000-4,000 ” ” 

. . . . . . 4,000-~,000 ” ” 

. . . . . . . ~,000-8,000 ” ” 

_ _ _ _ _ _  
- - _ _  
_ _ _  

Now we can conclude that if sampling is 
done regularly at a certain place one would 
frequently find a maximum in the sea salt 
article concentrations around the cloud base P eve1 in more normal wind conditions and a 

regular decrease with height when sampling 
in strong winds. This can actually be seen in 
fig. 3.5 (which has been received from WOOD- 
COCK) where the average variations of mass 
of sea salt with height in three different grou s 

lowest wind speeds give a clear maximum at 
about cloud base level. The next group of 
wind forces give a nearly constant mass with 
hei ht up to the same level whereas the 
hgK est winds show a clear decrease all the 
way upwards. 

Before discussing the mass-weight distri- 
butions further it should be remarked that 
excessive maxima may partly be due to an 
unfair large proportion of samples from 
cloud base level compared to lower levels. 

Looking at mass-weight distributions at  
different levels, fig. 3.6 shows the distribu- 
tions obtained from WOODCOCK’S Project 
Shower data (1957). It is seen that there is a 
higher average mass density of sea salt in the 
atmosphere between 1,000 and 2,000 feet 
than at around 500 feet. From 2,000 feet it is 
fairly constant up to 4,000 feet which probably 
is not characteristic for Hawaii but may be 
influenced by the so-called Kona-storms which 
occurred in late November and early Decem- 
ber in 1954. At higher levels the mass density 
decreases rapidly. 

As to the mass-weight distributions them- 
selves the one at the 500 feet level has a maxi- 
mum around a article weight of IOO ppg 
which correspon B s to a radius of 2.2 microns. 
In the next layer, 1,000-2,ooo feet, the 
maxima in the dstribution is shifted somewhat 
to the left but there is an appreciable mass in 
large sea salt particles. There is at this level 
more mass in the interval 1,000-IO,OOO pp 
than in the same interval at 500 feet whic 
may de end on formation of larger particles 

At higher levels it is seen that the mass of 
the larger particles is considerably reduced 
though the maximum in the distribution is 
nearly the same. In the highest layers, however, 
the maximum is shfted close to w = 10 ppg 
which is roughly about I micron radius. 

of wind speeds are shown. It is seen that t K e 

f 
in the c s ouds. 

Tellus XI (1959). 4 
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. I  

- I 0 1 . 2 3 4 5  

Fig. 3.7. Average mass-weight distributions of sea salts 
at different altitudes in the Caribbean area. Mass. m. in 
pg * m+, w in ppg (10-l~ 9). Data from WOODCOCK 

(unpublished). 

lop w 

xoo feet altitude 
$00 ” ” 
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1,500 _ _  .. .. 

-- .. -- . . z,o--t,po feet altitude 
. . . . . . . 3.000-3,500 ” ” 
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The next set of mass-weight distributions at 
various levels shown in fig. 3.7 are from the 
Caribbean area. Data have been obtained by 
WOODCOCK (mostly unpublished) and the 
sampling was done at various places in the 
West Indies, from Puerto Rico to Barbados. 
Similar features to those from Hawaii are 
seen. The mass of salt per unit volume is 
nearly constant up to 1,000 feet but shows a 
maximum at 1,500 feet. From thereon it 
decreases steadily. The maximum in the mass- 
weight distribution is again around w = Iooppg 
except at the two highest layers where it is 
around 10 ppg just as in the Hawaiian distri- 
butions. 

Com aring figs. 3.6 and 3.7 one can 

differences neither in type of distributions, 
nor in mass of sea salts per unit volume and 

conclu B e that there are hardly any regional 

Tellur XI (1959), 4 

but small in the vertically integrated, load of 
sea salts. 

From these distributions which are obtained 
in oceanic areas we may proceed to the coast 
of Florida, a place which is close to a large 
continent. Woodcock‘s data from Pompano 
Beach in Florida have been worked up in a 
similar way as in figs. 3.6 and 3.7 and the 
results are shown in fig. 3.8. Here we see 
something entirely new, namely a bimodal 
distribution of mass with respect to log w 
at all levels. This type of distribution can 
apparent1 not fit eq. (2). The same type mass 

data published by BYERS et al. (I.c.) to be 
discussed later. On t h i s  occasion they sampled 
chloride particles which were identified and 
measured on millipore-fdters using LODGE’S 
(1.c.) technique on a flight from New Orleans 
to Illinois. 

