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ABSTRACT

The surface of the earth or the sea may release certain substances to
the atmosphere. Often these substances are also classed as pollutants
when produced by human activities. This report provides a theory and
illustrative charts to predict the natural contribution to the air con-
centration or deposition. To apply the theory, the natural source
strength must be known and, unfortunately, this is often unavailable,
The theory has been approximately validated by several natural
substances such as radon gas and lead.



1.0 Intreduction

The earth’s surface (or the sea surface) may sometimes be considered
to be a uniform area source for certain substances evolving from the
land (or the sea). The atmospheric concentration of such naturai sub-
stances would continue to grow were there not dry and/or wet removal
processes. When the rate of emission from the land (or the sea) exactly
balances the loss from the air, a steady-state concentration is achieved
in the atmosphere. This is, presumably, what occurs in nature. Fre-
quently, knowledge of the global balance is desired. For this, first-order
kinetics are often acceptable. In first-order kinetics, the whole atmos-
phere is treated as one box and the rate of transfer is proportional to the
amountin the box. Such a box model hides important geographical vari-
ations of concentration. Gne of the most important variations, the one
considered in this report, occurs when either the land or the sea surface
is the source of the substance yet both areas receive wet and dry depo-
sition. Another variation occurs when the surface is a source at certain
times of year, and a sink at other times (in the case of CQ,, for example).

Many countries monitor air concentrations or ground deposition
rates of chemicals of particular interest such as heavy metals (e.g. lead,
mercury, etc.) or sulphur compounds. Most often the purpose of the
measurements is to estimate whether certain sources require regulation.
Many of the chemicals monitored for this or other reasons possess both
man-made and natural sources. Very extensive and expensive monitor-
ing programmes can often provide the evidence to distinguish between
these sources. Alternatively, it may be possible to use the curves given
in the figures of this report to estimate air concentrations or deposition
rate due to natural sources.

One can also compute the air concentration or deposition rate due to
a man-made source. One often then asks “"How much above the natural
background, the irreducible lower limit, is the man-made contribution ?*.
With naturai source strengths, the present report will provide an
estimate of the natural background.

To use the figures in this report, the natural source strength must be
known. This is the average emission rate per unit area of land or sea
surface for the region surrounding, and far upwind of, the point at which
the calculation of air concentration or deposition rate is desired. If this
emission rate per unit area is variable over the region or variable with
time of day, weather pattern, or season, an average value should be
chosen. Unfortunately, emission rates from the land or the sea are still
poorly known or entirely unknown. The estimated values of the air



concentrations or deposition rates must be long-term monthly, seasonal
or annual averages in order to average out non-typical airflow or
precipitation patterns.

2.0 The assumptions

In general, the prevailing airflow in temperate latitudes is from west to
eastandintropical latitudes from east to west. individual daily trajectories
meander considerably ; that is, the wind is normally variable both in time
and space. One consequence of this variability is that the vector mean
wind is less than might be expected from an inspection of daily weather
charts. For example, the vector mean wind at 850 miilibars (about
1500 m, or B00O ft, above mean sea level) over the United States does
notexceed 15 knots (about 8 m s '). Yet it is at this altitude that one
might consider the winds as transporting substances east of the
Rocky Mountains.

Atmospheric diffusion from a point source proceeds outward in three
dimensions. However, for a large uniform area source, horizontal
diffusion may be neglected ; only vertical diffusion need be considered.

A set of calculations treating vertical diffusion by classical eddy
diffusion theory has been performed on a high-speed computer for
average conditions of turbulence {Draxler and Elliot, 1977). The results
form the basis for estimating the dilution due to vertical dispersion.

Removal processes may occur under either dry or precipitating (rainy
or snowy) weather. Dry deposition is modelled in the usual way by
assuming a numerical vafue for the dry deposition velocity, V4. The
adjustment to the loss from the bottom box in the model occurs through
ordinary vertical diffusion. For those substances which deposit on the
earth’s surface, the usual range of deposition velocities is about 0.1 to
1.0cms .

