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BOMB *C IN THE OCEAN SURFACE 1966-1981
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ABSTRACT. Bomb *C has been used as a tracer for CO, in ocean surface water to
study CO, exchange between atmosphere and ocean. Using ordinary cargo ships for sam-
pling, we have been able to cover some parts of the Atlantic, Pacific, and Indian Oceans
for certain periods. A total number of 520 samples from 89 locations were mecasured dur-
ing the last 15 years. The data are presented both in tables and graphs. A maximum *C
concentration (A*C) of ca 209, was observed in temperate northern latitudes, and a few
per cent lower at southern latitudes. A seasonal trend in the *C variation, with summer
maximum and winter minimum, was observed both in downwelling and upwelling areas.

INTRODUCTION

The development of C in the atmosphere after nuclear testing is
governed by the exchange of CO, with the land biosphere and the ocean.
The latter is regarded of major importance in the present exchange. One
main purpose of tracing bomb 4C is also to study the exchange of CO, be-
tween atmosphere and ocean. We realized that the exchange within the
ocean was very complicated, and that cooperation among several labora-
tories would be necessary for many years. At this laboratory we decided
only to sample the ccean surface, as this could be done quite easily from
cargo ships on regular routes. The main idea was to observe the mean *C
variation with time in the ocean surface, with a sampling program which
gradually was extended to greater parts of the Atlantic, Pacific, and lastly,
the Indian Oceans.

Complete tables and graphs of all our atmospheric *C data were pre-
viously presented (Nydal & Lovseth, 1983). The present paper is an at-
tempt to make a similar presentation of all the oceanic 1#C data, which
derive from 520 surface-water samples during the last 15 years. All data
are regarded as final as they have been critically analyzed, recalculated,
and in some cases, supplied with minor corrections. The paper is, only to
a small extent, concerned with results from other laboratories.

SAMPLING AND LOCATION

In reviewing all the ocean data, we found it necessary to mark the
widely scattered sampling with stations generally located within one or
two degrees. Some earlier station symbols had to be replaced (Nydal, Lov-
seth, & Skogseth, 1980) with new station numbers (fig 1). The number of
samples collected at each station may vary greatly, from 1 to >50. Also, the
time interval between each sample may differ from one place to another,
dependent on how often the ships passed the respective locations.

The Atlantic Ocean is covered with 28 stations (01 to 28) from the
Barents Sea (74°N) to the south Atlantic Ocean (35°S). Sampling with
cargo ships was done at two different periods, from 1966 to 1972, and from
1976 on. Several stations (17, 20, 28) were probably established too close to
the continents where water upwelling occurs. The same effect may also
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have occurred at stations 10, 11, and 16 on the Atlantic Ridge, and in the
divergence area of the equatorial zone (0°-15°N/S). However, comparison
of the results from these stations with those in the open ocean with a
strong thermocline, is very useful. The most representative stations in the
latter case are 15 and 16 in the Sargasso Sea and station 25 in the South-
eastern Atlantic Basin.

The Indian Ocean is covered with 14 stations (81 to 45) from 1976 to
the present. It was originally started with 5 regular stations (Nydal, Lov-
seth, and Skogseth, 1980), but change in the course of the shipping routes
caused a scattering of sampling among several locations. In contrast to the
Atlantic Ocean, all stations in the Indian Ocean were situated on the deep
basins with depths of >3000m.

The Pacific Ocean was covered with 89 stations (51 to 88) from 1966
to 1977. The majority of stations in both hemispheres were located within
the gyral circulation system between 15° and 85° latitudinal degrees with
a fairly stable surface layer. Aside from the stations along the coast of
North America (52, 54, and 73) and New Zealand (87 and 88) most are far
from the continents where the ocean is >3000m deep. We were only able
to obtain a continuous series of samples at a few locations in a 6- to 8-year
period. The interval between each sample was generally 8 to 4 months.

TREATMENT OF SAMPLES

The treatment of samples changed with time. From 1966 to 1976, the
collected samples were stored in 200L steel drums aboard the ships during
the journeys. The air was removed from the drums before filling. Further
processing was performed in the laboratory 2 to 4 months later. On reach-
ing the laboratory, the drum was opened and 1L of sea water was put
aside for salinity measurement. After the contents of the drum were acidi-
fied (pH <3) with 1L of concentrated sulfuric acid, the CO, was flushed
out with nitrogen at room temperature and absorbed in an ammonia trap.
A 1- to 2-day flushing followed. After further precipitation with CaCl,, fil-
tration of CaCQO,, and, finally, treatment with HCI, a maximum CO,
amount of 5 to 6L was obtained.

Towards 1975 the sampling program in the Atlantic and Pacific
Oceans was gradually decreased, partly due to a shipping crisis, and partly
because of the inconvenient transportation of heavy drums to the labora-
tory. Also, there were some objections to storing the sea water on board
for long periods before processing. The discovery of a seasonal trend in
the 1C concentration at some locations indicated a need for better geo-
graphically defined stations and shorter intervals between each sample.