One thing that is clearly seen in fig. 3.8 is 
that the first maximum is centered at w = 10 

weight dr istribution is also found in a set of 

lop w 

Fig. 3.8. Average mass-weight distributions of sea salts 
at different altitudes at Pompano Beach, Florida. Mass, 
m, in pg * m-5, w in ppg (10-l~ g). Data from WOODCOCK 

(unpublished). 
100- joo feet altitude 
800-1.100 ” ” - _ _  . . . 1,40-1,600 ” ” 

- - -__ 

3,00*3,200 ” ” - _ _  .. .. 
. . . . . . . 4,000-6,000 ” ” 
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ppg very consistently whereas the second 
varies from IOO ppg to 300 ppg. So even the 
distribution of larger particles is different from 
those in Hawaii and the Caribbean where the 
maximum was found close to w = IOO ppg or 
somewhat below. 

It is of little use speculating on the reasons 
for these differences. The sea salt particles in 
fi . 3.8 are most probably enerated on the 

be possible that the biological turnover in 
these comparatively shallow waters give rise to 
different sea surface properties than in the 
“deserts” of the open trade wind regions. 
A s ecial stud of sea surface properties would 
pro g c r  ably she light on t h i s  probleml. 

As to the vertical distribution of mass, a 
maximum is again found around 1,500 feet 
just as in the other regions. 

There are, unfortunately, no data available 
from more temperate regions like the North 
Atlantic. WOODCOCK (1953) has some data 

agacent shelf area of the At f antic and it may 

1 Woodcock (personal communication) suggests that 
the anomaly in the Florida mass-weight distribution 
is due to outflow from the continent at higher levels 
of modified maritime air. This outflow is compen- 
sating the inflow at lower levels caused by heating 
of the land surface. 

A1 

0 5 I0 I5 

Fig. 3.9. Sea salt particle mass concentrations as a func- 
tion of altitude at Hawaii, the Caribbean area and Pom- 

pano Beach, Florida. From fig. 3.6, 3.7 and 3.8. 

from South Australia but they are too few 
to base a similar discussion on. The same is 
true for a couple of vertical profiles from off 
the isle of Nantucket on the New England coast. 

From the mass-weight distributions in figs. 

2. 
10 Is a0 ts p,.ca 

Fig. 3.10. Mass concentrations of sea salts as a function of altitude onvarious days 
inHawaii. Data from WOODCOCK (1957). 

Tdw XI (1959). 4 
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3.6, 3.7 and 3.8 the mass concentration at the 
different levels has been obtained by measuring 
the corresponding surface areas. Fig. 3.9 shows 
the average vertical mass concentration as a 
function of height for Hawaii, the Caribbean 
area and Pompano Beach. The maximum 
around 500 m is quite pronounced. Integrating 
these vertical distributions one obtains the 
average salt load per unit surface area which 
becomes 

Hawaii 11.2 mg x m-2 
Caribbean 7.2 mg x m-2 
Pompano Beach 6.8 mg x m-2 

It is seen that average salt load is somewhat 
higher in Hawaii which no doubt is due to a 
unfair proportion of weather disturbances. 
The avera e for all three is 8.4 mg x m-a. 

for the amount of sea s t particles in the 
trade wind areas under fairly normal condi- 
tions. Whether the same load is found in 
higher latitudes is an open question. Under 
normal wind conditions it can, however, 
hardly be higher as the conditions for forma- 
tion of large sea salt particles is somewhat lim- 
ited by the higher relative humidity. The 
frequency of storms is, however, greater and 
this may contribute a preciably. 

tions from day to day of the salt load of the 
air over the oceans. One can get a fairly good 
idea about the variability from WOODCOCK’S 
Project Shower measurements. Some of the 
occasions when sampling was done at several 
altitudes have been chosen and are presented 
in fig. 3.10 as the mass concentration versus 
altitude. The variability is, as seen, great and 
yet no severe weather disturbances occurred 
during the time. In a region like the Caribbean 
and the coast of Florida the variability would 
certainly be greater due to the fairly regular 
occurrence of hurricanes in late summer in 
these areas. WOODCOCK (195ob) has measured 
the salt concentration from a lighthouse on 
the Florida coast during a hurricane when the 
wind force was 12 (Beaufort scale) and ob- 
tained extremely large sea salt particle concen- 
trations. 

Even more moderate weather disturbances 
in the Caribbean can give rise to quite large 
sea salt concentrations. One such case can be 
traced in data by LODGE (1955) in which the 

af 
This may t e taken as a re resentative figure 

Nothing has been s R own so far of the varia- 

Tellur XI (1959). 4 

salt concentration reached well above 100 pug 
x m-3 at about 400 m altitude and the total 

salt load was about IOO mg x m-2. 

