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FROM THE EDITOR

The study of the global carbon cycle is not just an academic exercise anymore—such studies could
lead to emissions control policies throughout the world. Quantitative work on the CO, greenhouse
effect began over a century ago (1896, actually) with the Swedish physical chemist Svante Arrhe-
nius. Although the idea had been around for a while, Arrhenius first calculated that doubling the
Earth’s atmospheric CO, would raise its atmospheric temperature 5-6°C. These calculations were
simplistic by modern standards, but the idea is still considered valid by most atmospheric scientists.
It is now recognized that the Earth’s carbon cycle involves dynamic interactions of the atmosphere
with the oceans and biosphere. On a geological time scale, carbonate sediments regulate the CO,; on
a human cultural time scale, the oceans play an important role in buffering the anthropogenic atmo-
spheric CO,. Inasmuch as the oceanographic papers in this issue deal with how radiocarbon contrib-
utes to our understanding of this part of the carbon cycle, they are relevant to the issue of the CO,
greenhouse effect, and further our quantitative understanding of the carbon cycle through the global
radioactive tracer experiment now underway.

This Oceanographic Issue is not exclusively about oceans. We also present a paper suggesting that
ENSO may be detected by high-precision radiocarbon measurements, as well as a note on correcting
varve counts using radiocarbon dating.

Finally, readers concerned with the production and use of high-precision calibrated radiocarbon
dates should take note of the workshop report herein. As is the case for all human endeavors, per-
fection is a goal, not a state of being.

Austin Long
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HENRY A. POLACH, 1925-1996

Henry Polach died in November 1996 at the age of 71 years. He was very much the father of radio-
carbon dating in Australia, and a significant player on the worldwide stage of radiocarbon.

Henry was born in Czechoslovakia in 1925. He was educated there, and was involved in the resis-
tance movement during the Second World War. This may have been an early indicator of his char-
acter, his spirit of freedom, and his willingness to take a somewhat independent and unconventional
approach. He completed third-year medical study at the University of Brno, before being expelled
from the University shortly after the 1948 coup d’état. He became a political refugee, and escaped
to France, where he studied English, German and French at the Sorbonne. It was during this time he
met and married Dilette.

Henry emigrated with his family to New Zealand in 1951, and worked at different jobs, often more
than one at a time, sometimes as a carpenter, to make a new start and to provide for his family. In
1956 he was appointed as a Chemistry Technician at the Institute of Nuclear Sciences at Lower Hutt
in New Zealand. In 1959 he was promoted to Technical Officer in Radiocarbon Dating under Dr.
Athol Rafter. He was also a part-time student and gained a Certificate and then a Diploma (with
honours) as a Science Technician.

In 1965, he was invited by the Australian National University to set up a Radiocarbon Dating facil-
ity, based on gas proportional counting. He accepted a position as a Research Officer, on a tempo-
rary basis. This was another new start for Henry and his family.
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The new laboratory at ANU was a joint enterprise between the then Department of Geophysics and
Geochemistry in the Research School of Physical Sciences, and the Department of Prehistory in the
Research School of Pacific Studies. In the early days, Henry had many problems in setting up the
gas proportional counter for dating, using methane as the counting gas. The major difficulty was
background instability. After a frustrating time trying to find patterns within the data, Henry was
able to show a direct correlation between background fluctuations and the operation of an EN tan-
dem Van de Graaf accelerator situated nearby in the Department of Nuclear Physics, Research
School of Physical Sciences. Fortunately, one of the Ph.D students in the Department of Geophysics
and Geochemistry at that time happened to be Jerry Stipp, who had been working on the early devel-
opment of the liquid scintillation counting technique before he came to Canberra. Working together,
the two of them quietly set up benzene synthesis lines, and produced a few radiocarbon ages using
borrowed liquid scintillation counting equipment.

Henry carried out a meticulous study of backgrounds and standards using both gas proportional
counting and liquid scintillation counting, and also made contributions to the development of both
methane and benzene synthesis techniques. This work convincingly showed that while gas propor-
tional counting using existing housing and facilities was not a viable proposition, liquid scintillation
counting certainly was. Shortly afterwards, Henry persuaded the Beckman Instrument Company to
provide a liquid scintillation counter for the Radiocarbon Laboratory.

In 1967, Henry’s position as a Research Officer was made permanent. A series of promotions fol-
lowed in later years, with the most significant being to the academic position of Fellow in 1977, and
later to Senior Fellow (the equivalent of Associate Professor). This was a noteworthy achievement,
since Henry did not have a formal degree.

In 1970, Henry was awarded a Churchill Fellowship, which enabled him to travel outside Australia
and visit radiocarbon facilities in various countries over a period of nine months. He made contact
with most of the major radiocarbon practitioners, and several worldwide collaborations began. The
1972 International Radiocarbon Conference in New Zealand brought Henry firmly onto the interna-
tional stage.

During the 1970s and 1980s, the ANU lab became very well known for its contributions to Austra-
lian prehistory and Quaternary research. This was due in large measure to Henry’s commitment to
ensuring that the work was of the highest technical quality and that the results were interpreted cor-
rectly.

Quite a few people received training in Henry’s lab. John Head joined the lab in June 1967. John
Chappell and Jim Bowler prepared most of the samples for their Ph.D studies. Others went on to
establish and run other labs—Richard Gillespie and Mike Barbetti in Australia, Alan Hogg in New
Zealand, Jindarom Chvajarenpun in Thailand, Sushil Gupta in India, Zhou Weijian and Zhou
Mingfu in China. Henry maintained good contact and working relationships with these and many
other labs, including the lab at the then Australian Atomic Energy Commission under Graeme Calf,
and a growing number of overseas labs.

The 1980s saw Henry embark on a research venture with Wallac Oy in Finland, which produced the
Quantulus liquid scintillation counter, a wonderful instrument for low-level counting of natural
radiocarbon samples. These counters are now pretty well standard in radiocarbon laboratories
throughout the world.
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In retirement, Henry remained active in an advisory capacity. He endeavored to open the channels
of communication with countries of eastern Europe (Poland, the Czech Republic, the Baltic coun-
tries, Ukraine, Russia) and visited there several times.

He was for a time Chairman of a committee sponsored by the International Atomic Energy Agency,
Vienna, whose aim is to facilitate and improve on quality control and assurance in radiocarbon dat-
ing worldwide.

He was also a member of the Advisory Board of the National Science Foundation Radiocarbon Dat-
ing Facility at Woods Hole, USA, and a member of the Scientific Committee of the International
Conference on Advances in Liquid Scintillation Spectrometry (LSC 92 Vienna), as well as co-editor
of its proceedings.

Apart from his scientific contributions, Henry is perhaps best remembered for his generosity of
spirit, his wise counsel, and his hospitality to visitors and friends.

The 1970s and 1980s were important decades for archaeometry in Australia, and the scientists who
learned from and worked with Henry are now part of the middle or older generation—so it is quite
appropriate to think of Henry as the father of radiocarbon dating in Australia.

John Head adds: “I joined the ANU Radiocarbon Laboratory in June 1967, and have vivid and fond
memories of the dynamic and sometimes turbulent periods that have been part of Henry’s contribu-
tion to ANU. Life was certainly never dull. I remember a remark made by Austin Long in a letter to
me not long after Henry made one of his periodic visits to the University of Arizona: ‘Henry has just

sailed through Tucson and we are still bobbing in his wake’”.

Mike Barbetti
Sydney, Australia
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A TRIBUTE TO REIDAR NYDAL

Reidar Nydal has a very good “pioneer spirit”, which influenced his work establishing the Radiolog-
ical Dating Laboratory in Trondheim, Norway. He was often short of funding, but has tried to manage
with the available resources. For example, much of the iron (10 tons) used to shield the proportional
counters was from an old railway bridge. It was very important to find iron with low radioactivity, and
this railway iron was made before radioactive isotopes were used in the production process. Also,
much of the glassblowing needed during the establishment of the lab was done by Reidar himself.

Reidar was born on November 25, 1925 in Flora, north of Bergen, Norway. He was graduated from
secondary school in 1946 and received his master’s degree from the university of Oslo in 1953. In
1968, he defended his Ph.D. (Dr. Philos) thesis at the university of Oslo on “An investigation of
radiocarbon from nuclear tests”. Since 1953, he has worked with issues in radiocarbon dating, and
took part in the establishment of the Radiological Dating Laboratory at the Norwegian Institute of
Technology (NTH) at the University of Trondheim. He became head of the laboratory in 1960. His
research has focused mainly on the development of conventional counting techniques for 14C and the
study of the carbon cycle in nature. His publications total more than 50 papers.

In 1986, he became professor at the Institute of Physics at NTH, and the contact with students,
through teaching and guidance, has been, in his words “a valuable challenge during the last years.”
His teaching has been concerned mainly with topics involving radiocarbon dating, the carbon cycle
and climate. During his career, Reidar has guided 17 project and diploma students and 2 Dr. Ing.
(Ph.D.) students. His teaching compendium, “Global Transport Processes in Nature”, has been
selected since the middle of the 1980s by several students from all faculties of NTH.

Reidar started a study of 1“C from the distribution of nuclear tests in 1962. During the 1960s, he and
his colleagues established 14 measuring stations for the lower atmosphere, from Madagascar in the

xi



xii Tribute to Reidar Nydal

south to Svalbard in the north. Until recently, the two stations at Fruholmen at Nordkapp and at Izana
in the Canary Islands were still operating. He also made agreements with the Wilh. Wilhelmsen and
Fred Olsewn shipping companies to collect water samples from the sea surface during their cruises
around the world. Thus, the laboratory was able to measure 14C in the Atlantic, Pacific and Indian
Oceans. During recent years, only one ship collected samples from selected positions in the world’s
oceans. In this way, he has covered the world with time series of 14C measurements since the 1960s.
From 1989 to 1994, this carbon monitoring of the world also included deepwater profiles, especially
in the Nordic Sea (between Norway and Greenland), an important area owing to its deepwater for-
mation. Reidar himself participated in six of these cruises, showing great commitment both in the
laboratory and on the ocean, to see the measurements from start to finish.

