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ABSTRACT

During a recent oceanographic cruise (November 1972) of the U.S. Coast Guard ice-
breaker GLACIER, both surface ses water and atmospheric samples were collected
for CO analysis. The ship followed a cruise track from Long Beach, California to Me-
Murdo Sound in the Antarctic. Atmospheric carbon monoxide concentrations in the
south Pacific were found to be much lower than those measured in the north Pacific,
0.04 ppm to 0.13 ppm, respectively. CO concentrations in sea water of the south Paci-
fic range between 1 and 30 x 10~% ml/l and compare favorably to levels measured in
the oceans of the northern hemisphere. In all sea water samples, the carbon monoxide
was supersaturated relative to the surrounding atmosphere. Sea water carbon monoxide
concentrations were highest in regions of upwelling or water convergence zones. These
areas were also associated with high biological activity.

Ten vertical profiles of carbon monoxide in sea water were obtained between Long
Beach and McMurdo Sound. In general, the carbon monoxide concentration was high-
est in the upper 30 m with a steady decrease to near 0 concentration at 100 me. Carbon
monoxide was also measured in sea ice collected in the Antarctic. The highest con-
centrations of carbon monoxide was found to be on the bottom of the sea ice. The bot-
tom ice had heavy concentrations of brown algae which penetrated half a meter into
the ice. The surface snow exhibited concentrations of carbon monoxide which were

comparable to those found in the surface sea water for the same area.

Introduction

In 1967 the Naval Research Laboratory em-
barked on & program to measure carbon mon-
oxide in the marine atmosphere and in the
oceans. The primary purpose was to determine
the role that the oceans play in the geochemi-
cal cycle of carbon monoxide. Since then, sea
water samples have been collected for CO anal-
ysis in the Arctic, the north Atlantic, the
tropical north Atlantic, the Caribbean and the
north tropical Pacific Ocean; Linnenbom et al.
(1973). Other investigators (Seiler & Junge,
1973) have also measured CO in the north and
south Atlantic. In this paper, we report addi-
tional data on carbon monoxide in the south
Pacific Ocean, the ice-covered Ross Sea and
the atmosphere above.

Cruise track and sampling procedures

We participated in a recent oceanographic
cruise of the U.S. Coast Guard icebreaker,

1 Paper presented at the International Sympo-
sium on Atmospheric Trace Gases, Mainz, Cer-
many, April 2-5, 1973.

GLACIER. The ship departed Long Beach,
California on 15 November and arrived in Me-
Murdo, Antarctica on 25 December 1972. Dur-
ing the transit, surface water and atmospheric
samples were collected between 30° N and 77° 8
in the Antarctic.

Samples were taken at three-hour intervals
while the ship was underway, and were ana-
lyzed for carbon monoxide and methane. Fig.
1 shows the cruise track of the GLACIER. In
addition to surface water samples, we also ob-
tained 10 vertical profiles down to 100 m. The
vertical profiles sere taken at three-day inter-
vals at 1 400 hours, local time. Fig. 1 also shows
the location of these stations.

CO in the atmosphere

Fig. 2 shows the atmospheric results for car-
bon monoxide. Dates are shown on the lower
abscissa of Fig. 2; the corresponding latitudes
and longitudes are given on the upper abscissa.
The concentration units for carbon monoxide
are shown on the ordinate, and are expressed
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Fig. 1. 1972 cruise track between California and Antarctic.

in parts-permillion (ppm) by volume. The
triangles represent duplicate samples.

Our Pacific atmospheric CO data closely
parallel the CO results of Seiler & Junge (1971)
for the south Atlantic. They observed a de-
crease in the CO concentration at the inter-
tropical convergence zone (ITC). The ITC zone
was located at 3°N. We observed a similar

when passing through the ITC zone in the Pa-
cific. The ITC was well defined at 7° N a little
higher in latitude than in the Atlantic. The
atmospheric CO concentrations north of the
ITC were 0.13 +0.06 ppm. This value agrees
favorably with our earlier measurements of
CO in the atmosphere of the north Pacific
where we obtained an average concentration of

decrease in carbon monoxide concentration 0.126 £0.020 ppm (Lamontagne et al. 1971).
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Fig. 2. Plot of atmospheric CO as a function of time and position. Samples were taken over the Pacific
Ocean between 30° N and 77° S; concentration of gases expressed in ppm.
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Fig. 3. Plot of dissolved CO in surface sea water of the Pacfic Ocean as a function of time and position.
Samples collected between 30° N and 77° 8. Concentration units for dissolved CO expressed in 10— ml/l.