3. Sea salt particles over land 
As pointed out before, data over land are 

scanty and very seldom so systematically 
collected as over the oceans and the informa- 
tion is many times ualitative. Yet those that 
exist are of consi 1 erable interest as they 
reveal interesting differences between land and 
sea. 

TWOMEY (1955) investigated the maritime 
air flow south-west over the south-east part 
of Australia. On three occasions he followed 
the air by aircraft from the south-west and 
studied the chan e in the vertical distribution 
of sea salt partic B es that took place during its 
passage 600 miles inland. Two sign&cant con- 
clusions can be drawn from his work. There 
was a marked change in the vertical distribu- 
tion of sea salt particles as the air entered the 
continent due to the increased turbulence and 
convection over land. Sea salts were thus 
transported upwards so that the vertical gra- 
dient decreased. This, of course, decreased the 
concentration of salt near the surface as the 
particles became more evenly distributed. 
Further, as he points out, if no precipitation 
or convective cloud formation took place 
there was no appreciable reduction in the sea 
salt concentration of the air during its long 
travel. Precipitation, and even convective 
cloud formation without apparent precipita- 
tion was very effective in removing the salt 
from the air. That even cloud formation alone 
could reduce the number of salt particles-as 
he actually measured-can be understood as 
coalescence of cloud droplets and subsequent 
evaporation forms a few lar e articles from 
many small and these real P P  y arge particles 
soon fall out of the air. 

The investigations undertaken by BYERS 
et al. (1.c.) also furnished very important in- 
formation on sea salt particles over continents. 
They made some vertical samplings in Illinois 
on a few occasions. From their data fig. 3.11 
has been constructed. It should be mentioned 
that the estimates of mass of salt made from 
their data are somewhat uncertain thou h they 

tical distributions in fig. 3.11 shows relatively 
may be correct within h30 per cent. T % e ver- 
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Fig. 3.11. Mass concentrations of chloride as a function 
of altitude in Illinois on three different occasions. 

Data from Byers et al. (1956). 
Nov. 10, 1954. 0.81 mg * m-* up to 3,000 m 

3,000 m 0 ” 5 ,  1954. 1.09 ” 

3,000 m A June 11, 1954. 1.90 ” 

4,000 m 3.67 ’ I  

,, I ,  

, I  ,* 
,, ., 

low mass concentrations but they can extend 
to great altitudes. In the June 11 case the air 
had moved from the Gulf of Mexico, but 
there is a marked stratification suggesting 
layers of somewhat different origin. In the 
other two cases the air flow was northerly 
and it may represent air from the North Pacific 
which has passed over the mountains to the 
west where a good deal of the sea salts ot lost. 

la er of salt at around 10,000 feet altitude. 
T H e lower part may have been washed out 
during the travel up to the Mississippi Valley. 
The Mississippi Valley is certainly important 
for the water va or transport into the conti- 

inferred earlier by ERIKSSON (1955a). 
BYERS et al. also made two horizontal sections 

along the Mississippi Valley sampling chloride 
particles. On une 6, 1954 they sampled at 

route from Illinois to the Gulf and on June 9 
they returned flying at 2,500 feet altitude. 
Their results recalculated into pg salt x m-3 
are shown below 

The most interesting is, however, t a e deep 

nent as well as P or the sea salt transpoxt as 

regular interv a l  s at 5,000 feet elevation on the 

Illinois Gulf 
June 6 
5,000 feet .23 .80 1.65 1.03 .85 ‘52 .og .25 2.04 
June 9 
2,500 feet .II .35 .71 .97 .go .95 .97 5.75 1.52 

There is in the first place a maximum south of 
Illinois and a minimum close to the Gulf. In 
view of the vertical variabili shown in fig. 

simply be due to varying height of a strata 
situated around 5,000 feet indicating some 
wave character in the northward flowing air 
current. At lower levels the vertical variation 
is presumably less leading to a regular decrease 
northwards. It should be mentioned that the 
vertical profrle in Illinois with the large 
concentration at high levels was made in the 
same air stream only two days after the 
return flight. 

Another interesting feature of the return 
fli ht is found in the mass-wei ht distribution 

just as the distributions at Pompano Beach in 
Florida. 

Finally a more qualitative but extremely 
interesting investigation was carried out by 
CROZIER, SEELY & WHEEL FA^ (1952) in the 
western part of the United States. They also 
sampled from aircraft and though their tech- 
nique does not ive more than relative data 

found per m3 are certainly proportional to 
the salt concentration in the air. 