These time series measurements from the air and sea have been of major international significance.
Since the start of nuclear testing, 4C concentration in the atmosphere has doubled. The excess was
transferred into nature through the carbon cycle, and by studying the carbon time series for the dif-
ferent natural reservoirs, especially through modeling, we gain important knowledge about the car-
bon cycle. It meant a great deal to Reidar to be mentioned by Linus Pauling when the latter received
the Nobel Peace Prize in 1963. This environmental knowledge is especially important in current dis-
cussions about the increase in the greenhouse effect because of increased CO, in the atmosphere.

The Radiological Dating Laboratory hosted the 12th International Radiocarbon Conference in
Trondheim in 1985, with Reidar as chairman of the Organizing Committee. Reidar was honored by
the King of Norway, when in 1995 he received the Gold Royal Order of Merit. A special symposium
was also held in his honor when he turned 70.

Reidar has been married to Eva since 1954. They have a daughter and two sons, and seven grand-
children so far. He has enjoyed skiing and fishing with his family, and teaching the children and
grandchildren about how to stay overnight in a snow cave. In his spare time he has been involved in
many social activities. For about 25 years he was active as a leader for the Boy Scouts, and for many
years has been involved in the Y’s mens club, a subdivision of the YMCA. He has also been heavily
engaged in social work for the church. Kayak-building and kayaking has been one of his greatest pas-
sions throughout the years. He has built three large and stable sailing kayaks with his own hands. In
the largest, he traveled about 1500 km, from Bergen to Tromsg, during five summer vacations. His
wife and oldest son joined him on some of the stages. His great knowledge of weather and wind, as
well as his childhood in western Norway, were useful to him during these journeys. In recent years
he has also been engaged in bicycling. He completed “the great strength race” (a bicycle race from
Trondheim to Oslo, about 540 km) for the first time when he was 67 years old, in less than 24 hours.
About three months before the race he used a “gear bicycle” for the first time.

Reidar is a person with a big heart; he wants people around him to be happy and feel well. He has
an unceremonious manner, and he very easily gets to know new people. His concern about other
human beings is serious, and he always tries to be very supportive. Reidar has now retired as head
of the Radiological Dating Laboratory, but is still spending several hours at his office at NTH. He
enjoys reading e-mail from friends around the world. He is still lecturing, and tries to publish the
large amount of data and knowledge that he has.

Reidar was my supervisor from 1989 to 1994, through my project, diploma and Dr. Ing. (Ph.D.) stud-
jes. I would like to take this opportunity to thank him for his never-ending enthusiasm, discussions,
ideas, encouragement and friendship during the years we spent together. I was honored to be asked
to write this tribute article about him for this special issue of RADIOCARBON.

Jorunn Skofteland Gislefoss
Spangereid, Norway
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14C CYCLING AND THE OCEANS

INTRODUCTION

Furthering our understanding of how carbon is cycled within the oceans and between the ocean and
the atmosphere, both in the past and present, is a critical issue today. Studies of global climate change
require a better knowledge of how the ocean responds to changes in atmospheric CO, on short and
long time scales than is currently available. Radiocarbon has proved to be an invaluable tool for
studying carbon cycling. In paleoceanography, chronologies of the events recorded in sediments can
be reconstructed. Currently, the incorporation of “bomb” 14C into different pools of carbon can be
used to track the short-term transfer of carbon from one pool to another as well as to set limits on
rapid mixing rates that remained elusive prior to its production. Modeling of time-series records in
surface waters will allow us to predict future changes in the carbon cycle. This special issue of
RADIOCARBON contains papers demonstrating the power that radiocarbon studies bring to decipher-
ing the oceans’s carbon cycle.

This special issue originated in the “Carbon in the Oceans” workshop at the 15th International
Radiocarbon Conference in Glasgow, Scotland. Such a unique group of talks was presented there
that the decision was made to give the authors a choice of publishing either in the Proceedings (Vol-
ume 37, No. 2, 1995) or in a special “Oceans” issue. It became obvious that the issue could be ded-
icated to Reidar Nydal, one of the pioneers of measuring 14C in the world’s oceans and atmospheres,
on the event of his retirement. Additional contributions have been solicited and accepted to help cel-
ebrate Reidar’s career. Although it has taken some time to put together, this collection of papers pro-
vides a good sampling of the scientific questions concerning the ocean that radiocarbon can help
address.

A number of papers discuss 4C in the dissolved inorganic carbon (DIC) pool in the Atlantic and
Pacific Oceans. Nydal and Gislefoss present an impressive 30-yr summary of atmospheric CO, and
surface ocean DIC 14C measurements. Additionally, the depth profiles they measured recently in the
Nordic Seas extend the oceanographic time-series of the Geochemical Ocean Sections Study (GEO-
SECS) and Transient Traces in the Oceans (TTO) programs in this region, which are central to deep-
water formation. Severinghaus et al. use AC-DIC measurements collected along a transect in the
subtropical North Atlantic Ocean to provide insight for upper ocean mixing in this dynamic region.
The trio of papers by Key, Key et al. and Stuiver et al. present the first results from the Pacific pro-
gram of the World Ocean Circulation Experiment (WOCE), a program that will greatly expand the
database of oceanic 14C measurements. Some of the important results presented in these papers are
the agreement between the AMS and decay-counting techniques and the reproducibility of deep-
water values over the 20-yr period from GEOSECS to WOCE. All of these papers document the
increased penetration of the bomb signal into the thermocline over time, although the magnitude dif-
fers regionally.

The papers by Druffel, Ingram and Southon, and Honda use the record of A4C-DIC in the surface
ocean that is preserved in calcareous organisms to study ocean mixing processes. Druffel uses the
recent history of AC in corals from the tropical Atlantic to investigate water mass ventilation in this
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region. Ingram and Southon expand our knowledge of reservoir ages by examining 14C in historic
collections of shell from the eastern Pacific. Honda uses the A4C of particulate inorganic carbon col-
lected in sediment traps to examine surface ocean circulation and mixing in the Okhotsk and Bering
Seas.

Finally, in a paper examining 14C in tree rings, Damon et al. show that atmospheric 14C values near
the Arctic Circle are affected not only by regional events but by ENSO events as well.

This eclectic group of papers provides a broad sampling of the types of research ongoing in the fields
of oceanography and climatology. This eclecticism is a reflection of Reidar Nydal’s career for the
past four decades, as is aptly described by Gislefoss in her tribute to him. The productivity and forth-
rightness of Professor Nydal is an inspiration to us all.

Ann P. McNichol
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FURTHER APPLICATION OF BOMB 4C AS A TRACER IN THE ATMOSPHERE
AND OCEAN

REIDAR NYDAL and JORUNN S. GISLEFOSS

Radiological Dating Laboratory, The Norwegian Institute of Technology, N-7034 Trondheim NTH
N-7034 Norway

ABSTRACT. Bomb 14C from nuclear tests in the atmosphere has proved to be a particularly useful tool in the study of the
carbon cycle. We provide here a ca. 30-yr time series of 14C concentrations in the atmosphere between 28°N and 71°N and in
the ocean surface between 45°S and 45°N. More recently (since 1990), a north-south profile also has been obtained for 14C in
the surface waters of the Atlantic Ocean. The measurements were performed using the conventional technique of beta count-
ing of large samples (4 to 5 liter CO0,) in CO, proportional counters. These data show that the C concentration in the atmo-
sphere is leveling off with a time constant of 0.055 yr-, and is now approaching that of the ocean surface at lower latitudes.

Additional tracer studies have been concerned especially with the penetration of bomb 4C into the deep ocean. The Norwe-
gian and Greenland seas are of interest as a sink for atmospheric CO, and also a source of water for the deep Atlantic Ocean.
During the last five years, several 14C depth profiles have been measured from the Fram Strait (79°N) to south of Iceland
(62°N), using the AMS technique available at the University of Arizona AMS Facility. We considered it important to repeat
and compare a few of the profiles with those produced by the GEOSECS expedition in 1972 and the TTO expedition in 1981.
The profiles show that water descending to the deep Atlantic Ocean is originating mainly from intermediate and surface

INTRODUCTION

About 1000 nuclear tests, with a total strength of 500 MT (TNT equivalent), were carried out in the
atmosphere from 1945 to 1962. About two-thirds of that energy was released at higher northern lat-
itudes; mainly over Novaya Zemlya and mainly during the fall of 1961 and 1962 (UN Report 1964).
The main atmospheric testing programs came to an end with the Test Ban Treaty of 5 August 1963
(The Moscow Treaty). France and China did not accept the Treaty immediately and continued to test
smaller bombs in the atmosphere. France had its main testing period from 1966 to 1968 and carried
these out in the Pacific Ocean. China carried out several tests over the Asian Continent (Lop Nor)
until 1980, with the highest activity during the period 1968 to 1972. The total contribution from
these post-1963 bomb tests was ca. 12% of the total power released into the atmosphere from
nuclear testing,

We present here a further contribution to the carbon cycling research program, based on bomb 4C as
a tracer, which was initiated in our laboratory in 1962. From a noted doubling of the natural 14C level
at northern latitudes in 1962, the dispersion of bomb 14C in the atmosphere and ocean surface has
been studied extensively during subsequent years (Nydal and Lavseth 1983; Nydal et al. 1984). At
present, the 4C concentration in the atmosphere is approaching that of the ocean surface at lower lat-
itudes. The tracing interest is now mainly concerned with the continuing penetration of bomb 14C
into the deep ocean. The arctic regions are especially in focus as they constitute sinks for atmospheric
CO,. Several cruises during recent years have been used to measure 14C depth profiles in the Norwe-
gian and Greenland Seas. These data are used to study the uptake of CO, in the Nordic Seas and its
net transfer to the deepwater in the Atlantic Ocean (Nydal ez al. 1991, 1992; Gislefoss et al. 1995).

