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It has been proposed repeatedly in recent years that
the antarctic atmosphere be taken as a reference for
the state of worldwide air pollution. Although emitted
irregularly in the moderate latitudes, pollutants are
integrated during their long journey to Antarctica,
and only long-term fluctuations would be recorded
there. Moreover, the regular circulation and predomi-
nantly anticyclonic weather of Antarctica facilitate the
analysis of individual samples by minimizing local in-
fluence.

Important among the irregular admixtures in air
are the aerosols, such as sulfur compounds. Aerosols
enter the atmosphere from natural sources, such as
erupting volcanoes, or from manmade sources, such
as burning fuels. One indicator of the amount of aero-
sols in the air is the decrease in direct solar radiation
reaching the earth's surface.

While at Plateau Station interpreting measurements
of atmospheric transparency, I surveyed all available
reports on the transmittal of direct solar radiation in
Antarctica. The period covered, 1950 to 1968, in-
cluded the catastrophic March 18, 1963, eruption of
Mount Agung (Indonesia) and almost two decades
of man's industrial activities. To unify observations,
all values were reduced to the same pyrheliometric
scale and to mean solar distance. Corrections for ab-
sorption caused by water vapor were made using
values for precipitable water derived from aerological
ascents.

A complex coefficient /3 for absorption of solar radi-
ation by aerosols was determined (after AngstrOm,
1930) that satisfies the equation

'real_f 1 1thaI (A)	exp(—m/3A1 _ 3)	dA—F(H20)
x=0

where ir.a1 is the measured intensity of the direct solar
radiation at normal incidence and 'jda1 is the inten-
sity that is depleted only by Rayleigh scattering and
by ozone absorption. Rayleigh scattering is propor-
tional to the number of air molecules above the ob-

'Now at Department of Meteorology, University of Inns-
bruck, Austria.

server; atmospheric pressure or elevation above sea
level of the station has to be taken into account. Ozone
absorption is a function of latitude and season and is
especially important in Antarctica, where stratospheric
circulation changes the total amount of atmospheric
ozone by about 50 percent in spring. Most of the
reported measurements are averages of December and
January, where ozone changes are less important. An
error in 8 introduced by uncertainties of ozone ab-
sorption will be less than 0.002 or z/3 < 0.001. The
m in Angstrom's formula is relative airmass, approxi-
mately equal to the solar zenith distance; A is wave-
length in microns. The exponent —1.3 probably is
not the best choice in the antarctic atmosphere; it too
changes during the year with type of air mass and in
some cases even with wavelength (Kuhn, 1971).
Errors caused by variations of this exponent are prob-
ably negligible compared to the general inaccuracy of
a radiation measurement and of the term F(H20),
the amount of energy absorbed by atmospheric water
vapor.

Any error in the measurement of the direct intensity
and in the assumptions of Angstrom's equation, espe-
cially in F(H 2 O), will affect the product mf3, thereby
producing a virtual variation of 8 with m or with
time of day. Another contributor to the virtual varia-
tion is the shift of maximum spectral intensity to
longer wavelengths at higher values of m. These
effects have largely been ruled out by incorporating
into the present survey only those measurements taken
at relative airmnasses between 1.8 and 3.0.

The purpose of the data treatment described above
is to make records comparable to each other. Thus
many of the basic quantities involved, for example the
pyrheliometric scale or the extraterrestrial solar spec-
trum, need not be discussed in detail. Also, one should
not be disturbed by finding values of /3 in this report
that deviate from those published in the original
papers.

It is a justified simplification to ascribe similar
optical properties to the aerosols in different places of
the antarctic atmosphere. The coefficient 3 is then a
relative measure for the amount of optically active
particles in a vertical column of air above the point
of observation.