In their first investigation they made a cross 
country flight at 10,000 feet elevation. Starting 
from Alberquerque in New Mexico they first 
flew westward. During the first art of the 

Gulf of Mexico air and the number of chloride 
particles observed was around 500 x m-3. 
Over California they passed through a tongue 
of air which had presumably originated in a 
tropical disturbance off the coast of SW 
Mexico which had dissipated two days earlier. 
The chloride particle concentration rose to 
about 3,000-4,ooo x m-3 in the center of t h i s  
tongue. Out over the Pacific they entered into 
descending stable air from the Pacific High 
which is a nearly permanent feature in t h i s  
region. This air had a chloride particle content 
of only 100-200 x m-3. Off the coast of 
California they turned and flew in a north- 
east direction and once more they entered 

3.11 the variations in the ‘i! orizontal may 

w k ‘ch was defrnitely bimoda P at all places, 

on the largest s af  t particles the numbers they 

flight they were in what they c s 1 marginal 

TcUus XI (1959). 4 
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the C1-particle rich tounge of air which they 
followed northward and were able to tracc to 
Utah. From there on to Iowa the particle 
content was low as they where entirely in 
descending air. In Iowa they once more 
encountered Gulf of Mexico air with particle 
concentrations up to 1,000 x m-3 and this air 
prevailed to eastern Illinois where they entered 
continental polar air with practically no chlo- 
ride particles. The identlfication of air masses 
was made from ordinary weather ma s. 

The significant feature, apart from i e  Gulf 
of Mexico air which in summer penetrates 
far north, is the long tongue of air from the 
tropical disturbance. It is known that greater 
disturbances like hurricanes require an outflow 
of warm air at higher levels in order to main- 
tain themselves (cf. RDHL 1954) and this is 
presumably true for smaller disturbances too. 
CROZIER & SEELY (1952) continued to look 
for such chloride rich strata during a two 
weeks study and once more encountered a 
tongue over the Death Valley, this time origi- 
nating in a disturbance off Baja California and 
with particle concentrations as high as 10,000 
x m-3. 

The importance of these findings can hardy 
be overly stressed as it shows that chloride 
rich air can be transported at high levels into 
continents, thus passing over mountain barriers 
without washout of chloride. Once over conti- 
nents mixing with colder air will cause precip- 
itation of water and sea salt from such strata. 
The transport and subsequent accumulation of 
sea salt in the Bonneville Basin in Utah is thus 
easier to understand. 

4. Rate ofproduction o f  sea salt particles 
The rate of production of sea salts in a 

“source” region must be equal to the rate of 
removal in sink regions. The removal is 
accomplished by two processes, removal by 
precipitation and removal by fallout. The rate 
of removal by precipitation is rather difficult 
to estimate directly but can perha s be related 

suited for computations, using the average 
distributions presented earlier. 

The fallout must be estimated at the sea 
surface in the so-called laminar boundary 
layer in which only molecular phenomena are 
supposed to take place, and consequently, 

to the rate of removal by fallout w R ich is better 
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where particles, falling into it, have no way of 
escape into the turbulent region a ain. 

There are, however, a couple o f r b l e m s  
involved in practice. In the laminar oundary 
layer the relative humidity is much higher 
than in the free air and this may influence the 
fall velocity of the particles. If they are small, 
equilibrium is probably so rapidly established 
that they essentially fall under equilibrium 
conditions. But if they are large, equhbrium 
is probably never attained and they fall 
through the laminar boundary essentially at 
the same rate as in the free air. 

When the conditions in the boundary layer 
are defmed, the rate of fallout can be simply 
com uted from the concentration of particles 
in t hp e boundary layer through multiplying 
with the appropriate fall rate. As to the con- 
centrations of particles in the boundary layer, 
they are not known but a crude estimate can 
be done by extrapolatin the vertical distri- 

ness of this procedure can be done afterwards 
by com aring the fallout rate with the turbu- 

if any appreciable gradient is needed for the 
transport down to the surface. 

a. The boundary layer 
The vertical transport mechanisms in the 

air at sea level has been thoroughly discussed 
by SVERDRUP (1951 on which the following 
discussion is mainly ased. Of diff 
tions made about the vertical transports t e 
following seems to fit best the scanty observa- 
tions made (cf. SVERDRUP): “Next to the 
surface there is a true diffusion layer of thick- 
ness 3Lv/w,r where w , ~  applies to a rough sur- 
face. From the top of this layer the eddy 
diffusivity increases at the same rate as the 
eddy viscosity”. In the formula above v is 
the kinematic viscosity of air, 1 is a constant 
and w , ~  is the friction velocity. The rate of 
transport in the laminar boundary layer (= 
the true diffusion layer) is then 

butions to sea level. A c a eck on the correct- 

lent di ff usion coefficient in the free air to see 

erent assuml?- 
b 

(3.11) 

where D is the molecular diffusion coefficient. 
Above this layer 

(3.14 
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Relotive fall velocity 
Fig. 3.12. The variation of relative humidity and fall 
velocity of a sea salt particle at equilibrium. in the laminar 

boundary layer over sea water. 