South of the ITC to ~20°8 the CO con-
centration was 0.039 +-0.008 ppm and between
20° S and the Antarctic (77°8) the CO con-
centration decreased to 0.031 +0.005 ppm,
which is in good agreement with the earlier

Table 1. Carbon monoxide partial pressure in the
marine atmosphere

No. of
samp- Range of Mean value

Location les values (ppm)

1. N. Atlantic 30 0.05-0.17 0.114 (+.020)
April 1969

2. N. Atlantic 33  0.06-0.18 0.126 ( +.032)
May 1970

3. N. Pacific 50  0.06-0.17 0.123 (+.020)
June 1970

4. N. Atlantic 26 0.08-0.15 0.118 (+.015)
May 1971

5. Arctic 94  0.08-0.18 0.111 (+.018)
August 1971

6. N. Pacific 37  0.06-0.40 0.128 (+.06)
November 1972

7. N-S Pacific 47  0.03-0.08 0.040 ( £.008)
November 1972°

8. 8. Pacific 103 0.02-0.04 0.031 (1.005)
Antaretic

December 1972¢

2 30° N-10°N. ? 10°N-20°8. © 20°8-77°S.

and only other data available (Robinson &
Robbins, 1970).

Our results on atmospheric CO are sum-
marized in Table 1. Only one carbon monoxide
data point (0.13 ppm) deviates from the south-
ern hemisphere average. It was an air sample
taken in the harbor of Wellington, New Zea-
land, and is probably not representative of the
main atmosphere.

Carbon monoxide in seawater

Shown in Fig. 3 are the carbon monoxide
results for the surface Pacific Ocean and the
Ross Sea between 30°N and 77° 8. Surface
samples were collected from the ship’s auxili-
ary sea chest. This sea chest was continually
flushed with fresh sea water. Samples from the
sea chest were compared with samples taken
on a vertical cast when the ship was stopped;
no difference was observed. The lower abscissa
(Fig. 3) shows the transit dates of the USCGC
GLACIER and the upper abscissa, the cor-
responding geographic positions. Concentration
units are 10-% ml/l for dissolved carbon mon-
oxide. These are given on the ordinate. A break
occurs in the ordinate scale at 20 x 10-5 ml/l.

The “S” numbers with arrows indicate the
location of vertical Niskin bottle casts. The
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triangles of Fig. 3 represent the mean con-
centration of dissolved carbon monoxide over
a 24-hour period. Each triangle data point is
based on the mean of three to seven individual
samples. For convenience, the triangles are
plotted at 1 200 hours, and are connected by the
dashed line. Superimposed on the dashed line
is a diurnal plot. The circles represent individual
measurements obtained at three-hour intervals.
The circle data show the diurnal variations,
which were observed in the southern hemisphere
surface water. These variations are similar to
those measured in the north Pacific (Lamon-
tangne et al., 1971). The figure becomes too
confusing when all the three-hour interval data
points are included, therefore, only one set of
diurnal data is shown.

Refering to the dashed line of Fig. 3, there
are three distinct concentration peaks of car-
bon monoxide in the surface water. They ap-
pear at 10°S, 38°8 and 62°8. It is evident
then, that a broad CO concentration peak
exists in the water and extends from 5° N to
approximately 15°8 (~1 200 miles north to
south). The south equatorial current of the
Pacific Ocean passes directly through this re-
gion. The water is flowing in a well-developed
westward pattern, between 3°N and 10°S. In
addition to the south equatorial current there
exists along the west coast of South America,
and in particular along the coast of Peru, a
well-defined area of upwelling. This upwelling
area is approximately 3 000 miles to the east
of the ship’s transit. Fleming and Laevastu
(1956) have shown that a tongue of seawater,
high in biological productivity, extends from
the Galapagos Islands to well west of the
north-south track of the GLACIER. The north—
south latitudinal distance of this tongue at
145° W is approximately the same as the width
of the south equatorial current. The biological
productivity at 146° W is high in the center of
the tongue (100 to 200 g carbon m~2yr—?) and
low outside (25 g carbon m~—%yr—!) or a ratio
of 6 to 1, if we assume an average of 150 g
carbon m=2yr-! for center sample. The ratio
of the carbon monoxide concentration in water
at the center of the tongue to that at its outer
edges (at 146° W) is 13 x10-5/2.4 x 10—% ml/l,
which is equal to a ratio of 5.4 to 1.