SAMPLING AND MEASUREMENTS

The CO, sampling and conventional 14C measurement of atmospheric CO, and ocean surface water
are described in detail in earlier articles (Nydal and Lgvseth 1983; Nydal et al. 1984). In brief sum-
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mary: 1) sampling at ground level in the troposphere is performed with a solution of 1-2 liters
NaOH (2%), which is exposed to the open air for several days. An absorption time of 7 days was
generally applied from 1962-1981, but this was changed subsequently to 3-4 days. Depending on
the air ventilation, between 3 and 6 liters of CO, are now absorbed over a period of 3 to 4 days; 2)
sampling from the ocean surface is generally based on the recovery of 200 liters of seawater, col-
lected at a depth of 5-10 m through the inlet of the pumping system of the ship. After acidifying the
water (with H;POy) to a pH value of ca. 3, a relative amount of between 4 and 6 liters of CO, is
extracted in a flushing procedure on board the ship and absorbed in a bottle of 0.75 liters NaOH-
solution (2%); 3) the conventional 14C measurements were performed by beta counting 3-5 liters of
CO, in proportional counters. The 14C/13C ratio is measured relative to the modern standard (NIST
HOXIT) and normalized for isotopic fractionation effects. The final 14C enrichment for each sample
is calculated and quoted in per mil excess above the pre-bomb level, according to the formula
defined by Stuiver and Polach (1977)

514
140 = sl4C—2(513 -
AlC = 14C-2(8 c+25)(1+10®. 1)
Until 1980, a counting time of 1-2 d per sample was used to ensure an analytical precision of ca. 10%o
(1 o). After 1980, the counting time was increased to 45 days to obtain a better precision (4-5%o).

In earlier research from this laboratory, the A1C values in the time series of bomb 14C measurements
were not corrected for radiometric decay of the modern reference standard, which is defined to
equate AD 1950 with atmosphere. Compared to the earlier limit of error (up to 10%o) in those mea-
surements, disregard for decay of the reference standard could be considered unimportant. However,
after a decay period of 40 yr, the associated error of 5% is now comparable to the precision achieved
in radiometric measurements. A retrospective correction for this decay has therefore been adopted
for all our 14C measurements, using the approximate correction formula

AMC, = AMC o +1000[eM1950-0 ~ 1] ¥))

where A is 1/8267 (5730 yr half-life) and ¢ is the year of sampling. The corrected 14C data are also
available from the CDIAC database held at the Oak Ridge National Laboratory, Tennessee, USA.

The 14C deep-sea profiles were initially achieved using large samples (100200 liters seawater) and
the radiometric C counting technique. This collection procedure was very time-consuming. How-
ever, the recent availability of accelerator mass spectrometry (AMS) for 14C measurement allows
sampling to be based on much smaller water samples (0.5 liter). This technique brings exciting new
possibilities for tracing 14C in the deep sea (Gislefoss 1994; Gislefoss et al. 1994). The AMS mea-
surements reported here were carried out at the NSF-Arizona AMS Laboratory in Tucson, Arizona.
The procedure involves CO, samples between 1 and 2 ml being converted to CO over hot Zn, and
further reduction of the CO to graphite over an iron catalyst at 625°C (Slota et al. 1987). The graph-
ite powder is then pressed into an aluminum target holder for the AMS analysis. The 14C/*C isotope
ratio of the sample graphite target is measured and compared to that recorded by the reference stan-
dards. An analytical precision of 4-5%o is indicated by replicate analyses using independently pre-
pared targets. Details of the experimental procedures are given by Linick et al. (1986) and associ-
ated calculations are quantified by Donahue, Linick and Jull (1990).
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ATMOSPHERE

In the early 1960s, our program of C measurements in the troposphere was set up based on CO,
collected at a total of 14 stations sited between Madagascar (21°S, 47°E) and Svalbard (78°N, 13°E)
(Nydal 1968; Nydal and Lgvseth 1983). Over the years, it has not been possible to continue with this
large number of stations, and from 1978 onward, the sampling network was reduced to two stations
at Fruholmen, Nordkapp (71°06'N, 23°59E; 70 m above sea level (asl)) and Izana, Tenerife
(28°22'N, 16°03'E; 2400 m asl). The curve for Fruholmen js complete between 1963 and 1993, The
curve measured at the Canary Islands is largely complete over the period 1963-1992, but comprises
measurements from two neighboring stations; one at Izana, Tenerife and the other at Mas Palomas,
Gran Canaria (27°45'N, 15°40'W; 10-100 m asl).
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Fig. 1. 1C in the troposphere and the ocean surface 19621992, Measurements only from Nordkapp (71°N) and Ten-
erife (28°N) after 1978.

A summary curve of the Al“C at all our tropospheric collection stations is given in Figure 1. The
large seasonal variations in the troposphere values between 1963 and 1968 are caused mainly by the
meteorological influx of 4C from a concentration in the stratosphere 10 to 20 times higher during
that early period (Feely, Katzman and Tucek 1966). The main exchange of CO, between the strato-
sphere and the troposphere occurs during the spring and summer, when the tropopause height
increases toward higher latitudes. The magnitude of the seasonal variation in tropospheric 14C con-
centration leveled off during the first years, until a further slight increase occurred from 1968 to
1972 as a result of French and Chinese tests. For subsequent years, the curve follows a more regular
exponential decrease, with a decay constant of 0.055 yr-l, calculated at Nordkapp from 1973 to
1992. Data in Figures 1 and 2 show that past AD 1980, there is a fairly close agreement between the
curves recorded at Fruholmen (71°N) and Izana (28°N). Both collection stations enjoy relatively
clean air and are within rapid circulation cells of the troposphere (Meijer et al. 1994).
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It is interesting to speculate on a possible signal in 1C from the Chernobyl event of 26 April 1986.
Two values of 30-40%o above the ambient level at Fruholmen coincide with the time of this event
(Fig. 1). Due to weather patterns prevalent at the time of the explosion, a low-pressure feature pass-
ing over Chernobyl subjected northern Scandinavian countries to radioactive fallout a few days
later. Even though !4C from the Chernobyl event can be regarded as negligible on a global scale, it
is not surprising to find a more local and transient increase in this area.

Direct comparison of the temporal 14C concentrations recorded from the two operational stations
between 1980 and 1992 (Fig. 2) reveal seasonal variations with summer maxima and winter min-
ima. The higher amplitude is found at Fruholmen, where the temporal variations are also more reg-
ular. A major cause of this pattern is dilution of 14CO, by the excess of inactive CO, (14C-depleted)
discharged to the atmosphere as a result of the greater combustion of fossil fuel during winter. This
dilution effect levels off during the summer season, due to atmospheric mixing and ongoing
exchange between the atmosphere and the other carbon reservoirs (ocean and biosphere). A compar-
ison with 4C concentrations recorded at sampling stations in central Europe (Levin et al. 1995) also
indicates that seasonal variation is greater in areas with higher combustion of fossil fuel. A model
simulation of the later (1980 to 1992) seasonal trend in the tropospheric 14C concentrations recorded
at Fruholmen and Izana has been attempted using the function

F(t) = Asin 2n(t-t,)+B eki-t) 3

The parameters A, B and ¢, (Table 1) are determined via a least-square fit, whereas the decay con-
stant k is calculated independently from a longer period at Fruholmen (1973 to 1992). To comply
with the present observations in the ocean surface, and to avoid the spurious effect of additional
parameters during a relatively short period, the ultimate level for the function was chosen to be zero.
With an amplitude of 6.6 + 1.4%o and a decay constant of 0.055 yr~1, the function gives the better fit
to the Fruholmen, Nordkapp data. For the curve at Izana, Tenerife, the amplitude term (A) was
reduced to approximately one-third of that used for Nordkapp. The seasonal variation and some of
the 14C data at Izana are more irregular than at Nordkapp, and do not always fit well with the calcu-
lated cycle. This latter observation reflects the special meteorological condition at Izana, as dis-
cussed previously (Nydal 1968).

TABLE 1. Parameters Obtained in a Least-Square Procedure (Marquardt-Levenberg Algo-
rithm) for the Function (2) to fit the Data Sets from 1980 to 1992 from N ordkapp and Tenerife

Parameter  Parameter explanation Nordkapp Tenerife
A Amplitude of the yearly oscillations 6.3 * 1.3%0 1.9 + 1.0%0
to Time at the turning point of the cycle  1980.38 + 0.03 yr  1980.25+0.09 yr
B The A4C value at the time t, 279.1 + 1.2%0 276.6 * 1.6%o
Mean deviation from the curve 6.9% 7.3%

A small contribution to the seasonal variation of the 14C in the troposphere could be from a still
enhanced concentration of the 14CO, in the stratosphere. According to Tans (1981) the amount of
bomb “C input to the stratosphere might have been underestimated significantly from sampling
flights that took place after the cessation of nuclear testing. A few bombs tested in the upper atmo-
sphere were significantly larger than the average and, in such instances, the induced radioactivity
may have reached greater altitudes than expected. For example, a single hydrogen bomb over
Novaya Zemlya on 30 October 1961 had a recorded 58 MT yield (SIPRI Yearbook 1975). Further-
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more, a recently observed Al4C value of 250-275%o at a height of 33-35 km (39.16°N, 141.83°E)
by Nakamura et al. (1992) indicates a 14C excess in the lower stratosphere that is still ca. 150%0
above the present tropospheric level. A progressively smaller part of this excess radioactivity will be
transferred to the troposphere during spring and summer each year. However, according to the cal-
culated residence time for 14C in the upper stratosphere of 9.1 + 0.2 yr, the present contribution from
this source of bomb 14C to the amplitude in the seasonal variation at ground level is <1%o.

OCEAN SURFACE

Prior to 1986, sampling of the ocean surface water was carried out from several ships crossing the
Atlantic, Pacific and Indian Oceans (Nydal et al. 1984). During the last ten years, however, our sam-
pling program has been restricted to a single ship of the Barber Line (MS Tourcoing), on its main
global route from Europe, across the Atlantic Ocean to Panama, across the Pacific Ocean to New
Zealand, northward to Japan and back across the North Pacific and Atlantic Oceans. In some
cruises, the route to New Zealand has passed south through the Atlantic around the Cape of Good
Hope to the Indian Ocean, with a return route through the Suez Canal and the Mediterranean Sea.