where K is the turbulent diffusion coefficient. 
The following relations are to be used 

K = k 0 w , , ( z + z 0 )  (3.13) 
w*r = yw (3.14) 

98.2 
91.4 
91.2 
91.0 
90.8 
90.6 
90.2 
90.0 
89.5 
89.2 
88.7 
88.2 
87.9 
86.5 
85.7 
85.0 
84.2 
83.9 
82.9 
81.8 
80.8 
80.3 
79.9 
79.5 

(3.15) k0 =. = z + zo 
In - 

ZO 

where KO is Karman’s constant (=  0.4) and zo 
the roughness parameter (=  0.6 over a rough 
sea surface) and w is the wind velocity at the 
level z. 

As to il which determines the thickness of 
the boundary layer, a value of 27.5 has been 
suggested for a rough sea surface, while 1 = 
11.5 has been suggested for a smooth surface. 

Using Iz = 27.5 and the values for the other 
constants as given one can compute the ver- 
tical vapor density profile from the average 
rate of evaporation and surface vapor density 
over tradewind areas (referred to in section I I) 
and an average wind speed at 8 m level of 6 m 
x sec-I. These computations give a laminar 

boundary layer of 1.1 mm and a relative 
humidity at the top of the boundar layer of 
91.4 per cent. As to the rest of t l e  profile 
data have been tabulated in table 3.1. It is 
seen that the relative humidity at z = 800 

TABLE 3.1 
Vertical distribution of relative humidity over sea water and of relative volumes, radii and fall 

velocities of sea salt particles. Salinity of sea water 35.2 per mille, wind speed 6 m/s 

Relative volumt 
of sea salt 
particles 

1.000 
.250 
.245 
.240 
.236 
.232 
.224 
.22I 
.2I2 
.207 
.zoo 
,194 
.190 
.172 
. I 64 
.158 
.152 
.150 
.I43 
.136 
.131 
.I28 
.126 
.124 

Relative fall 
velocity of sea 
salt particles 

at equil. 

1.000 

.424 
,419 
.414 
.409 
,405 
,397 
.394 
.385 
.380 
,372 
,366 
,362 
.343 
.334 
.327 
,320 
.317 
.309 
.301 
-295 
.292 
.290 
,288 

Relative radius 
of particle 

1.000 
,630 
,726 
,622 
.619 
.615 
,608 
.605 
.597 
.593 
.586 
,579 
.575 
,557 
,547 
.54I 
.534 
.53I 
.523 
.516 
.507 
,504 
,501 
.499 

Remarks 

Laminar 
boundary 
layer 
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estimate how lon time they spend in the 

Full saturation vapor pressure is not reached 
until the salt particles reach the very surface. 
One can compute the average fall velocity 
from the growth equation with some sim li- 
fying assumptions. This has been done an B it 
is remarkable how little the average fall 
velocities differ from those on the top of the 
boundary layer. The greatest difference is in 
the small end of the size-spectrum but even 
there (at w = 0.15 ppg) the difference is less 
than 10 per cent. Considering that these small 
particles contribute very little to the fallout 
rate of mass one can compute the fallout with 
the sim le assumption that the rate of removal 

eqdbrium with the water vapor pressure at 
the top of the boundary layer. 

c. The distribution of rate of fallout versus 
weight 
The mass-weight distributions of the ty e 

discussed earlier can now be used to study tEe 
variation of the rate of fallout with size. Let 
dF be the rate of fallout of mass of particles 
in the interval d log w. Then we have 

OF C H L O R I D E  A N D  S U L F U R  

boundary layer be B ore they fall into the water. 

is e ua P to the fall velocities of particles in 

and as boundary values we chose those at the 
lowest level resented in figs. 3.6,  3.7 and 3.8,  
while V is ta 7lc en from table 2 .3 .  It is obvious 
that no extensive turbulent transport need to 
take place in the lowest part of the atmosphere 
when the fall velocities of particles are only 
to a small extent influenced by the increasing 
relative humidity as we approach the surface. 
The assumption that the distribution of par- 
ticles in the boundary layer is the same as that 
at say the 100 feet level or so therefore seems 
appropriate. 

The results of the computations of rate of 
fallout are shown in fig. 3.13 for the three 
regions in question, Hawaii, the Caribbean 
and the coast of Florida. It is seen that t h i s  
type of distribution naturally has its maxi- 
mum in the large weight region, centered 
around w = 103 ppg. An exception is the 
Florida distribution where the maximum is 
centered at w = 102.5 ppg. 