In the revised sampling program of 1976, the removal of CO, from
sea water was done on board immediately after collection. The flushing
time with 600L of nitrogen was shortened to 1.5 hours. Four to 5L of CO,
were still obtained. The CO, was absorbed in 29, NaOH (0.75L) during
the flushing procedure. This solution was then received in the laboratory
and directly treated with hydrocloric acid (HCI) for further CO, release.
At the beginning of the new program, nine parallel samples (200L of sea
water each) were stored on board as before in order to study the reliability
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of earlier samples. Only in 1 of the 9 cases a stored sample (TR-39B)
showed an important deviation (40 = 10%,) from the other (TR-39A).

MEASUREMENTS AND CALCULATIONS

In the same way as for tropospheric CO, samples, ocean surface sam-
ples were measured at 2 atmospheres pressure in CO, proportional count-
ers with effective volumes generally ranging between 1 and 2L. The C
samples collected before 1976 were generally measured with an accuracy
of 10%, during a counting period of 25 hours. Samples collected in the
new program from 1976 on were counted with an accuracy of 5 to 7%, dur-
ing a counting time of at least 48 hours. The 1*C concentration given in
the tables (A™C) was, as for tropospheric CO,, (Nydal & Lovseth, 1983)
calculated in per mil excess above a normal C level according to the
formula:

614C
ANC = §1C — 2(51°C + 25)( I +m6>

The A*C values are given relative to the standard (NBS oxalic acid) after
normalization to a fixed §°C ratio of —25%,. No correction for the decay
of the NBS standard (after 1950) has been performed.

From 1965 to 1976, flushing of CO, was performed in the laboratory
at room temperature for 1 to 2 days (5-6L. CO,); a mean §3C value of
+2.0 = 1.5%, was then observed. When the processing was performed later
on board with a higher flushing speed, the §*C value changed to —6.5 +
1.5%. For the latter samples the flushing procedure for each sample was
kept fairly constant during longer periods, and the §2C values were thus
relatively stable.

The ocean temperature at the sampling depth was observed with an
automatic recorder, located at the inlet of the water cooling system
through which the samples were collected. The accuracy in the tempera-
ture recording was generally better than 0.5°C.

Salinity was measured at 22.5°C with an Inductor Salinometer (In-
dustria Manufacturing Engineers L'TD) at the Marine Biological Station
in Trondheim. The result was calculated in per mil deviation from the
international Salinity Standard (Standard Sea Water P91). The accuracy
(one standard deviation) in each measurement was 0.003%,. Salinity mea-
surements started in 1976; earlier samples were stored in glass bottles for
several years before measurement. Later samples were measured immedi-
ately after arrival. Evaporation, due to a leak, was probably the cause for
some unexpected high salinity values from a few bottles, stored earlier.

COMMENTS TO TABLES

All our ocean data are listed in five tables. Tables 1 and 2 contain

data for, respectively, the northern and the southern Atlantic Ocean. Ta-

ble 3 covers the Indian Ocean, and Tables 4 and 5 cover, respectively, the
northern and southern Pacific Ocean.

Data are listed by station, 28 stations (01 to 28) for the Atlantic, 14

stations (31 to 45) for the Indian Ocean, 39 stations (51 to 88) for the Pa-
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cific. Each sample is numbered. The prefix SV (sea water) designates the
samples collected from 1966 to 1976. Samples collected from 1976 to 1981
are designated TR, TO, and TB, which indicates the respective ‘Wilhelm-
sen ships, Tricolor, Torrens, and Tombarra.

The second column (week no.) contains the date of collection given
in number of weeks from the first week in January 1963. The third col-
umn indicates the date of collection by year, month, and day. The fourth
column provides the location of each sample in latitudinal-longitudinal
coordinates with an accuracy of one minute. The area covered by each sta-
tion is indicated by the heading and includes the group of samples belong-
ing to the respective station. Columns 5 to 7 give the depth of collection,
salinity, and temperature of the sea water.

Columns 8 to 10 show values respectively of the uncorrected §**C,
§13C, and the corrected AYC values given in per mil. §*C was dependent
on the flushing procedure for CO, and thus has only relative importance.

RESULTS AND DISCUSSION

According to some authors (Sverdrup, Johnson, & Fleming, 1942;
Broecker, Peng, & Engh, 1980) the exchange of ocean surface water with
water from intermediate layers is very complex, and far from fully under-
stood. The mixing process in the ocean occurs both in vertical and hori-
zontal directions and can roughly be described as follows:

In the equatorial area (0° to 15°N/S) the trade wind causes a diver-
gence zone where water upwelling occurs. Chemical analysis of various
constituents of the water may give some indication of its origin. Upwelling
also occurs closer to the continents or at the border between shallow and
deep water. There is generally a more stable surface layer (ca 75m) at tem-
perate latitudes (15° to 45°N/S) where downwelling occurs. Closer to the
Arctic and Antarctic areas (above 45°N/S) there is a much faster down-
welling of water with low salinity, which influences the water towards
lower latitudes. Antarctic water especially penetrates far into the interme-
diate water of the Atlantic, Pacific, and Indian Oceans.