All of the 14C measurements from ocean surface water that are shown in Figure 1 derive mainly
from samples collected in the region 45°N to 45°S. The mean trend from all the scattered data
approximates to a near-horizontal line at AC = 100%o, which is close to the present atmospheric
level. A closer study of 14C in the surface ocean layer shows a pattern of seasonal variations that are
normally correlated with ocean temperature. The largest variations coincide with upwelling areas
along the continental margins, and the smallest variations are recorded in those stable parts of the
open ocean least influenced by vertical mixing. Figure 3 shows the latitudinal variation of A*C in
the surface of the Atlantic Ocean from the pre-bomb level until present. The pre-bomb level is estab-
lished from data compiled by Broecker and Peng (1982), and 1972-1973 data are reproduced from
the GEOSECS expedition (Broecker et al. 1985). Our data were obtained with the Norwegian
research vessel RV Andenes on a cruise to the Antarctic in the winter of 1989-1990 (Table 2) and are
supplemented by more recent measurements (1990-1992) from the Nordic Seas (Table 3). These
14C data concur reasonably well with the GEOSECS data reported for both sides of the Atlantic
Ridge, and indicate that only small changes in A4C have occurred in the ocean surface during the
last 20 yr. It must be emphasized that the GEOSECS data show differences in magnitude between
each side of the Ridge (Fig. 3, I and I) and therefore our more recent data have to be compared with
the geographically closest GEOSECS values.

One of the main trends in the AC curves for the Atlantic Ocean is an approximate symmetry
around the equator. The most stable surface layers (which exhibit the highest Al“C values) coincide
with the high-pressure zones along both sides of the equator at about 30°N and 30°S. A slight
decrease in AM4C occurs along the equator, where upwelling water with a lower 14C concentration
displaces the surface water toward higher latitudes (Broecker and Peng 1982). There is, however, a
more dramatic lowering of 14C enrichments towards higher latitudes, where the more stable surface
layer vanishes. The Arctic Ocean (including Nordic Seas) behaves somewhat differently from the
Antarctic, mainly due to the geographic distribution of the adjacent land areas. The Antarctic Ocean
is unique in that total global circulation of the ocean currents is not impeded (Pickard and Emery
1990). Upwelling and downwelling of water both occur in this region (Foldvik and Gammelsrgd
1988). The upwelling water displaces the surface layers and dilutes its ambient A1#C value.
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TABLE 2. 14C Measurements in the Surface of the Atlantic Ocean from a Return Cruise
to the Antarctic with RV Andenes, December 1989 to February 1990

Date dC d13C ANC

Sample  (yy.mm.dd) Location (%o) (%0) (%0)
A-1 89.12.03 45°03'N 10°36'W 156 0.9 92.6 +5.7
A-2 89.12.08 29°34'N 20°00'W 181 0.5 117.2+5.3
A-3 89.12.11 17°24'N 20°02'W 141 0.8 778 +4.1
A-4 89.12.12 10°00’'N 22°21'W 161 1.5 96.1 +4.9
A-5 89.12.13 05°03'N 23°54'W 149 0.7 86.1+44
A-6 89.12.14 00°24'N 25°41'W 157 0.9 93.6+4.1
A-7 89.12.15 04°56'S 27°29'W 145 0.5 82.5+43
A-8 89.12.16 09°46'S 29°00'W 143 1.2 79.5+3.8
A-9 89.12.17 14°45'S 30°49'W 159 1.7 93.6 £3.9
A-10 89.12.21 24°34'S 37°48'W 171 1.8 104.0 £ 4.1
A-11 89.12.23 30°04'S 45°45'W 180 0.9 115.0 £ 4.2
A-12 89.12.30 44°37'S 56°14'W 111 2.3 465+ 4
A-13 90.01.02 52°30'S 48°46'W 76 2.0 1874
A-14 90.01.08 61°42'S 14°12'W -41 -0.6 -92.4+3.8
A-15 90.01.16 70°03'S 12°35'W -56 0.6 -108.4 + 4.3
A-16 90.02.06 74°39'S 34°08'W =37 -0.6 -88.1+4.4
A-16(2) 90.02.09 73°58'S 33°01'W =25 2.3 -822+4.1
A-15(2) 90.02.16 70°03'S 12°35'W -58 1.4 -111.4+ 4.2
A-14(2) 90.02.25 59°54'S 28°12'W -61 0.8 -113.3+3.8
A-13(2) 90.02.28 52°19'S 37°03'W =7 0.9 -62.6 £ 3.7
A-12(2) 90.03.01 44°58'S 38°47'W 111 2.8 492 +4.2
A-11(2) 90.03.05 30°23'S 41°36'W 185 1.2 1189 +4
A-10(2) 90.03.06 25°00'S 42°41'W 168 1.7 101.4 + 3.7
A-9(2) 90.03.13 13°26'S 34°28'W 161 24 93.9+49
A-8(2) 90.03.14 09°38'S 32°44'W 157 1.6 91.7+5.1
A-7(2) 90.03.15 05°04'S 30°34'W 146 2.0 80.5+3.7
A-6(2) 90.03.16 00°25'S 28°29'W 146 1.9 80.1+49
A-5(2) 90.03.17 04°50'N 26°08'W 154 1.5 89.1 £ 4.2
A-4(2) 90.03.19 10°09'N 23°50'W 143 1.1 79.0 + 4.2
A-3(2) 90.03.20 16°39'N 20°56'W 136 1.6 71.6 4.4
A-2(2) 90.03.24 30°13'N 14°40'W 165 0.9 100.8 + 4.1
A-1(2) 90.03.27 44°36'N 08°51'W 164 0.2 101.6 5

The southern limit of the Nordic Seas is determined by the shallow Greenland-Scotland Ridge,
which serves to impede the exchange of water with the deep Atlantic Ocean. Toward the Atlantic
Ocean there is very little upwelling, and sinking water generally is replaced from the Norwegian
Atlantic and East Greenland surface currents. These features of the circulation pattern, together with
a delay in downwelling caused by the shallow Greenland-Scotland Ridge, explains the fact that the
present 14C concentration in the surface water of the Nordic Seas exhibit a higher 14C concentration
(AC = +50%o) than occurs at corresponding latitudes in the Antarctic Ocean (AMC = -100%0).

DEEP-SEA PROFILES IN THE NORDIC SEAS

During the last five years, our 1#C measurements of deep-sea profiles have been limited largely to
the Nordic Seas, where the exchange processes are rapid enough to be studied within a limited
period of time. The Greenland Sea is assumed to be one of the main source regions for deepwater
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formed at higher latitudes (Smethie et al. 1986). The surface and intermediate waters sink as a result
of surface cooling and deep convection during the winter. A mixture of deepwater from the Green-
land Sea (GSDW) and the Eurasian basins (EBDW) s further assumed to be brought down through
gaps in the ridge, to form the Norwegian Sea deepwater (NSDW) (Swift and Koltermann 1988;
Bourke et al. 1993). An excess of water is also passing over the Greenland-Scotland Ridge to con-
tribute to the deepwater in the Atlantic Ocean (AODW) (Swift ez al. 1980). The locations of our 14C
profiles were chosen to give an optimal view of the transfer of carbon in this area (Fig. 4). The pro-
files are located in the East Greenland Current (A,C,E) at central positions in the main basins
(D,EG,]) in the Norwegian Atlantic Current and West Spitsbergen Current (B,H,J,K) and the Atlan-
tic Ocean south of Iceland (L,M,N). The 14C deep-sea profiles monitored 20 yr earlier during the
GEOSECS expedition (Ostlund, Dorsey and Brecher 1976), and some TTO profiles taken in 1981
(Ostlund and Rooth 1981) have provided an important comparison and allowed a study based on
changes that have occurred over that period.

TABLE 3. 14C Measurements in the Surface of the Nordic Seas 1990-1992

Arizona/
Trondheim  Trondheim  Depth Date d13C AMC
ref. (T (m) (yy.mm.dd) Location (%0) (%0)

LA1-1 T 4 90.07.21 77°43'N 32°30'E -- 61.5+4.4
LA2-2A T 50 90.07.23 78°12'N 29°50'E -- 59.4 £ 4.6
LA3-1 T 6 90.07.23 79°22'N 30°20'E 225 56242
LA4-1 T 5 90.07.27 79°01'N 41°54'E 228 60.3+3.8
LAS-2A T 5 90.07.30 80°31'N 29°12'E -- 57.0+3.6
LA7-1 T 5 90.08.03 79°27'N 05°52'E 215 57.14.6
LA8-2A T 5 90.08.06 78°52'N 04°06'W 1.83 728%6.1
LA10-01 T 6 90.08.11 74°59'N 02°29'W 1.54 51.3%3.6
GS14-1 AA-7190 0 90.07.30 67°00'N 05°00'W 192 458+4.0
GS14-2 AA-7191 10 90.07.30 67°00'N 05°00'W 1.84 37.1x40
GS16-2 T 4 90.08.07 70°00'N 00°01'E 233 542+38
GS17-2 T 5 90.08.10 69°31'N 14°50'W -- 473+4.0
GS18-1B T 4 90.08.11 71°08'N 07°29'W -- 33.1%45
GS19-1A T 4 90.08.13 69°57'N 09°36'E - 65.1+3.7
LA15-2 AA-8730 10 91.08.16 74°59'N 11°31'W 144 775x4.7
MO16-1 AA-11940 4.5 91.09.06 62°35'N 15°31'W 232 354+43
JHS5-212 AA-9871 3 92.07.15 64°00'N 04°60'W 1.85 49.2%4.1
JH9-212 AA-10203 5 92.07.16 61°31'N 16°20'W 098 -9.2+42
JH10-212 AA-10139 4 92.07.19 63°30'N 32°30'W 1.69 -44+47

The cyclonic Greenland gyre is supported by the West Spitsbergen Current in the east and the East
Greenland Current in the west. It is constrained between the Fram Strait in the north and the Norwe-
gian Sea in the south. Four deep-sea profiles of A1“C were obtained in this area (A,B,C,D, in Fig.
5a). Profiles A and B show typical differences in water masses and exchange on each side of the
Fram Strait.! The East Greenland Current profile (LA8, LA17) shows a linear gradient from the sur-
face to a depth of 1000 m. Between 1000- and 2000-m depth, the curve is more irregular and cer-
tainly due to the influence of other water masses. This deeper part of the profile also has a slightly
higher salinity than in the middle of the Greenland Sea (Nydal et al. 1991) and probably reflects the
influence of the saltier EBDW. The apparent AC inversion between ca. 1200- and 1800-m depth
also indicates the influence of water from the relatively young GSDW.