The total fallout can now be estimated from 
the area below the curves and becomes 

3 

2 

1 0 1 2 3 4 l o q w  

Fig. 3.13.  Rate of fallout of sea salts and rate of produc- 
tion in breaking waves. Mass, m, in yg  + m-s, w in pyg 

(10-18 g). 
Hawaii 

---- Caribbean area 

. . . . . . Rate of production in breaking waves 
computed from data by BLANCHARD- 
WOODCOCK (1956). Note, original com- 
puted figures have been divided by 600. 

- -  . . -. Pompano Beach, Florida 

cm is close to 80 per cent which is a good 
average for trade wind areas. In table 3.1 
relative radii, volumes and fall rates are also 
shown. It is seen that above the laminar 
boundar layer the fall velocity is only 42 per 

The change in fall velocity further upwards is 
comparatively slow. 

The conditions in the laminar bounda 

velocity at equilibrium is iven as a function 

but slowly until the surface is reached. 

b. Fall rate and adjustment time to evaporation 
One may thus assume that particles that 

arrive at the top of the boundary layer have a 
fall speed equal to about 40 % of that of equi- 
librium with sea water. Next we may try to 

cent o f t  B e value at saturation (98.2 per cent). 

layer can be seen in fig. 3.12 where the f 3 
of height. It is seen that the B all velocity changes 
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-.50 
-.25 

.25 

.50 

.75 
1.00 

1.25 
1.50 
1.75 

2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 

.oo 

2.00 

Caribbean6.0 x 10-6 pg x cm-2 x sec-1 
Hawaii 5.1 x 10-'I pg x x sec-' 
Florida 1.0 x I O - ~  pg x cm-2 x sec-l 

The very low value for Florida is perha s 

the other two are ap reciably higher. As an 
average for trade win l  areas a figure of 5 .5  x 
10-6 pg x cm-2 x sec-' may be used. 

The average weighted fallout rates may 
now be estimated. The salt concentrations at 
the lowest levels are obtained from fig. 3 
and are 

not representative for the sea as a who P e, 

Caribbean 8.1 pg x m-3 
Hawaii 7.2 pg x m-3 
Florida 3.6 ,ug x m-3 

so that average velocities become 
Caribbeano.74 cm x sec-l 
Hawaii 0.71 c m  x sec-l 
Florida 0.28 cm x sec-l 

These figures can be compared to" deposi- 
tion velocities" or vertical transport rates as 
defined earlier where, for the sea a value of 
0.87 cm x sec-' was estimated from evapora- 
tion data. They are thus comparable. 

The rate of removal over the entire sea sur- 
face, using a fallout rate of 5.5 x 10-6 pg x 

I I 

.or28 .O 

.0217 .2 

.0340 .5 

.054 1.2 

.0852 1.7 

.136 2.3 

.214 2.8 

.34 3.3 

.54 3.7 

.78 4.0 
1.1 4.0 
I .6 3.8 
2.1 3.4 
3.0 3 .o 
4.0 2.5 
5.3 1.9 
7.0 1.3 
9.0 .6 

11.0 .4 

cm-2 x sec-' becomes 540 million tons x 
year-l and the corresponding chloride 300 
million tons x year. 

We may ask how much is removed by 
precipitation. We can then compare the fallout 
velocity over the sea with the deposition 
velocity over land which, as will be shown 
later, is about 2 cm x sec-1. Over land about 
two times as much chloride is removed by 
dry fallout as by precipitation. Over the sea 
the dry fallout should consequently be less im- 
portant relative to precipitation than over land 
maybe by a factor of 2. Thus one may assume 
that at least as much sea salt is removed by 
precipitation as by dry fallout. This gives a 
figure for the total removal over sea of more 
than 1,000 million tons a year. The rate of 
run-off from land is of the order of magnitude 
IOO million tons x year-1 so a figure of 1,000 
million tons per year could represent the total 
production rate over the sea. 

d. The production rate in breaking waves 
BLANCHARD & WOODCOCK (1956) have made 

a thorough study of various mechanism for 
sea salt production. As to breaking waves, 
which presumably is the most important source 
for sea salt particles in the atmos here, they 
made a study of the size and num 7J er of par- 

TABLE 3.2 

Data and computations of the rate of production of the mass of rea salt particles in a breaking 
wave. Data obtained from Blanchard and Woodcock (1956) 

