
M.

the six-hourly synoptic observations, though this crite-
rion was not employed in Fig. 1.

When examining the figure, it must be borne in
mind that cloud observations during the polar winter
night strongly depend on the presence of moonlight
and cannot be as reliable as daylight observations.
Notwithstanding, it appears that experienced ob-
servers can well distinguish a relatively dense over-
cast, such as 10/10 altostratus, from the less dense
clouds generally classified as cirrostratus. Consider-
ing only observations made under the extreme condi-
tions of 10/10 cloud cover or no cloud cover, the fol-
lowing values have been derived at South Pole:

	

10/10	10/10
Sky condition:	 altostratus cirrostratus Clear
Number of observations:	82	55	412
K,:	 +0.62	—0.45	—1.67
Percentage of +values:	77	33	2

In the majority of cases of overcast reported as
"altostratus," estimates (occasionally supported by
radiosonde measurements) of the height of the base
of the clouds were between 300 and 600 m above
the surface—that is, in the layer immediately above
the inversion.

One can define the "strength" of the surface inver-
sion by the difference t 1 —t0, i.e. the temperature at
the top of the inversion minus that at the surface. In
five of the seven cases displayed in the figure, the
once-daily radiosoundings happened to be made at
appropriate times. On these days, the difference
(t1 —t0 ) changes, on the average, from 14°C. under
cloudy skies to 26°C. under clear skies about 12
hours after clearing. Later on, it tends to diminish
slightly; the temperature at the top of the inversion
decreases with time more than the surface tempera-
ture does. This occurrence of the maximum inver-
sion strength on the first day after clearing appears to
be typical; it was found also in several other cases
with a less abrupt change of cloudiness.

The conditions in the lowest 2,500 m of the atmos-
phere over the South Pole are represented in fig. 2.
The ordinate is scaled as distance from the surface
in pressure units (mb) because the seasonal and the
irregular pressure variations at the surface are rela-
tively large, and because pressure values are im-
mediately related to the atmospheric mass above a
reference area. In each of the three parts of the
graph, the two curves show the average of a rela-
tively large sample of Suomi-Kuhn radiometer sound-
ings made under clear skies and of a smaller sample
of 10/10 altostratus soundings. In the vertical sense,
no smoothing procedure has been applied. The sound-
ings have been evaluated* for half-minute intervals,
corresponding approximately to 15-mb steps. In the

* Through the courtesy of Mrs. L. Stearns and Dr. P. Kuhn
of the Atmospheric Physics Laboratory, ESSA.
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Figure 2. Net radiation and temperature in the lower tro-
posphere at the South Pole; averages for 10 cases of over-

cast and for 56 cases of clear skies, winter 1965.

larger sample, the average of the R0 values computed
from the initial, instantaneous data of the radiometer
soundings made on 56 cloudless days comes close to
the average determined from 412 hourly mean values
of the CSIRO net-radiometer. The same cannot be
said for the average of only 10 soundings made when
the sky was overcast. In contrast to Fig. 1, the most
striking aspect of each pair of curves in Fig. 2 is
similarity. Only gradual trends of differences appear;
the vertical structure as a whole is nearly the same
when the sky is overcast as when it is clear.
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Evaluation of CO Data Obtained on
Eltanin Cruises 27, 29, and 31

ELMER ROBINSON
and

ROBERT C. ROBBINS

Environmental Research Department
Stanford Research Institute

In the past year, Stanford Research Institute has
obtained CO data during three cruises of USNS
Eltanin. These have included flask samples for labora-
tory analysis during Cruise 27, approximately along
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Figure 1. Carbon monoxide concentrations measured be-
tween 168°E. and 177 0E. on Eltanin Cruise 27.
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Figure 2. Carbon monoxide concentrations measured
along 28 0S. on Eltanin Cruise 29.