!Note that the alphabetic indices in Figure 4 correspond to the profiles shown in Figure Sa, b, ¢ and d.
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i Atlantic Ocean

The West Spitsbergen Current is a branch of the salty and warm Norwegian Atlantic Current. This
is reflected in the A14C values of the upper ca. 500 m of profile B (LA7), which records a small ver-
tical gradient. The steepest gradient for vertical exchange occurs between 500 and 1000 m, where
the Al4C values change by ca. 100%o. There is a further small decrease in A*C down to 2000 m
depth. The few neighboring TTO data from 1981 (Sta. 154 and 156) were collected closer to Sval-
bard, but they seem to support the shape of our profile.

Profile C (LA15), taken in the East Greenland Current, has a similar pattern to profile A. However,
in this location, the linear trend extends to a depth below 2000 m. The curve is supplemented by
three measurements from greater depth, taken just outside the shelf (LA14), which seem to fit well
with the deepwater data for the northern profile (A). This feature indicates that the younger GSDW
is affecting the profile at greater depth, i.e., ca. 2000-3000 m. The decrease in the 14C concentra-
tions below 3000 m suggests the influence of a deep current that may be connected to the NSDW.
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In Profile D, data collected in the center of the Greenland gyre (LA10) are compared to the earlier
GEOSECS (Sta. 17) and TTO (Sta. 148) profiles collected 18 and 9 yr earlier at approximately the
same location. LA10 shows a A14C range between +50%o in the ocean surface to a mean value of —39
% 2%o (4 samples) below 2000 m depth. The lack of a A4C depth gradient between 2000 and ca.
3500 m may indicate a well-mixed deep reservoir with a rapid internal circulation. We calculate that
AC values in the deepest part of the profile have increased by 12 + 2% relative to the GEOSECS
profile recorded in 1972. An extrapolation back to the pre-bomb level (ca. 1960) in the deepwater is
difficult to perform, because of little data and later change in deepwater formation (Schlosser et al.
1991). A linear increase in the sequestration rate of the tracer indicates, however, a pre-bomb A14C
level of ca. -60%o for GDSW, a value close to that obtained for the surface water. The A14C value of
—59 % 3%o in the surface water is based on measurements of marine shells from Northern Norway and
Spitsbergen (Mangerud and Gulliksen 1975). All of the TTO data from 1981 have A4C values inter-
mediate between the GEOSECS data and our 1990 values.

The area immediately south of the Greenland Sea, designated as the Norwegian and Icelandic Seas,
is covered by four profiles (E,F,G,H; Fig. 5b), taken at virtually the same latitude, i.e., 69° to 71°N.
The upper parts of these profiles show a gradual change from the East Greenland Current (E) to the
Lofoten Basin (H). Profile E, which includes two neighboring stations (GS17 and MO14), records a
linear decrease in 14C concentration from the surface to ca. 1500-m depth. The other profiles show
a gradual eastward influence from the Norwegian Atlantic Current in the tendency to more uniform
AC values in their upper depth ranges.

In Profile F (GS18), our measurements are compared with the TTO profile (Sta. 159) taken in 1981
at a slightly different location. If we assume that the two sampling locations represent the same
water mass, then the comparison shows that the AC value below 500 m has increased by 15-20%0
between 1981 and 1990.

In Profile G (GS16), our measurements are compared with the GEOSECS (Sta. 18) and the TTO
(Sta. 144) profiles. The earlier profiles show no significant input of bomb C below 2000 m depth
between 1972 and 1981. An increase of 7-8%0 was observed, however, in 1990. This is taken to
indicate that the deep convection only reached this deepwater between 1981 and 1990. Compared to
Profile D taken in the central Greenland Sea, the deepwater at location G is older and more in agree-
ment with the water found at 2000 m depth in the periphery of the Greenland Gyre (C).

Farther south and into the more central part of the Norwegian Sea (Fig. 5¢), we find that the deep-
water becomes progressively older still. A comparison of the time-transient data in Profile I (GS14,
MO10, GEOSECS (Sta. 19) and TTO (Sta. 144)) shows no significant differences in A*C for water
collected below 2000 m. The mean A'“C value of ~73 + 3%o (6 samples) from the 1990-1991 mea-
surements should not be much different from the pre-bomb level. The pre-bomb A4C value in the
NSDW is at least 10%0 lower than that of the surface water of the Greenland Sea. This corresponds
to a decay of C during a period of 100 yr from the surface to the deep Norwegian Sea. If the
NSDW was mainly fed from the Greenland Sea, this period should be identical with the mean age
of the NSDW. This water is, however, also in exchange with the EBDW, with other A1#C values that
may modify the calculated age of the NSDW (Bgnisch and Schlosser 1995).

The two profiles (J,K, Fig. 5c) measured in the southern Norwegian Sea indicate that the vertical
mixing is faster at the periphery of the basin than in the central part. This is demonstrated clearly in
Profile K, where our data (JH5) can be compared directly with that recorded at the GEOSECS sta-
tion (19) in 1972. The other Profile J (weather ship station) over the slope of the Norwegian shelf is
our only winter profile in the Nordic Seas. This profile has an identical pattern to a depth of ca.
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2000 m where the recorded A“C value is ca. —50%o. A similar value is recorded in all the profiles
(B,H,J,K) taken along the shelf.

The most important changes in the 14C depth profiles appear across the ridge and down to the North
Atlantic Ocean. In profiles L (MO16) and M (JH9) our data are compared with the GEOSECS pro-
file (Sta. 23) 1-2° further south; JH9 is also compared with the TTO profile (Sta. 142) some 8° fur-
ther east (Fig. 5c,d). The two recent profiles, which are slightly apart, have the same trend as the
GEOSECS profile. The comparison shows that a rapid downwelling occurs south of the ridge. The
AC value below 1000 m is variable between +10 and —10%o, and this feature indicates that the
NSDW makes a very small contribution to the overflow of water into the formation of the AODW.
The downwelling water consists of mainly surface- and intermediate water, a result which is in
accordance with that earlier pointed out by Heinze et al. (1990). The TTO profile from 1981 repre-
sents shallower water collected on the ridge further east.

Profile N, for the North Atlantic Ocean, compares our recent data (JH10) with the GEOSECS record
(Sta. 11) obtained 3° further west (below the Denmark Strait) in 1972, and five TTO stations (164,
169, 170, 171) in the same general area sampled in 1981. The deepwater reflects surface and interme-
diate water from north of the ridge, in agreement with Strass et al. (1993) The TTO and GEOSECS
profiles agree fairly well, but show a marked deviation from our profile (JH10). This raises the ques-
tion as to whether this is caused by an unknown accident in sample treatment at this location, or by a
temporary aberration due to local circumstances. During a later cruise (Nordic WOCE 1994) we were
not able to reproduce this curve, but obtained data more in agreement with the TTO result.
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Fig. 5d. 1C depth profiles in the Atlantic Ocean south of Iceland
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SUMMARY AND CONCLUSION

In addition to those progressive changes recorded in the concentration of CO; in the atmosphere, the
time-dependent distribution pattern for “bomb 4C” introduced into the upper atmosphere during
nuclear weapons test programs is an important tool for testing models that describe carbon exchange
in nature. Here we have presented and discussed several such 14C data sets recorded via samples col-
lected over the past 30 yr from the lower atmosphere (troposphere) and oceans.

The trend in atmospheric 1C concentrations recorded from northern Norway and the Canary Islands
show large seasonal variations during the 1960s due to the net downward transfer of the major
excess of “bomb 14C” that had been injected directly into the stratosphere. Both curves indicate that,
after 1972, the troposphere can be considered in general as a single well-mixed reservoir of “bomb
14C”. but with some very small localized disturbances still evident. Both sampling stations record an
almost exponential decrease in the concentration of excess 14C, with a rate constant of 0.055 yr.
Where small seasonal variations still occur, these are in the main due to localized dilution by 14C-
free CO, produced by the increased combustion of fossil fuels in winter. By 1992, the AC level in
the lower atmosphere was ca. +100%o above the pre-bomb level, and this was equal to the 14C
enrichment recorded in surface ocean water at equatorial latitudes (45°N to 45°S).

For the past 25 yr, the trend in A*C in the equatorial surface ocean can be approximated by a hori-
zontal line, i.e., no significant temporal variation has occurred during that time. This feature reflects
the role of the water mass as an effective buffer to 14C exchange between the atmosphere and the
intermediate and deep ocean carbon reservoirs. The AC profile of Atlantic Ocean surface water
shows an approximate latitudinal symmetry around the equator poleward to 60°N/S, with the most
stable regions coincident with the atmospheric high pressure cells at 30°N and 30°S. A slight
decrease in 1C concentration occurs at the equator, but a more dramatic lowering is evident toward
higher latitudes, where the more stable surface layer vanishes.

The rate of further decrease in the amount of “bomb C” in the atmosphere will be governed mainly
by the ongoing exchange of CO, with the deep ocean. For the past five years, we have attempted to
use 14C as a tracer to study the transfer of carbon from the Nordic Seas to the deepwater reservoir of
the Atlantic Ocean. Several deep-sea profiles have been produced to cover the North Atlantic Ocean
from south of Iceland northward to the Fram Strait. These data have been compared with similar
profiles obtained during the GEOSECS expedition in 1972 and the TTO expedition in 1981. Our
measurements confirm that the water that is moving southward over the Greenland-Scotland Ridge
into the deep Atlantic derives mainly from surface and intermediate depths in the Nordic Seas. The
deepwater in the central region of the Norwegian Sea is too dense to have an important role in the
mass transfer over the ridge. The obtained age of the NSDW is ca. 100 yr in the case that the main
water derives from the surface of the Greenland Sea. The additional exchange of water between the
NSDW and the EBDW may, however, modify this result.