I wa 

I 
.I I .316 

1.0 

10.0 
3.16 

31.6 
I00 
316 

1,000 

3,160 
I o4 

3.16 - 104 

I06 

3.16 * 106 
106 

3.16 * loa 
107 

3.16 107 
10s 

dN 
dD 
-_ 

2.51 * los 

2.51 . loa 

2.51 * 1o1 

7.95 
2.51 

2.51 * 10-1 

2.51 - lo-* 
7.95 . I O - ~  
2.51 - I O - ~  

7.95 IO-( 
2.51 - 10-a 

2.51 - I O - ~  

2.51 . I O - ~  

7.95. 101 

7.95 * 101 

7.95 * 10-1 

7.95 . 1 0 - 2  

7.95 10-6 

7.95 * 10-6 

dD 
dw 
- 

20.1 
19.2 

7.1 
5.04 
3.56 
2.52 
1.79 
1.27 
.90 
.64 
.45 
.317 
.224 
-159 
.113 
.080 
.0565 
.0400 

10.0 

dm/d (log w )  

0 

36 
98 
266 
4'9 
645 
87' 

1,465 

1,635 
1,580 
1.390 
1,170 

920 
660 
4'8 
I77 

1,160 

1,620 

I02 

Tellur XI (1959). 4 



T H E  YEARLY C I R C U L A T I O N  

log w I dM/d  (log w) 

. 00 9.9 x 104 
I .oo 2.4 x IOI 

3.00 1.3 x 106 
2.00 3.0 x 105 
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where v is the rise velocity of the bubbles. As 
to n(w) this can be obtained as a smoothed 
function of log w applying princi les dis- 

as in the computation of rate of fallout. It 
should be pointed out that the relations 
found by BLANCHARD &WOODCOCK have 
been extrapolated. 

The computed dm/d(log w) shown in 
table 3.2 have been entered in fig. 3.13 on a 
scale that is directly comparable to the Carib- 
bean fallout distribution, i.e. the surface areas 
below these curves are the same. To achieve 
this the data in table 3.2 were divided by 600. 
Considering the removal by precipitation it 
looks as if the rate of production in a breaking 
wave is 300 times the rate of removal. This 
can be interpreted to mean that about 0.3 % 
of the ocean areas is always covered with 
breaking waves. 

The most striking thing about the distri- 
bution is, however, its position relative to 
the fallout curves. This really suggests a far 
reaching coalescence process in the air espe- 
cially for the small-sized particles, shifting their 
mass to bigger sizes. 

It should be pointed out that the right side 
of the distribution is tentative in a respect. It 
is certainly strongly influenced by the wind 
force because in a strongly turbulent air a 
greater number of the ejected droplets will 
be carried away b turbulence than indicated 
in table 3.2 For smag-sized particles this influence 
is much smaller. We may have a reason here 
for the eculiarities in the dN/dr distributions 
discusse B earlier. The nature of the distribu- 
tion of larger-sized particles will be influenced 
by the wind much more than that of the 
small particles. 

O F  C H L O R I D E  A N D  S U L F U R  

cussed above. The units used are t \ e same 

7 s  
V dm/d (log w) ~~~~~~~’ I Z y s  I days 

.014 .33 82 3.5 

.I7 2.90 16 1.0 
1.35 5.45 2.6 0.6 
3.73 3.07 0.4 0.5 

ticles produced by breaking bubbles, the 
ejected height, the bubble size distribution in 
breaking waves and the rate of rise of bubbles 
of different sizes. All this information is 
contained in tables and diagrams and has been 
used in the following for com uting the rate 

depends much on the number of ejected 
droplets that can be considered to be carried 
away by the turbulence of the air above the 
laminar boundary layer. For small ejected 
particles with small fall velocities the most 
important requirement is that they penetrate 
the laminar boundary layer and in this way 
the probable number of successful droplets 
can be estimated. For large particles, however, 
turbulent conditions become more and more 
important and very little guidance is received 
from the height of the ejected heights. The 
choise of the number of successful droplets 
on this side of the distribution of ejected 
dro let becomes therefore more arbitrary but 

size. By this procedure the rate of production 
in a breaking wave can be computed as fol- 
lows. 

Let N be the cumulative number of bubbles 
arranged according to decreasing size and n(w) 
the number of droplets that can ossibly reach 

let w be the weight of salt in each droplet and 
D = (w)  be the relation between bubble 
size and weight of salt in a droplet ejected 
from the bursting bubble. Then we get for 
the mass m 

of production of sea salt drop P ets. This result 

evi B ently they must decrease with increasing 

equilibrium above the boundary Q ayer. Further 

dN 
dD 

dm=v.n(w)wdN=vn(w)w-dD= 

dN d+ 
dD dw 
dN d+ 

=vn (W)W - - dw = 

= 2.3 un(w)wadD d (log w) (3.16) 
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e. The residence time of different sized 
particles 

With the material available we may also 
compute residence times for various sizes. 
Defining 

1 =a 

dM = f dmdz (3.17) 
1=0 

the amount of salt present in the air per unit 
area and logarithmic interval of w is dM/d 
(log w )  and can be arrived at by plotting 
dm/d(log w )  as a function of height for 
various values of w. Then the residence time 
can be formulated in two ways. If the fallout 
was the only rocess that removed the par- 
ticles we woul 1 have 

If there are other processes like coalescence 
that dominate we should use the roduction 
function discussed earlier, weighte cf by divid- 
ing the values in table 3.2  by 300, thus account- 
ing also for removal by precipitation. Using 
the Caribbean distribution the computed resi- 
dence times in days for selected values of w 
becomes those in table 3.3 for these two alter- 
natives. 