	

SF	 DISTANCE ALONG TRACK - 101	 NZ
0.16

	

0	300	1200	1800	2400	300	3600	4200	4800	5400
I	I	I	I	I	I	I

	

O.I4F	0	
1530

	

0l2-	0	o

	

O.IOO	
0

- 0.08
0	

000	00 0

	

006	 0 0	 9	0850

	

004	 EQUATOR	T%56 0 OoO157*W	 20 0	3716 S1

	

0.02	 52,6	I7LlOEj

	

0	.1	I	I	I	I	I	1.111111	I	I

	

16	18	20	22	24	26	28	30 II3	IS	17
NOVEMBER	 DECEMBER

Figure 3. Carbon monoxide concentrations at local
noon in the Pacific Ocean during Eltanin Cruise
31 (November-December 1967, United States to

New Zealand).

1700 E. between 65° and 77° S.; flask samples on
Cruise 29, along 28° S. between 75° W. and 155° E.;
and recorder data aboard ship during Cruise 31, be-
tween San Francisco and New Zealand. Figures 1, 2,
and 3 show the results of analyses of these samples.
Some of the main conclusions concerning the pattern
of CO concentrations in the ambient atmosphere, as
derived from these cruise data, are presented in the
following paragraphs.

Cruise 27, January 1967. CO concentrations (usu-
ally obtained at about 0600 local time) seem to in-
crease gradually southward, from about 0.03 ppm at
65° S. to 0.08 ppm at 77° S. On January 13-14, a
series of four samples at 1154, 1830, 0100, and 0530
local time showed a diurnal cycle with a high evening
concentration of 0.12 ppm, compared with 0.06 ppm
at 1154 and 0530. This finding would perhaps be

discounted as indicating possible extreme error, ex-
cept for the fact that similar diurnal fluctuations were
noted on a number of occasions during Cruise 31,
when continuous records were available.

Cruise 29, June-July 1967. CO concentrations
(usually obtained at about 1800 local time) show a
wider range and generally higher concentration in
this area, compared with the results of Cruise 27. It
would appear that in the eastern Pacific, near Chile,
the CO concentration is around 0.05 ppm. Concen-
trations generally rise along the track westward as one
approaches 130° W., although those of two samples,
taken at 111° and 121° W., are considerably below
such an average. The CO concentration seems to drop
from 0.12 ppm at 130° W. to about 0.07 at 180 0 W.
Westward of 180° W., concentrations return to levels
between 0.08 and 0.10 ppm.

Cruise 31, November-December 1967. The CO
concentration at approximately local noon is shown
in Fig. 3 on a scale that is approximately proportional
to the distance on a great-circle course from San
Francisco to New Zealand. The only major deviation
from this straight course was in early December
around Pago Pago, when an irregular pattern
was followed. The general pattern shows increased
CO concentrations from about 0.09 ppm near Cali-
fornia to as high as 0.14 ppm east of Hawaii at 23° N.
140° W. on November 20. From this point, the de-
crease is relatively rapid to 0.06 ppm, recorded on
November 23 at 12° N. 149° W. Concentrations re-
mained at about 0.06 to 0.07 ppm until about Decem-
ber 1 at 13° S. 172° W. Between December 1 and 10,
the concentration varied between 0.04 and 0.06 ppm.
After December 10, at 19 0 S. 176 0 W., the average
concentration was 0.04 ppm. On December 14. El-
tanin crossed the track of Cruise 29 at 28 0 S. 176 0 E.
The recorded noon CO concentration of 0.048 ppm is
higher than the 0.020 ppm concentration recorded in
this general area on the earlier cruise, but both con-
centrations are relatively low.

During Cruise 31, a strong diurnal pattern, with
CO concentrations being highest around sunset, was
noted on a number of days. Some of the most marked
of these are listed in the table. Possible reasons for
this pattern will be given in the discussion section.

Before indulging in speculative discussion, we can
point out some general conclusions about the geo-
graphic distribution of CO as shown by our sampling
studies. Within the subtropical anticyclonic regions of
both the North and South Pacific, CO concentrations
are relatively high-0.10 to 0.14 ppm. This fact was
shown by Cruise 29 in the Southern Hemisphere and
Cruise 31 in the Northern Hemisphere. The north-
easterly and southeasterly trade-wind zones north and
south of the Equator have concentrations of about
0.06 ppm. The lowest concentrations encountered
were in areas outside the subtropical high in the
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Carbon monoxide concentration at sunset, Eltanin Cruise 31.