Another, but smaller, CO concentration peak
was observed at 40° S (Fig. 3). The Subtropical
Convergence is located at this latitude. In this
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area, the colder water from the south sinks
beneath the warmer water of the north. A
slight increase In biological productivity has
been reported by Fleming & Laevastu (1956)
for this region of 30°S to 40°8. The con-
vergence, together with the presence of in-
creased biological activity, may account for
the observed increase in carbon monoxide pro-
duction, which we observed at 40° S.

South of New Zealand a steady and continu-
ing increase in the average carbon monoxide
concentration was recorded. The CO level
reached a peak at 60°S, after which it began
to decrease.

In the Pacific the Antarctic Convergence oc-
curs at 60° S and primary productivity during
the austral summer is highest at this latitude.
These biologically-active regions extend from
50° S to 75°8, and are comparable in magni-
tude to the productivity along the Peruvian
coast. Again, at 60° S, there is a combination
of convergence and productivity which may
account for the observed increase in CO con-
centration. A single sample taken on 23 De-
cember 1972 and two vertical profiles taken in
the sea ice on 20 and 23 December gave very
high hydrocarbon and CO concentrations. It
has been shown through laboratory experi-
ments by Wilson et al. (1970) and Junge et al.
(1970) that the production of light hydrocar-
bons and carbon monoxide are related in part
to biological activity and/or primary produc-
tivity. Unfortunately, no biological data, which
could correlate CO production with biological
activity, were taken on this expedition. At all
three locations, 10° S, 40° S and 60° S, upwell-
ing or convergence accompanied by high bio-
logical activity resulted in increased CO con-
centrations.

Our measurements have shown that carbon
monoxide levels in the surface waters of the
South Pacific Ocean are orders of magnitude
higher than the calculated amount of CO based
on Henry’s Law. The solubility coefficient of
CO varies between 30.0 ml/l at —1.0°C and
17.4 ml/l at 28°C. If the average atmospheric
concentration in the southern hemisphere
equals 0.035 ppm, a typical surface water con-
centration of carbon monoxide in equilibrium
with the atmosphere would be 0.1 x10-5 ml/l
at —1.0°C to 0.05 x10-5 ml/l at 30°C. The
lowest measured carbon monoxide concentra-
tion in the surface waters was 1.0 x 10-5 ml/l,
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CARBON MONOXIDE CONCENTRATION IN SEAWATER
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Fig. 4. Plot of vertical profiles of CO in sea water, depth in meters vs. concentration of CO in units of 10-%
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while the highest was 30.0 x 10-% ml/l. There-
fore, all surface water CO concentrations in
the southern hemisphere are supersaturated
relative to the atmospheric CO concentration.
The ratio (R) of measured to calculated CO
varies from 10 to 400 (a value of 1 would be an
equilibrium condition). Carbon monoxide data
for the oceans have, in all cases, shown super-
saturation relative to the overlying atmospheric
levels. Average surface water concentrations of
carbon. monoxide for various areas investigated
are: Arctic, 5.6 x10-% ml/l; north Atlantic,
7.0 x10-% ml/l; north Pacific, 6.0 x 10-% ml/l;
and south Pacific, from the Equator to the
Antarctic, 8.0 x 10-% ml/l.

Vertical profiles

In Fig. 4 the results of the ten vertical pro-
files taken with Niskin bottles to a depth of
100 m are given. Concentration units of 10-5
ml/1 for carbon monoxide are on the abscissa.
All the vertical profiles follow a similar pat-
tern, i.e., they show a maximum in the surface
and a rapid decrease with depth. Station 1 is
the only exception to this general picture. The
vertical profiles for Station 10, which was in a
very thick ice had the highest concentrations
of CO for a given depth. In this case, the hydro-
carbon concentrations were also the highest
measured.

CO in rain, snow and ice

During the cruise, one rain sample was col-
lected at 35°S. The carbon monoxide con-
centration in the rain water was 6 x 10-% ml/L
This concentration is slightly lower than the
level measured in rain collected in the North
Pacific (Swinnerton et al., 1970). This South
Pacific rain sample was found to be super-
saturated in carbon monoxide with a ratio of
85 to 1.