It is seen that the residence times computed 
on the basis of rate of fallout becomes extremely 
large for the small-sized particles and this is 
incompatible with the observed variability of 
particle numbers of these particles. Therefore, 
the residence time based on rate of production 
is much more reasonable and shows that they 
are fairly rapidly removed, naturally by coales- 
cence, forming larger particles. As to the large 
particles fallout and removal by precipitation 
is, perhaps, much more important and, in fact, 
removes also particles that are formed by 
coalescence. Thus, the real residence time for 
these large particles is most probably smaller 
than indicated in the table. 

It should be noted, however, that following 
a certain mass of salt as re resented by a par- 
ticle its residence time in t Tl e atmosphere will 
be appreciably greater than the values derived 
from the production of sea salt because it is 
constantly passing through increasing sizes 
before it is removed. 

\ 

\ 

\ 

/ 
/ 
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Fig. 3.14. Rate of advection of mass of sea salt from 60"at 
different altitudes windward of Hawaii. Computed from 
Project Shower data (WOODCOCK 1957. AmmN 1957). 

5. Advection of sea salt as a function of altitude 
When considering the horisontal transports 

of the salts some information may be arrived 
at from the Project Shower data. Frequent 
rawin soundings during the operation make it 
possible to estimate the wind speeds and direc- 
tions at various levels. The soundings were 
made at Hi10 on the isle of Hawaii which is 
situated at the windward coast. Whether these 
soundings are representative for the trade wind 
areas as a whole is a question that will be left 
open but the influence of the land may not be 
too great. Anyway, the computation of the 
salt transport is at any rate representative for 
what ha pened at the windward side of Hawaii. 

Data P rom the soundings have been compiled 

The following days, when more complete 
data on the sea salt article distribution existed 

3 0  and December I and 2, 1954. As there 
were four soundings per day, those laying 
closest in time to Woodcock's sampling times 
were selected, plotted and the 60" com onents 

by AMMAN (1957). 

were used. Novem t: er 14, 22, 24, 25, 26 and 

computed from the directions and win s speed. 
Tellus XI (1959). 4 
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For each of the days listed the product of the 
60" wind speed and salt concentration in air 
were calculated at every 200 m level and from 
these an average of the 8 days calculated. 
The result is shown in fig. 3.14 where the 
roduct in pg x m-2 x sec-l is seen as a 

!unction of altitude. 
The days chosen include the out of the trade 

wind season Kona-storm which, however, did 
not effect the average wind direction severely 
but had a considerable effect on the vertical 
stability. For this reason the salt transport at 
higher levels is probably somewhat larger than 
under average conditions. 

There is a well marked maximum in the 
salt transport, namely at 800 m elevation. 
At that level the advection of sea salts is nearly 
five times larger than at sea level. The inte- 
grated transport amounts to 62 m 
x sec-l. Thus, across each meter of 8 e coast m-: 

perpendicular to the wind direction (60") 
passes 62 mg sea salts per second as an average. 
This is - 5.4 kg x m-1 x day or 5.4 tons 
x km-1 x day-1. 

One cannot, of course, expect the advection 
from the ocean to the continents to follow 

exactly this distribution but on the coast 
something similar will show up. The winds 
generally increase with height to some level 
of the order of 1,000 m and, if the mass distri- 
bution with height also shows maximum at 
that level, the maximum trans ort of seasalt 
will occur at the same level an i be magnified 
in relation to the mass distribution. If the mass 
distribution was uniform a larger transport 
would still take place at higher levels. 

How the advection looks like over land is 
entirely dependent on the stability of the air. 
In summer with vigorous convection due to 
heating greater vertical wind shears will not 
occur but in winter stratification of air over 
continents is quite common which will facili- 
tate different advection rates of sea salts at 
different levels. 

As pointed out earlier in connection with the 
observations by CROZIER & SEELY (1.c.) over 
the western U.S. advection of sea salt at higher 
levels is important because mountain barriers 
will not cause a rainout of the salt. 

To be continued in Tellus 12: I .  
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