ACKNOWLEDGMENTS

Atmospheric 14C samples on Izana, Tenerife, and Fruholmen, Nordkapp were collected by several
people, most of them mentioned in a previous paper (Nydal and Lgvseth 1983). Sampling during the
last ten years was kindly performed by Ramon Juega Buide, Observatorio Especial de Izana (Tener-
ife), and Odd Salomonsen, Fruholmen Lighthouse, Inggy. We are further greatly indebted to those
earlier-mentioned people in the Wilhelmsen and Fred Olsen shipping companies for collecting sam-
ples on the surface of the Atlantic, Pacific and Indian Oceans (Nydal et al. 1984). Sampling and pro-
cessing during the last ten years was performed mainly on a single ship, MS Tourcoing in the Barber



Bomb C as a Tracer in the Atmosphere and Ocean 405

Line (Wilh. Wilhelmsen), and we are especially thankful to the chiefs, Harald Jgrgensen, Kristian
Larsen, Frank Christoffersen, Per Strandklev and Tor Olsen. Thanks are also due to Chief Thorvald
Benjamensen on board RV Andenes for collecting and processing surface samples on a return trip to
the Antarctic in winter 1989-1990. We are also thankful to the captains and crews on the vessels
Lance, Mosby, G. O. Sars, Johan Hjort and Polarfront during cruises in the Nordic Seas from 1989
to 1992.

We give special thanks for helpful assistance and discussions with Johan Blindheim, Institute of
Marine Research Bergen; Torgny Vinje, The Norwegian Polar Research Institute, Arne Foldvik and
Svein @sterhus, Geophysical Institute, University of Bergen, and Kéire Misje, Misje Offshore
Marine, Bergen. The latter is in charge of the weathership Polarfront in the Norwegian Sea. We are
further indebted to Indunn Skjelvan (previously on our staff), now at the Center for Studies of Envi-
ronment and Resources (CARDEEP), Bergen, for processing the CO, samples on cruises with
Lance in 1990, and Hdkon Mosby in 1991. Thanks also to the staff of the Radiological Dating Lab-
oratory, especially Fred H. Skogseth, for careful work in processing and counting the large number
of conventional 14C samples. Most of the deep-sea 1“C measurements were performed by accelera-
tor mass spectrometry at the Arizona AMS Facility, Tucson; and we are especially grateful to A. J.
Timothy Jull, Douglas J. Donahue and Laurence J. Toolin. These AMS measurements were partly
supported by grant EAR 88-22292 from the U.S. National Science Foundation. The main financial
support during the many years of this work has been provided by the Research Council of Norway

(earlier NAVF).

REFERENCES

Bgnisch, G. and Schlosser, P. 1995 Deep water formation
and exchange rates in the Greenland/Norwegian Seas
and the Eurasian Basin of the Arctic Ocean as derived
from tracer balances. Progress in Oceanography 35:
29-52.

Bourke, R. H., Paquette, R. G., Blythe, R. F. and Stone,
M. D. 1993 On the deep and bottom waters of the
Greenland Sea from summer 1989 to 1990 data. Jour-
nal of Geophysical Research 98(C3): 4629-4638.

Broecker, W. S. and Peng, T.-H. 1982 Tracers in the Sea.
Palisades, New York, Eldigio Press: 690 p.

Broecker, W. S., Peng, T.-H., Ostlund, G. and Stuiver, M.
1985 The distribution of bomb radiocarbon in the
ocean. Journal of Geophysical Research 90(C4):
6953-6970.

Donahue, D. J., Linick, T. W. and Jull, A. J. T. 1990 Iso-
tope-ratio and background corrections for accelerator
mass spectrometry radiocarbon measurements. Ra-
diocarbon 32(2): 135-142.

Feely, H. W,, Katzman, D. and Tucek, C. S. 1966 16th
Progress Report Project Stardust, DASA.

Foldvik, A. and Gammelsrgd, T. 1988 Notes on southern
ocean hydrography, sea-ice and bottom water forma-
tion. Paleogeography, Paleoclimatology and Paleo-
ecology 67: 3-17.

Gislefoss, J. S. 1994 Carbon profiles in the Nordic Seas.
PhD. dissertation, NTH-Trondheim: 170 p.

Gislefoss, J., Nydal, R., Donahue, D. J., Jull, A. J. T. and
Toolin, L. J. 1994 Tracer studies of 1C in the Nordic
Seas by AMS measurements. Nuclear Instruments

and Methods in Physics Research B92: 431-435.

Gislefoss, J. S., Nydal, R., Skjelvan, I, Nes, A., @ster-
hus, S., Holmén, K., Jull, T. and Sonninen, E. 1995
Carbon profiles in the Nordic Seas. Data Report 2. Ra-
diological Dating Laboratory, Trondheim, Tapir: 61 p.

Heinze, C., Schlosser, P., Koltermann, K. P. and Meincke,
J. 1990 A tracer study of the deep water renewal in the
European polar seas. Deep-Sea Research 37(9): 1425—
1453.

Levin, L, Graul, R. and Trivett, N. B. A. 1995 Long-term
observations of atmospheric CO, and carbon isotopes
at continental sites in Germany. Tellus 47B (Series B):
23-34.

Linick, T. W., Jull, A. J. T, Toolin, L. J. and Donahue, D.
J. 1986 Operation of the NSF-Arizona Desolator Fa-
cility for Radioisotope Analysis and results from se-
lected collaborative research projects. In Stuiver, M.
and Kra, R. S., eds., Proceedings of the 12th Interna-
tional C Conference. Radiocarbon 28(2A): 522
533.

Mangerud, J. and Gulliksen, S. 1975 Apparent radiocar-
bon ages of recent marine shells from Norway, Spits-
bergen and Arctic Canada. Quaternary Research 5:
263-273.

Meijer, H. A.J., vander Plicht, J., Gislefoss, J. S. and Ny-
dal, R. 1994 Comparing long-term atmospheric 14C
and *H records near Groningen, The Netherlands with
Fruholmen, Norway and Izafia, Canary Islands. Ra-
diocarbon 37(1): 39-50.

Nakamura, T., Nakazawa, T., Nakai, N., Kitagawa, H.,



406 R. Nydal and J. S. Gislefoss

Honda, H., Itoh, T., Machida, T. and Matsumoto, E.
1992 Measurement of 1“C concentrations of strato-
spheric CO, by accelerator mass spectrometry. In
Long, A. and Kra, R. S., eds., Proceedings of the 14th
International 14C Conference. Radiocarbon 34(2):
745-752.

Nydal, R. 1968 Further investigation on the transfer of
radiocarbon in nature. Journal of Geophysical Re-
search 73(12): 3617-3635.

Nydal, R. 1993 Application of bomb C as a tracer in the
global carbon cycle. Trends in Geophysical Research
2: 355-364.

Nydal, R., Gislefoss, J., Skjelvan, L., Blindheim, J., Fold-
vik, A, Vinje, T. and @sterhus, S. 1991 Measurements
of carbon profiles in the Nordic seas. Norsk Polarin-
stitutt Rapportserie, Datareport 75: 1-43.

Nydal, R., Gislefoss, J., Skjelvan, I, Skogseth, F. H., Jull,
A. J. T. and Donahue, D. J. 1992 C profiles in the
Norwegian and Greenland Seas by conventional AMS
measurements. In Long, A. and Kra, R. S., eds., Pro-
ceedings of the 14th International 14C Conference. Ra-
diocarbon 34(3): 717-726.

Nydal, R., Gulliksen, S., Lgvseth, K. and Skogseth, F. H.
1984 Bomb 14C in the ocean surface, 1966—1981. Ra-
diocarbon 26(1): 7-45.

Nydal, R. and Lgvseth, K. 1983 Tracing bomb C in the
atmosphere 1962-1980. Journal of Geophysical Re-
search 88(C6): 3621-3635.

Ostlund, H. G., Dorsey, H. G. and Brecher, R. (ms.) 1976
GEOSECS Atlantic, radiocarbon and tritium results.
Data report from Rosenstiel School of Marine and At-
mospheric Sciences. Florida, University of Miami: 93
p.

Ostlund, H. G. and Rooth, C. G. H. 1990 The North At-
lantic tritium and radiocarbon transients 1972-1983.
Journal of Geophysical Research 95(C11): 20,147-

20,165.

Pickard, G. L. and Emery, W. J. 1990 Descriptive Physi-
cal Oceanography. Oxford, Pergamon Press: 320 p.

Schlosser, P., Bgnisch, G., Rhein, M. and Bayer, R. 1991
Reduction of deep-water formation in the Greenland
Sea during the 1980s: Evidence from tracer data. Sci-
ence 251: 1054-1056.

SIPRI Yearbook 1975 World Armament and Disarma-
ments. Stockholm, Almqvist & Wiksell.

Slota, P. J., Jr,, Jull, A. J. T, Linick, T. W. and Toolin, L.
J. 1987 Preparation of small samples for 1C acceler-
ator targets by catalytic reduction of CO. Radiocarbon
29(2): 303-306.

Smethie, W. M., Jr., Ostlund, H. G., and Loosli, H. H.
1986 Ventilation of the deep Greenland and Norwe-
gian seas: Evidence from krypton-85, tritium, carbon-
14 and argon-39. Deep-Sea Research 33: 675-703.

Strass, V. H., Fairbach, E., Schauer, U. and Sellmann, L.
1993 Formation of Denmark Strait overflow water by
missing the East Greenland Current. Journal of Geo-
physical Research 90(C4): 6907-6919.

Stuiver, M. and Polach, H. A. 1977 Discussion: Report-
ing of 14C data. Radiocarbon 19(3): 355-363.

Swift, J. H., Aagaard, K. and Malmberg, S.-A. 1980 The
contribution of the Denmark Strait overflow to the
deep North Atlantic. Deep-Sea Research 27A: 29-42.