Table 1 lists values of /3 for a number of antarctic
stations. Owing to small natural fluctuations, to the
sparsity of data, and to the simple calculation pro-
cedure, the accuracy of the presented coefficients
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should be an estimated ± 0.003 at best. For the period
before the 1963 Mount Agung eruption, the three sta-
tions Maudheirn, Little America V, and Mawson
(1960-1961) yield constant turbidity coefficients. The
deviation from this average at Mawson (1954-1955)
is more likely attributed to an error in instrument
calibration than to natural causes. Judging from the
data of Mirnyy Station (1956 and 1960-1961), the
Soviet measurements apparently are connected to a
different standard or pyrheliometric scale but are
nonetheless consistent. Pole Station data of 1957-1958
and 1961-1962 suggest an average value of 0.018.
During the marked increase of 8 after 1963, the mean
error did not increase proportionally to 8. While the
Pole data refer to only a 1-day sample each year, the
measurements at Roi Baudouin Station reflect the
large natural fluctuations in the concentration of the
volcanic dust. The McMurdo Station value of 1966-
1967 is converted from a monochromatic photometer
record and should be regarded with much reserve.
Records of Plateau Station are averages of December
and January.

In interpreting /3 we must remember that the atmos-
phere has two layers that carry aerosols (Junge,
Table I. Turbidity coefficients 8 (after Angstrom, 1930)

at antarctic stations, 1952-1969.

Year	Coastal stations	 Inland stations

1952 Maudheim 0.025
(Liljequist, 1957)

1954— Mawson 0.018
1955	(Albrecht and Dingle, 1957)
1956 Mirnyy 0.008	 Vostok 0.009

(Pyatnenkov, 1969)	(Pyatnenkov, 1969)
1957— Little America V 0.025	South Pole 0.015-0.020
1958	(Hoinkes, 1970)	(Hoinkes, 1960)
1960— Mirnyy 0.010
1961	(Skeib, 1965)

Mawson 0.025
(Weller, 1967)

1961—	 South Pole 0.018
1962	 (Flowers and Viebrock,

1967)
1963—	 South Pole 0.130
1964	 (Flowers and Viebrock,

1967)
1964— Roi Baudouin 0.080-0.100 South Pole 0.075
1965	(Rietman, 1968)	(Flowers and Viebrock,

1967)
1965— Roi Baudouin 0.035-0.060 South Pole 0.030
1966	(Van der Veen, 1968)	(Flowers and Viebrock.

1967)
Plateau 0.027
(Kuhn, 1971)

1966— McMurdo 0.080	Plateau 0.025
1967	(Fischer, 1967)
1967—	 Plateau 0.020
1968
1968—	 Plateau 0.020
1969

1963) : one close to the surface with predominantly
maritime particles and the other (sometimes called
the Junge layer) in the lower stratosphere comprising
as much as 80 percent sulfate aerosols.

On the coast, both these layers deplete radiation,
while over the high interior of the continent aerosols
from the maritime layer are of minor importance.
Before 1963, representative values of /3 for coastal
stations were 0.025; for the South Pole, 0.018. Because
the ratio of atmospheric pressure at the Pole to that
at sea level is 0.7, solar depletion at the Pole—result-
ing in values of ,8 no less than 0.7 X 0.025, or 0.018—
indicates a constant concentration of aerosols (per unit
mass of air) in the bottom 3 kilometers of the antarctic
atmosphere. This is in sharp contrast to the tropo-
sphere of moderate latitudes, where the concentration
of dust decreases with height about four times as
rapidly as does air pressure. Moreover, the coastal-
station value of 0.025 includes the effect of the mari-
time aerosol layer, whereas the South Pole value of
0.018 does not. The mechanism of increasing the aero-
sol concentration over the interior regions is probably
the movement of stratospheric air, which sinks and fills
the entire space above the inland ice. With it, particles
of the Junge layer are carried downward in an initially
constant concentration. Later, as the air moves toward
the coast, dry deposition and washout deplenish the
particles. This process fits into the general picture of
antarctic atmospheric circulation. A comparison of 8
values at Mirnyy and Vostok (which otherwise do not
agree with the rest of the stations but are nonetheless
comparable to each other) speaks even more in favor
of higher aerosol concentration over the interior of
the continent than over the coast. Mirnyy is on the
coast, and Vostok is at an elevation of 3,400 meters
(approximately 650 millibars atmospheric pressure).
Within the limits of error, there was no difference in
extinction of solar radiation above these two stations
in 1956 despite the considerable difference in elevation.