SIGNIFICANT INCREASES AT SUNSET

	

Time	COfl II Time	I CO con- II	Co

	

Date	(local, pm) centration (local, pm) I centration increase
(PP-) (ppm) II (percent)

	

Dec 7	5:00	0.050	7:30	0.075	50

	

8	5:00	0.050	7:30	0.110	120

	

10	5:30	0.035	7:20	0.070	100

	

13	5:30	0.035	7 :40	0.070	100

	

16	5:15	0.065	7:40	0.145	120

No SIGNIFICANT CHANGE AT SUNSET

ITime span

	

Date	(local, pm)	concentration
(ppm)

	

Dec. 2	4:00-7:12 	0,035 ± 0.005

	

9	4:00-7:15	0.040±0.0051

	

11	4:30-7:40 	0.040 ± 0.005 1

	

15	4:00-7:00	0.040±0.0052

1 Possible 25 percent increase.
a Possible 25 percent decrease.

Southern Hemisphere, probably between 40° and
65 0 5., where concentrations of 0.02 to 0.03 ppm seem
likely. South of 65° 5., CO increases gradually, ap-
parently to around 0.08 ppm at about 770 S.

Discussion

In the past, analyses of CO in the atmosphere have
led to two general conclusions: (1) the only signifi-
cant source of CO in the atmosphere is urban pollu-
tion (Junge, 1963; Altshuller, 1958; Robbins et al.,
1968); and (2) the sink mechanism by which CO is
removed from the atmosphere is unknown. Our El-
tanin CO observations seem to provide a basis for
reexamination of these points, especially the first.

The data from Cruises 29 and 31 showed that the
highest concentrations of CO were in the central
part of the subtropical anticyclonic regions in both
the North and South Pacific. In addition, there is
evidence that on some occasions a diurnal pattern is
present in the CO concentration, significant increases
being noted on a number of days during Cruise 31
when semicontinuous data were taken. These two
observations seem to indicate that the surface of the
sea, at least in certain areas, may be a significant
source of CO.

The presence of CO in sea water has recently been
reported by Swinnerton (1968) of the U.S. Naval
Research Laboratory. His data indicate a surface
layer having CO concentrations that could be in
equilibrium with the atmosphere, and another layer
between depths of about 10 and 50 m in which CO
concentrations are 5-10 times higher than they are in
the surface layer. The transition between the surface
layer and the high-concentration layer is very sharp.
CO concentrations gradually decrease with increasing

depth, until at 100-300 m a generally stable concen-
tration is reached which is similar to that of the
surface water. The reasons for this pattern are still a
matter of speculation, but it certainly seems that some
mechanism produces CO in the ocean and that it
is most active at depths of 20-50 m. The production
mechanism is most likely biological; it is known, for
example, that CO is present in high concentrations in
various marine plants, such as kelp bladders, and in
animals, such as siphonophores.

The atmospheric CO data from Eltanin cruises
may indicate the results of atmospheric effects inter-
acting with an oceanic CO source. In the anticyclonic
areas, increased vertical stability could prevent the
vertical mixing of surface-released materials, thus
producing the high concentrations observed in the
North and South Pacific. Diurnal changes in con-
vective activity with increasing stability around sunset
could be responsible for the diurnal CO patterns ob-
served. It will be necessary to determine how exten-
sive these diurnal CO patterns are and to what extent
the changes observed are related to conditions within
the ocean, e.g., biological activity.

If subsequent sampling shows that the ocean either
generally or in local areas is a significant source of
CO, it will bring about a considerable reexamina-
tion of many aspects of atmospheric chemistry and
air pollution.

The second point we mentioned about CO was that
no sink mechanism has been identified. Now, if there
is a major natural source of CO, an even greater sink
mechanism is required to provide a balance, or at
least a near balance, within the atmosphere. We still
can only speculate about the nature of this sink;
however, if a major source exists in the biosphere, the
sink may also exist in the biosphere. Whether a bio-
logical sink would have to be present both in the
ocean and on land can only be guessed at, since there
are no known data to put into such an analysis. One
estimate has been made in which CO was related to
CO2, and it was shown that if CO were absorbed in
the biosphere in the same proportion as CO2, then this
CO sink would have the proper magnitude for present
pollution emissions (Robinson and Robbins, 1968).