Swift, J. H. and Koltermann, K. P. 1988 The origin of
Norwegian Sea deep water. Journal of Geophysical
Research 93: 3563-3569.

Tans, P. 1981 A compilation of bomb 14C data for use in
global carbon model calculation. In Bolin, B., ed.,
Carbon Cycle Modeling. SCOPE: 390 p.

U.N. Report 1964 Radioactive contamination of the en-
vironment by nuclear tests, effect of atomic radiation.
United Nations Scientific Committee Report 14 (A/
5814): 120 p.



[RADIOCARBON, VOL. 38, No. 3, 1996, P. 407-414]

TRANSECT ALONG 24°N LATITUDE OF 14C IN DISSOLVED INORGANIC CARBON
IN THE SUBTROPICAL NORTH ATLANTIC OCEAN

JEFFREY P. SEVERINGHAUS,’? WALLACE S. BROECKER,! TSUNG-HUNG PENG? and
GEORGES BONANI*

ABSTRACT. The distribution of bomb-produced 14C in the ocean provides a powerful constraint for circulation models of
upper ocean mixing. We report 14C measurements from an east-west section of the main thermocline at 24°N latitude in the
subtropical North Atlantic Ocean in summer 1992, and one profile from the Gulf of Mexico in 1993. Observed gradients
reflect the transient invasion of bomb 4C into the thermocline via mixing along isopycnals from the poleward outcrop, with
progressively more sluggish mixing at greater depths. A slight deepening of the profile is observed over the 20-yr period since
the GEOSECS survey at one location where the comparison is possible.

INTRODUCTION

The distribution in the ocean of 14C produced by atmospheric nuclear weapons testing in the 1950s and
early 1960s contains useful information about ocean mixing processes (Broecker ef al. 1985). The
penetration of bomb 1C into ever deeper layers of the ocean constitutes a large-scale unintentional
transient tracer experiment. According to the widely accepted oceanographic paradigm, the primary
mode of entry into the ocean of bomb 14C is mixing along surfaces of constant density (isopycnals)
from the point at which these isopycnals intersect the surface wind-mixed layer in cold northern
waters, known as the outcrop. Thus, mixing is primarily a horizontal phenomenon rather than a vertical
one, and may involve travel of thousands of kilometers. As of 1992, some 30 yr after the peak of atmo-
spheric bomb testing, little bomb 14C had penetrated to the bottom of the main thermocline (that part
of the ocean separating warm, less dense, seasonally ventilated shallower waters from cold, denser
deepwater). Thus, this particular tracer is well suited at present to studies of mixing in the thermocline.

Our interest in the main thermocline stems from its being the region of the ocean in which most of
the anthropogenic CO, taken up by the ocean is stored. As the mixed layer is nearly in equilibrium
with atmospheric CO,, air-sea exchange is relatively unimportant for the rate of ocean uptake of
COy. Instead, it is the mixing of shallower and deeper reservoirs within the ocean that limits the rate
of uptake (Siegenthaler and Sarmiento 1993), namely the mixing of surface waters along isopycnals
with thermocline waters. When physically accurate general circulation models of the thermocline
are capable of reproducing the observed 14C distribution, given the known atmospheric 1“C bound-
ary condition, the same model’s estimates of oceanic uptake of CO, can be regarded with confi-
dence. Taken together with other tracers that differ in the boundary condition, such as 8Kr and the
cholorfluorocarbons (which have air-mixed layer equilibration times of ~1 month versus ~10 yr for
14C), 14C provides a powerful verification tool for the physical transport in these models.

As an oceanographic contribution to the quincentennial celebration of Columbus’s voyage of dis-
covery in 1492, the Spanish naval vessel Hesperides made a transatlantic hydrographic and tracer
section along Columbus’s route at 24°N in July-August 1992 (Parilla et al. 1994). We took advan-
tage of this ship of opportunity to take water samples for 4C analysis. Eight density surfaces were
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2Present address: Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island 02882 USA

3Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 33149 USA

“ETH/AMS Facility, Institut fiir Teilchenphysik, Eidgenéssische Technische Hochschule Honggerberg, CH-8093 Ziirich,
Switzerland
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sampled from the main thermocline to depths of ~850 m at nine stations with a regular spacing of
~500 km across the entire Atlantic Ocean. We present results here with no accompanying modeling
attempt. It is our hope that modelers will use our results to improve and verify their own models.

METHODS

Samples were drawn from Niskin bottles that were tripped at target density surfaces, and the water
was stored in 0.5-liter glass bottles with greased ground glass stopcocks. Samples were poisoned
with HgCl, to prevent respiratory addition to the dissolved inorganic carbon (DIC) pool. In the lab-
oratory, samples were acidified under vacuum and the CO, was collected over liquid N,. Samples
were graphitized and analyzed by accelerator mass spectrometry (AMS) at the AMS facility in
Ziirich, Switzerland. Results are reported in the 13C-corrected Al4C in units of per mil (%), as is cus-
tomary (Stuiver and Polach 1977). Uncertainty (1 0) is estimated at + 5%o.

RESULTS

14C depth profiles from analyses of waters above 1100 m are presented in Figure 1, and all analytical
results are given in the Appendix along with density and depth. The first-order feature of the profiles
in Figure 1 is the sharp gradient from high, post-bomb values in the upper 200 m to nearly pre-bomb
values at 850 m depth. In keeping with the standard oceanographic paradigm, this gradient arises
because mixing is less energetic on deeper isopycnals, since wind stress at the surface is the primary
energy source for the mesoscale eddies that drive the bulk of the mixing (e.g., Ledwell, Watson and
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Fig. 1. A4C along 24°N, Atlantic Ocean. Results of all analyses (except four that were decper than 1100 m) are
arranged by longitude. For clarity, all data sets have been separated by 50%o, such that each tick mark on the hor-
izontal axis represents the zero for a successive profile. The labeled tick marks correspond to the Gulf of Mexico
profile. Numbers near the bottom of each individual profile give the approximate longitude in degrees W.
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Law 1993). Thus, at progressively deeper levels less 14C is transported from the outcrop, which may
be several thousand kilometers distant for this particular locality (Sarmiento 1983).

Figure 2 shows a “time series” at one station at 54°W longitude for which 1972 GEOSECS (Stuiver
and Ostlund 1980) data are available. Results at this station are plotted versus density rather than
versus depth because the GEOSECS stations are not in the exact same spots as our survey. Because
the isopycnals slope considerably in this region, the GEOSECS profiles differ by ~100%o when plot-
ted versus depth. In contrast, when plotted versus density the two 1972 profiles are nearly identical,
as they should be given that mixing occurs along isopycnal surfaces.
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Fig. 2. Penetration of bomb !“C into the main thermocline, 1972-1992. A!4C plotted vs. density at Station 66, S4°W lon-
gitude. GEOSECS data from nearby stations plotted for comparison (Stuiver and Ostlund 1980). Note the ~200%o differ-
ence in A™C across the main thermocline between densities of 26.00 and 27.50. Also note the slight deepening of the

profile in 1992 compared with the 1972 GEOSECS profiles.

In Figure 2, note the deepening of the profile that occurred in the 20-yr period spanned by the mea-
surements. Although unsurprising, this deepening is evidence of ongoing mixing along the 26.00%o
to 27.00%o isopycnals during this period. Also note the slight decrease in 14C of surface waters, as
expected from the decrease in the atmosphere over this period (Nydal and Lgvseth 1983).
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Figure 3 shows longitudinal transects of A'4C on three isopycnal surfaces, obtained by linear inter-
polation between shallower and deeper data points, as the samples did not fall exactly on these
isopycnals. Note that there is a significant slope of the data toward the west, with higher values in
the east. Since mixing occurs along isopycnals, these transects ought to be flat if mixing were rapid
and complete along a given isopycnal. Instead, bomb 14C might be entering the 24°N section first at
the east, and later at the west. There might be an overall flow pattern from east to west at these main
thermocline levels, and it would have to be somewhat sluggish for this along-isopycnal gradient to
be preserved. Alternatively, outcrop-ward (N-S) along-isopycnal mixing might be more vigorous in
the east than in the west, as isopycnals are bowed up closer to the surface in the east by the upwelling
off the west coast of Africa, and so are exposed to more energy from wind stress than in the west. A
third cause of the higher values in the east might be the injection of Mediterranean outflow water,
which is rich in bomb 14C due to the deep haline mixing of the Mediterrean Sea.
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Fig. 3. East-west transects of A*C along three isopycnal surfaces. Note the slight decrease in values toward
the west. This may be due to poorer mixing in the west compared to the east, or to an overall slow east-to-
west flow with 14C entering first at the east. Mediterranean water may also contribute a high 14C component
to the eastern end of this gradient.

Bomb !4C Inventories

To assess quantitatively the uptake of bomb 14C for the purpose of comparison with models, we cal-
culate the water column inventory of bomb 14C at eight of our nine stations. We do this by subtract-
ing from observed Al4C an estimate of the pre-bomb or natural A4C using the measured SiO, and
an empirical SiO,—natural Al4C relation (Broecker et al. 1995). We then convert to atoms of 14C per
cm? of ocean surface using the measured hydrographic data and total DIC (TCO,). Results are given
in Table 1.
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TABLE 1. Calculated Bomb 14C Inventories along 24°N, Atlantic Ocean

Location Sampling date Inventory Estimated surface
Station (lat., long.) (modyyr) (x 107 atoms C) natural A*C (%0)

This Study
13 24.50 -20.65 72392 13.9 -60
24 24.50 -28.00 72692 15.1 -61
35 24.50 -35.32 72992 17.4 -61
53 24.48 -46.40 80292 19.4 -61
66 24.48 -53.98 80592 17.5 -61
81 24.48 -63.98 8 08 92 16.6 -61
92 24.48 -71.32 81292 18.3 -62
107 26.05 -79.65 81592 9.1 -61
GEOSECS
31 27.0 -535 92272 17.6 -44
33 21.0 -54.0 92672 12.0 -50
115 28.0 -26.0 31573 13.0 -43
117 30.7 -39.0 32073 18.8 -41
TTO/IAS
75 228 -373 11283 16.8 -49
77 253 -349 11483 18.3 -46
81 273 -29.3 116 83 18.3 -44
84 247 -26.9 11883 15.1 -47
87 224 -24.7 11983 10.3 -49

No clear pattern of variation emerges among the GEOSECS, TTO/TAS (Ostlund 1983), and present
study surveys of 1972, 1983 and 1992, respectively. We suspect that variations in the depth of iso-
pycnals from station to station explains this, so comparison with earlier surveys is not warranted.
However, note that the 1992 inventories show a crude maximum in the center of the gyre at 46°W
longitude, as expected from the deeper isopycnals in this portion of the gyre.