In the present program samples are collected at 4 to 10m depth, and
thus are very close to the surface. The three measured parameters, AC,
temperature, and salinity, may be dependent on local weather and the de-
gree of mixing of the upper surface layer. All the obtained data are pre-
sented here in tables and graphs. The latter are designed as time series in
dependence on latitude. The data for the Atlantic Ocean are divided into
5 graphs (figs 2-6), the Indian Ocean into 1 graph (fig 7), and the Pacific
Ocean into 8 graphs (figs 8-10). Studies of the data have revealed 1) sea-
sonal and periodic variations, and 2) latitudinal variation.

1) Seasonal and periodic variations. One of the most regular sea-
sonal trends with a positive temperature correlation was found in the Sar-
gasso Sea (stations 15 and 16, figs 2-3). The magnitude of the peak to
bottom values (2-49,) were, however, not well-defined in the data set, and
the main purpose of the revised program after 1976 was to study such vari-
ations more closely. Broecker and Peng (1980) suggested an annual cycle
of between 2.6 and 8.19/, at temperate latitudes. They assumed that the
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variation was due to a winter thickening of the surface layer. Unfortu-
nately, it was not possible to further study the variation in the Sargasso
Sea and most of the other stations in the Atlantic Ocean were influenced
by water upwelling. For some stations (31 to 38) in the Indian Ocean (fig
7) a mean seasonal variation could be of the expected magnitude, but the
measurements were too scanty and irregular, and a clear temperature cor-
relation was not observed. Towards higher latitudes (south) in the Indian
Ocean, the amplitude in variations increased. Measurements in the Pacific
Ocean from 1970 to 1977 were also too few to support Broecker’s hypoth-
esis.

Seasonal variations with a positive temperature correlation were also
observed in areas of water upwelling. This is especially the case for station
20 in the Atlantic Ocean outside Dakar, and at station 22 on the equator
in the Guinea Basin (fig 4). The peak to bottom values at Dakar (6-109,)
were higher than at the equator (4-69).

Some of the most problematic A*C variations are found in the Atlan-
tic Ocean on the coast of Argentina (station 28, fig 5), and in the Pacific
Ocean near Seattle (stations 52 and 54, fig 9). In both cases, there are pe-
riodic trends with peak to bottom values up to 209,. The bottom values
agree more with normal surface values at this latitude. However, the peak
values coincide with abnormally low salinity, which indicates intrusion of
low salinity water with high *C concentration. The most reasonable ex-
planation is that the samples are locally influenced by the large rivers in
the area.

There has been a tendency to explain erratic variations as errors in
measurement. Such errors are now largely rejected due to parallel mea-
surements. Thus, the ocean surface and internal mixing are not so regular
as we would wish for modeling.

2) Latitudinal vaviation. Such variation is shown in the Indian and
Pacific Oceans. Sampling in the Indian Ocean mainly followed a latitudi-
nal band 6° to 41°S from 1976 to 1981, and a mean maximum A“C value
of 14 = 0.59, above normal level was recorded at ca 30°S (fig 7). In close
agreement with this trend is the result from the South Pacific Ocean from
1970 to 1977 (fig 10). The maximum mean value was probably slightly
higher here. A very large peak (32 = 29,) was found in 1974 at station 84
(35°S, 180°E), and a peak with reduced amplitude (20.3 + 1.3%)) was si-
multaneously seen at station 81 (29°S, 150°N).

Measurements in the North Pacific Ocean 1970-1975 show a latitudi-
nal dependence with a maximum mean value of a few per cent higher
(max 59,) than in the southern hemisphere (fig 8). This maximum value
of 18-209;, above normal seems to appear in the 20° to 30°N latitudinal
band, and agrees with other results (Linick, 1980; Broecker, Peng, & Engh,
1980; Tans, 1981).

The latitudinal dependence in the Atlantic Ocean is not satisfactorily
recorded for the open ocean because most stations were located along the
coast of Africa where upwelling occurs. The best locations for comparison
with the result from the North Pacific Ocean (figs 8-9) are probably those
from the Sargasso Sea (fig 2), where the agreement is satisfactory. 'The re-
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sult from these stations (15, 16) in the period 1966 to 1970 is also in agree-
ment with those obtained by others in the same area (Quay & Stuiver,
1980; Ostlund, Dorsey, & Brescher, 1976).

In a previous paper (Nydal & Lovseth, 1983) all the ocean data are
plotted versus time in one graph. Even the scattering of the data is large;
a clear trend in the ocean measurement (40°N-40°S) is visible. A“C in the
ocean surface at mean latitude passed its maximum value (A*C ~ 14%)
during the years 1970-1972 and is now decreasing at an exponential rate of
about the same magnitude as that of the atmosphere (Ae=°°).
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