It seems likely that much more data on conditions
in the atmosphere and in the ocean will have to be
obtained before we can assemble a more satisfactory
explanation of the role of CO in atmospheric chem-
istry.

Acknowledgments: Analysis of the Cruises 27 and
29 samples was supported by NSF grant GA-533,
and of the Cruise 31 samples by U.S. Public Health
Service grant no. 5 RO1 AP00558-02.
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Evaluation of a Satellite
Microwave Refraction Technique for
Remote Probing of the Atmosphere

D. H. SARGEANT

Departments of Meteorology and
Electrical Engineering

University of Wisconsin (Madison) *

The rapidly growing international interest and ef -
fort in applying advanced theory and technology to
the problem of observing, understanding, and predict-
ing the global atmospheric system have recently been
focused by the formation of a Global Atmospheric
Research Program (GARP). In a 1967 report of the
GARP Committee, many outstanding problems were
identified and possible solutions were proposed.

One of the most pressing observational require-
ments is for a truly global, three-dimensional specifi-
cation of the mass field. One possible approach to
this problem is the so-called "microwave occultation"
technique. This technique envisions the precise meas-
urement of the phase (or path length) of radio signals
propagated between satellites whose precisely known
positions are such that the waves "graze" through the
atmosphere. By means of ray theory, a formula has
been developed which provides general mathematical
relations between atmospheric variables and ray vari-
ables. It has been possible to obtain explicit solutions
for the case of a reasonably realistic exponential
model atmosphere and, thereby, to investigate the ex-
pected magnitudes and characteristics of the meas-
urements. The measurement sensitivity and accuracy
required to determine the atmospheric parameters
for a given specification can thus be assessed, as can
the effects of various errors. On the basis of these
considerations, the desirable measurement variables
can be selected. Also, the relative contributions of
different portions of the atmosphere traversed by a

* This study was carried out while the author was as-
sociated with the International Antarctic Meteorological Re-
search Center, Melbourne, Australia, in 1967-1968.

ray have been calculated, thus providing specifica-
tions for characteristic "scale" or "smoothing" of the
measurement.

A second stage of the analysis is the simulation of
observed radio data. Analytical techniques equiva-
lent to "ray tracing" have been devised which synthe-
size ray variables for specific atmospheric profiles,
both analytical models and "real" profiles obtained
from conventional observations. For the reasons ex-
plained below, antarctic data have been selected for
the initial simulations.

A third stage is the so-called "inversion," or "un-
scrambling-the-egg," problem: how can the required
atmospheric variable be deduced from radio obser-
vations? In order to minimize the amount of radio
information required, it is desirable to develop an
efficient representation of profiles whose specifica-
tion requires relatively few parameters. For example,
it is possible to determine accurately the two par-
ameters of an exponential profile with two meas-
urements, but an accurate point-wise specification
would require many measurements. Furthermore,
some representations are more amenable to analyti-
cal "inversion" procedures than others. This problem
is under continuing study.

Another aspect of the inversion problem is the re-
quirement to deduce mass density from measurements
which depend on refractivity, or "radio" density. Be-
cause the contribution from polar water vapor is dis-
proportionate, recovery of meteorological variables is
complicated. This is one reason why the "dry" ant-
arctic atmosphere was chosen for the initial study.
Also, simulations and recovery are complicated by
small-scale features in the circulation, which is an-
other reason for conducting the study in the Southern
Hemisphere. If the proposed technique works at all,
it should be most easily applied to the hard-to-observe
southern atmosphere.

UPPER ATMOSPHERE PHYSICS

Transient Ionospheric Phenomena
in Antarctica

K. DAVIES and J. E. JONES

Space Disturbances Laboratory
Environmental Science Services Administration

The purpose of this program is twofold: (1) to
study the frequency stability of high-frequency (HF)
waves reflected from the antarctic ionosphere and to
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