Wet deposition is very poorly known. The present calculations assume
a value for E, the ratio of substance concentration in precipitated water
to that in air, from past experience. The air concentration is taken as the
average value between ground (or sea surface) and 4000 m, the
assumed top of the rain-bearing clouds. Often another expression
for precipitation scavenging is given, a wet deposition, A cm™!
(where A is the fraction of the pollutant removed by 1 cm of rain).
Johnson, Wolf and Mancuso (1975) suggest values of A of 1.0 cm~"in
winter, 6.5 cm~? in spring and autumn, and 10.0 cm~" in summer. These
values may be compared with the equivalent value used in the present
calculations where A = 1.02 cm~".



3.0 Results

The largest contribution to both ground-level air concentrations and
deposition rates derives from the source most immediately upwind of
the point of interest or sampling point. But some ¢ontributions derive
from all upwind sources.

3.1 Approach to uniformity of concentration and deposition rates.
For purposes of discussion a land source is assumed.

Figure 1 shows the build-up of ground level air concentrations over
a land surface with travel time starting from the windward edge of the
land mass. With no dry or wet deposition losses (the uppermost curve),
there is little or no tendency towards an asymptotic, constant concen-
tration within five days. Geographically uniform concentrations are not
present.

Each of the other three curves assumes deposition losses, the lower-
most curve having both the largest deposition velocity and the greatest
rate of precipitation. Travel times may be converted to transit distances
given mean transport winds. The cecnversions shown on the chart
include a factor of 1.5 for trajectory meandering, i.e. a typical trajectory
on the scale of hundreds of kilometres takes 1.5 times the straight-line
distance between two points even along the mean wind direction.

Concentrations, the ordinate in Figure 1, assume a source strength of
one unit of substance per square centimetre of ground area per second.
The unit of substance may be 1 gram, 1 curie, * 1 particle, etc. To find
the concentration from other than unit source streagth, multiply the
concentration, the ordinate, by the actual source strength. To convert
concentration expressed as a mixing ratic {e.g. amount of substance
per gram of air) to volume concentration (e.g. amount of substance per
cubic metre), multiply by the ground fevel air density, 1.223 x 102 grams
of air per cubic metre if at sea level.

The various ordinate values are directly comparable in Figure 1. Thus,
after 72 hours of travel, the concentration with marked dry and wet
deposition is about cne-fourth that with no deposition.

The approach to a geographically uniform concentration takes place
within 24 hours of travel for the fast removal (bcttom curve) but takes
over five days for slow removal. In terms of transcontinental air trans-
port with, say, a 5 m s~' wind, fast removal approaches uniformity after

* The replacement of the curie (Ci) by the becquerel (Bq), the Sl unit of activity
of a radioactive source, occurs in this report. 1 Ci = 3.7 x 10'° Bq.
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about 150 km of travel but over 1500 km are needed if the deposition
is slow,

It should be emphasized again that the concentrations are long-term
climatological averages. The trajectaries and wet deposition rates will
vary greatly from day to day. But averaged over many trajectories,
ocbserved concentration should tend to approach calculated values.

If the deposition is rapid., it is argued that any place with more than a
few hundred kilometres of overland travel would have a similar long-
term average concentration at ground level.

3.2 Transition of concentration from water

Figures 2 and 2a present a case of 24 hours of land travel followed by
about four days of overwater travel ; only the land surface is the assumed
source. The ground level air concentration decreases over water with
or without deposition since the substance continues to diffuse upward
from the ground level source. But the decrease is much more rapid for
the case of removal from the air. For very rapid removal, it became
necessary to use a logarithmic scale for air concentration to display the
very rapid drop-off over water. After long overwater travel, the differ-
ences in air concentration among the several removal rates, including
no removal, become more marked than the overland travel for the same
travel times measured from the upwind land edge. The very abrupt
decrease downwind of the land-water interface is especially noticeable.