Volcanic ash from the Mount Agung eruption
entered the antarctic stratosphere in November 1963
and quickly increased atmospheric turbidity at the
South Pole about sevenfold. By 1967-1968, the effect
of this catastrophic pollution had vanished, as can be
seen in the values measured at Plateau Station. Inter-
estingly, on table 2 the ratio of ,8 at the South Pole to

Table 2. Comparison of 8 at Roi Baudouin (on coast) and
at South Pole during influence of volcanic ash from 1963
Mount Agung eruption.

Station	Date	 p	3SP/RB
SP	February 9, 1965	0.075

0.8
RB	February 11, 1965	0.095
SP	February 9, 1966	0.032

0.6
RB	January 31, 1966	0.055
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/3 at Roi Baudouin varies between 0.6 and 0.8. Two
phenomena may account for this variation: (1) Dur-
ing strong influx of volcanic dust the particles are not
spread evenly over the entire continent. Trajectories
arriving at the two stations may originate in regions
so far apart that mixing has not yet occurred (see for
instance Viebrock and Flowers, 1967). (2) If, on the
other hand, the same air mass is assumed to flow over
both South Pole and Roi Baudouin, as could be in the
case of thermal or katabatic wind, its aerosol content
will be modified by deposition and washout. While
deposition is a function of atmospheric turbulence,
washout is controlled by the amounts of water vapor
and condensation nuclei present. If precipitation can-
not wash out the increased aerosol load before it
reaches the coast, then the ratio of /3 at the South
Pole to 8 at Roi Baudouin will be 0.7 (or less in the
presence of a low layer of maritime particles). If
deposition and washout is efficient, as happens with
low aerosol content, then the ratio may exceed 0.7.

Having evidence that washout efficiency is not
constant and that it seems to vary independently of
total aerosol content, one must therefore argue that
the concentration of particles in snow is not necessarily
a true representation of the state of particulate pollu-
tion in the antarctic atmosphere. An examination of
contamination of the snow during the past decade
could tell more about the relationship between the
glaciological method of determining pollution, in
which contamination and gaseous enclosures in snow
are analyzed, and the optical method discussed in this
paper.

A constant areosol concentration can be expected
only in the core of the anf arctic anticyclone. Values of
/3 measured at Plateau Station (620 rnillibars) can,
under this assumption, be converted into /3 for South
Pole (690 millibars) by straightforward multiplication
by the ratio of their respective pressures. This means
that the average turbidity over South Pole has in-
creased from 8 = 0.018 ± 0.003 before the Agung
eruption to /3 = 0.022 ± 0.003 in the late 1960s.

When one believes this increase of /3 by 20 percent
in 8 years to be significant and compares it to the
constant values at antarctic coastal stations in an
8-year period before the Mount Agung eruption
(Maudheim, 1952; Little America V, 1957-1958;
Mawson, 1960-1961 on table 1) one is inclined to
dismiss the idea of manmade causes in favor of natural
ones. The higher values of 6 in 1967 and 1968 might
better be interpreted as the effect of remaining vol-
canic aerosols (Volz, 1970). A similar picture is given
by Ellis and Pueschel (1971), who, after reevaluating
radiation measurements at Mauna Loa in 1958-1970,
found values of transmission factors of solar radiation
returning to the pre-Mount Agung level only by the
end of 1970.

Clearly, at the Present state of investigations nothing

more can be said than that the increase of atmospheric
turbidity is of the same order of magnitude in Antarc-
tica and Hawaii. A combined effort of glacial chemists
and atmospheric scientists in studying aerosols in
coastal as well as interior antarctic stations will pro-
vide a more accurate picture of global air pollution
and of atmospheric transport processes in Antarctica.
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