Sea ice was collected in McMurdo Sound for
the purpose of measuring carbon monoxide and
hydrocarbons. The hydrocarbon results are
reported elsewhere (Lamontagne, et al., 1973).
Sampling of sea-ice was divided into three
digtinet zones: (1) Surface snow, (2) ‘‘blue ice”,
(8) “brown ice”. Blue ice is the older and more
compact ice. The brown ice was in direct con-
tact with the water. The brown color is the
result of high concentrations of algae which
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penetrate several feet into the bottom of the
ice (Bunt & Lee, 1970). The carbon monoxide
concentration in the surface snow was 10 x
10-% ml/], which compared favorably with the
surface water samples where the concentration
averaged 6 x10-% ml/l. The blue ice has a car-
bon monoxide concentration about twice that
of the snow, 18 x 10— ml/l and the brown ice
has a concentration of about four times that of
the snow (37 x 10~ ml/l).

Summary

It is apparent from the results of this study
that atmospheric carbon monoxide concentra-
tions are lower in the southern hemisphere
than those measured in. the northern hemisphere.
CO concentrations decrease abruptly when cross-
ing the ITC zone from the north to the south.

Surface samples of sea water collected in the
south Pacific are shown to be supersaturated
in carbon monoxide relative to the overlying
atmosphere. The concentration levels of car-
bon monoxide in sea water are comparable to
those obtained in the northern hemisphere.
The production of high concentrations of car-
bon monoxide in the sea water appear to be
related to upwelling or convergence zones which
are also associated with increased biological
activity. It appears that the south Pacific Ocean
could be a source of carbon monoxide rather
than a sink.

Several vertical profiles were taken during
the cruise, which show that carbon monoxide
concentrations in sea water decrease with depth.
Generally, the CO concentration was highest
near the surface between 0 and 30 m. Samples
of Antarctic sea ice were found to contain
carbon monoxide concentration levels that are
two to four times higher than those measured
in the open sea water.
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OKUCH YIVIEPOJA B IOFKHOI YACTU TUXOT'O OKEAHA

Bo spema mocnegneit oxkeanorpaguuyecKoil sKc-
neguuun Ha Oopry neporona CIOA «Imacmep»
0oT6Hpaynch NPoOLl Kak u3 arMocgephl, TAK U C
MOBEPXHOCTH BOJH [AJA AHANMU33 COREpIKAHUA
CO. Hopabas npocnemoBan or Jlorr Buu B
Hamugopamu no nmpoamsa Mar Mepmo B AHT-
aprTuce. Homnmerntpanum CO B armocgepe B
1o3xH0ll wactn Tuxoro oxeada OBIM HailgeHH
MHOT'0 MEHBIIUMM, 4eM B €ro CeBepHON 4Yacrm:
0,4-10-7" u 1,3-10-7, coorsercrBernno. HKomu-
nerTpanuu CO B Bome B I0sRHOU vacTu Twuxoro
OKeaHa HAXOXATCA B mpegedax or 1 mo 30-10-3
Mafs, UTO BIOITHE CPABHUMMO C YPOBHAMH, H3-
MEepAEMBIME B OKeaHAaX CeBepHOr0 IIOJNyIIapud.
Bo Bcex BommEIX mpo0ax cofepmaHMe OKHCH
yraepona OplIo NepeHACHINEHO HO OTHOIIEHUIO
K OKpymampueil armocgepe. Hambonbinue KoH-

nearpanuu CO B Bome OvliM B 00JacTAX HOA-
HATUA WIN KOHBepTeHHUu BOA. Idtm obmacTu
TaK;{e CBABAHLL C BBICOKON OGHOIOrHYECKOIt
axruBHocThio. Ha myrn memxpy Jlonr Buu n
nponusoM Marx Meppo G0 HONYY4EHO KECATH
BepTuKaNGHEX npofuieit CO B Bosme. B obmem,
rourenTpauna CO Owna manGoablneir B mpefe-
Jax BepxXHUX 30 METPOB ¢ yCTOWYMBEIM Haje-
HEeM ee [0 Hyad Ha rayOule 100 ». Hausrcmue
voumentpauun CO OpIM HaleHH Ha [He
MOpCKOro nbja. HMKHAA 4acTh JbRa COREPIHUT
GoabIIoe KOINIeCTBO KOPHYHEBHX BOLOPOCIIEDt,
KOTOpHle MPOHMKAIT CHU3Y HA PACCTOAHUN [0
noaymerpa B jepn. CHer Ha IOBEPXHOCTH IbJa
comepm#ur CO, B KONHMYECTBAX, CPABHUMHX C
TEMWU, KOTOPHE WMEIOTCA B IOBEPXHOCTHHIX
BOIAX B TOit e obnacru.

Tellus XXVI (1974), 1-2