3.3 Deposition rates over land

Figure 3 shows the change of deposition rate with travel time. As with
the previous discussion on concentration, travel time and travel
distance may be interchanged given a transport speed. The pattern is
similar to that in Figure 1 with one obvious exception: the higher
deposition rates derive from larger deposition velocities and greater
rainfall rates. The curves for the higher deposition velocities and the
greater rainfall rates again approach geographical uniformity more
quickly than for the smaller values.

During the early stages of the build-up of substances in the air, the
concentrations are less disparate than the deposition rates among the
several removal rates; after four or five days of travel, however, the
reverse is true {(compare Figures 1 and 3).

The deposition rates also derive from a source of one unit of a sub-
stance (1 gram, 1 curie, et¢.) per square centimetre per second. Multi-
plication of the ordinate values of deposition rates by the actual source
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strength per square centimetre per second converts the chart numbers
to those appropriate for the true source strength. The numerator of the
deposition rate contains the same unit as the source input.

3.4 Transition of deposition rates from land to water

Figure 4 presents the deposition rates for the case of 24 hours of travel
over land followed by about four days over water. The build-up over
land is identical with that in Figure 3. The decrease of the deposition
rates on the water side of the land-water interface is very rapid, especially
for the high removal case. Farther from land, the curve for the heavy
deposition actually lies below the other two because of the large
earlier removal. The deposition over water, like that for air concentra-
tion, is far smaller than over land once removed from the boundary of
the land source, especially if the initial removal is heavy.

4.0 Some verifications
4.1 Lead
Elias, Hirao and Patterson {1975) estimate the natural wind-blown (or
airborne) lead for a canyon in California, U.S.A. as being about 0.2 kg
yr=% per 12 km2, This may be converted to about 5 x 1077 g cm-2s-1.
The long-term air concentration in the high Sierra Mountains of
California is 25 x 10-°g m—3, But the authors estimate that only 0.002
to 0.01 of the concentration is of natural origin. Thus the wind-blown
(non-man-made) lead concentrations are between 5-25 x 10-"'g m=2.
From Figure 1 it is estimated that the lead concentration for a unit
source might lie between 5-15 x 102g g~ or between 6-18 x 105g m~3
depending on travel time (about one day is appropriate) and removal
rates. However, correcting for the above source strength, 5 x 10-17g
cm-2s-1, yields concentrations of 3-8 x 10-''g m=3. This is to be com-
pared with 5-25 x 10-"'g m~3.

4.2 Radon
Israel (1951) summarizes land radon emission rates as lying between
about 0.74 and 2.59 pnBq cm~2s~! with an average of 1.48 uBgcm=2s ',
His estimates of radon air concentrations are about 2.22-14.8 uBqg
cm~2 with the average a bit closer to the lower end.

Radon -222 is a non-depositing, noble, radioactive gas with a half-
life of 3.8 days. This half-life may be simulated by no dry deposition
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but with wet deposition corresponding to a precipitation rate of about
25 cm yr-1. Interpolating for this value in Figure 1 {(at about five days)
suggests a concentration, for a unit source strength of radon, of about
925 T Bg g-' or about 0.111 T Bg cm—3. Multiplication by 40 x 10-18
yietds 4.44 uBg cm~3, This is to be compared with 2.22-14.8 uBgem-—3.

4.3 Summary
In both cases, for lead and radon, validation is good, considering the
very wide range of variation in source strengths and air concentrations
of the natura! substances and the simplifying assumptions of the
calculations.

5.0 Applications

5.1 Water Sources

The calculations and the charts apply equally to a uniform continuous
area source over water and no source over land.

5.2 Estimation of source strength from concentrations and

deposition rates
The charts may equally well be used to estimate average continuous
source strengths, given ground level average concentrations or deposi-
tions. However, if the substance also has anthropogenic sources, the
natural source strength will be over-estimated from the charts.
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