Gulf of Mexico Profile

In addition to the 24°N transect, we sampled one station in the Gulf of Mexico on the cruise Gyre
93G01 on Jan 10, 1993 at a location of 26°40'N, 95°00'W. We followed the same sampling and anal-
ysis procedures as outlined above. Results are given in the Appendix, and show a pattern similar to
the profiles of the 24°N transect.

SUMMARY

We present C/C ratios of DIC in a transect of the main thermocline along 24°N latitude in the
Atlantic Ocean taken in 1992. A large gradient of ~200%o is seen between shallower and deeper por-
tions of the thermocline, which we attribute to the transient penetration of the pulse of 4C from
atmospheric nuclear weapons testing 30 yr ago and the fact that deeper isopycnal surfaces are not as
well ventilated as shallower ones. A comparison with 1972 GEOSECS data at one location reveals
an ongoing penetration of the pulse to deeper levels. An decrease from east to west along isopycnal
surfaces is suggestive of different mixing properties in the east compared to the west.
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Location Density
Date Depth Temp Sigma0 Al4C
Station sampled Lat. Long. m (O (#) (%) Comments
901 15-Jul-92  34°17'N 9°42'W 20 127 Mediterranean outflow
200 93  (just west of Gibraltar)
350 77 “Bio Hesperides VI”
500 33 test cruise
700 -10 (depths nominal)
800 -13
1000 -26
1200 -19
1300 -40
1600 -52
13 23-Jul-92  24°30'N 20°39'W 11  23.236 25.256 77 Hesperides VI cruise
76 19.216 26436 96 (E-W along 24°N lat)
102 18.871 26.489 113
202 16.830 26.697 94
301 14.484 26.878 89
427 12.165 27.072 25
601 9.996 27.265 21
750  8.474 27372 -86
24 26-Jul-92  24°30'N 28°00'W 10 24.153 25356 78 Hesperides VI cruise
101 20.792 26.222 96 (E-W along 24°N lat)
199  18.653 26.504 119
275 16.171 26.709 79
352 14320 26.860 72
476  12.301 27.050 47
600 10.889 27.192 6
782  8.572 27.389 -61
35 29-Jul-92  24°30'N 35°19'W 11  25.145 25.288 123 Hesperides VI cruise
153 18.951 26383 135 (E-W along 24°N lat)
199  17.698 26.504 103
375 14.705 26.824 81
504 12.755 27.019 50
696 10.465 27.261 -19
827  8.635 27.427 -43
53 2-Aug-92 24°29'N 46°24'W 12 26.713 24.676 135 Hesperides VI cruise
153 19.155 26221 123 (E-W along 24°N lat)
202 18.622 26329 128
351 16.900 26.574 143
401 16.189 26.660 123
552 12.859 26.981 58
653 11.072 27.166 5
800 8.677 27.371 -58
66 5-Aug-92  24°29'N 53°59'W 23 27.824 23.753 109 Hesperides VI cruise
200 19.707 26.182 117 (E-W along 24°N lat)
252 18346 26.402 113
353  17.026 26.571 104
476  14.578 26902 87
574 12.640 27.070 44
752 9.826 27.277 -44
852 8101 27399 -88
81 8-Aug-92 24°29'N 63°59'W 17 28.715 23.470 96 Hesperides VI cruise
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APPENDIX (Continued)
Location Density
Date Depth Temp Sigma0 A!C

Station  sampled Lat. Long. m (C) (%) (%) Comments
203 18.865 26.329 112 (E-W along 24°N lat)
252 18.157 26.445 114
379 16.711 26.649 104
502 14.656 26.878 55
618 12358 27.061 10
751 9.908 27.262 -52
853 7.860 27.421 -72

92 12-Aug-92 24°29'N 71°19W 11  28.897 23211 69 Hesperides VI cruise
202 19.501 26.187 105 (E-W along 24°N lat)
325 18941 26.310 124
426 18276 26.414 —— (excluded)
602 15283 26.756 -—- (excluded)
702 12.944 26.968 14
801 10.691 27.157 =29
1004 7.209 27.462 -74

107 15-Aug-92 26°03'N 79°39'W 11  29.042 23.005 101 Hesperides VI cruise
175 19.337 26.192 101 (E-W along 24°N lat)
235 16.686 26.578 80
302 15.105 26.727 69
376 11.210 27.059 -14
551 6.345 27.432 -80

5G 10-Jan-93 26°40'N 95°00'W 10 23.868 24.742 86 Gyre 93G01 cruise
238 19.138 26.221 100 Gulf of Mexico
267 17.672 26.410 87 Depths nominal
303 16.152 26.599 65 Density values are
362 13.783 26.839 31 Sigma -theta
462 11.355 27.031 -21
623 8.561 27.227 -66
815 6.478 27.410 -79
1000 5.350 27.563 -102
1600 4.243 27.737 -91
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WOCE PACIFIC OCEAN RADIOCARBON PROGRAM

ROBERT M. KEY

Ocean Tracer Laboratory, Atmospheric and Oceanic Sciences Program, Department of Geosciences,
Princeton University, Princeton, New Jersey 08610 USA

ABSTRACT. Fieldwork for the World Ocean Circulation Experiment (WOCE) radiocarbon program was recently com-
pleted. Ca. 9000 samples were collected for analysis using both conventional B-counting techniques and the newer AMS tech-
nique. The mean uncertainty for the § analyses is 3%e; for AMS analyses, ca. 4.5%o.

INTRODUCTION

The World Ocean Circulation Experiment (WOCE) has been an unprecedented effort to study large-
scale ocean circulation, with fieldwork by scientists from more than 30 countries making many
thousands of measurements. The overall goal of the program is to obtain a detailed description of the
physical properties and circulation of the global ocean. These data will be used to determine the role
of ocean circulation in global climate change and to help develop models that can be used to predict
those changes.

A major component of WOCE was the “one-time survey”. This phase of the fieldwork was con-
ducted along both zonal and meridional hydrographic lines, on which stations were occupied with a
nominal horizontal spacing of 30 nautical miles (~56 km, or ~0.5° latitude or longitude). At each
station, discrete water samples (small-volume samples (SV)) were collected over the entire water
column using a CTD equipped with a 24- to 36-place Rosette sampler. At some of the stations in the
Pacific, the deep and bottom waters also were sampled using 250-liter stainless steel Gerard barrels
to collect large-volume (LV) samples. Each small-volume sample was measured for pressure, tem-
perature, salinity, oxygen, nitrate, nitrite, silicate and phosphate. Significant subsets of the SV sam-
ples were measured for chlorofluorocarbons, 3H, 3He, 13C and 14C. Through a collaborative effort
with the Joint Global Ocean Flux Study (JGOFS) many of the SV samples were also measured for
carbon species (generally TCO, and alkalinity). Pressure, temperature, salinity, silicate and 4C were
measured on all of the LV samples.

This paper gives an overview of the U.S. WOCE radiocarbon measurement program for the Pacific
Ocean. All of the planned U.S. Pacific Ocean fieldwork has been completed. Table 1 summarizes
the legs that were sampled for 1C. For each entry, the table lists the cruise leg, the common cruise
name (AKA, “also known as”) and the official WOCE designation, the chief scientist for that leg,
the dates of the cruise, the principal investigator (PI) responsible for 14C collection and interpreta-
tion and the lab(s) responsible for the actual sample measurements.The Pacific Ocean stations that
were sampled for 14C are shown in Figure 1. Over 9000 samples were collected for 14C analysis dur-
ing this effort. Some of the apparent gaps in Figure 1 were filled by the sampling programs of other
countries (primarily Australia, New Zealand and Japan). Some of the early results from these mea-
surements are presented in this issue (Key et al. 1996; Stuiver et al. 1996).

METHODS

The goal of the WOCE Pacific radiocarbon program was to generate a data set of sufficient density
and precision that the distribution could be described with reasonable accuracy in three dimensions.
The GEOSECS survey of the Pacific deep and bottom waters (depths > ~1000m) clearly demon-
strated that the meridional A'4C gradients were small (Ostlund and Stuiver 1980). While no zonal
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TABLE 1. WOCE Pacific Cruise Summary
AKA Analytical lab
Cruise WOCE name Chief scientist  Cruise dates 14CPI AMS*/LV-B+
P17Ni CGC-91 Leg 1 D.Weisgarver 2/16-2/28/1991 R. Key NOSAMS!
31DSCGC91/1 M. Stuiver
P16N CGC-91 Leg 2 J. Bullister 3/7-4/8/1991 R. Key NOSAMS?
31DSCGC91/2 G. Ostlund?
M. Stuiver*
P17C TUNES-1 M. Tsuchiya 5/31-7/11/1991 R. Key NOSAMS’
31WTTUNES/1 G. Ostlunds
P16S17S  TUNES-2 J. Swift 7/16-8/25/1991 R. Key NOSAMS’
31WTTUNES/2 G. Ostlund8
M. Stuiver?
P16C TUNES-3 L. Talley 8/31-10/1/1991 P. Quay NOSAMS!0
31WTTUNES/3 M. Stuiverl!
S4pP RUKDIOFFE6/1  Koshlyakov 2/14-4/6/1992 P. Schlosser NOSAMS
P6E 316N138/3 H. Bryden 5/2-5/26/1992 R. Key NOSAMS!2
P6C 316N138/4 M. McCartney  5/30-6/7/1992 R. Key NOSAMS?
P6W 316N138/4 J. Toole 6/13-6/30/92 R. Key NOSAMSH
P14C 316N138/7 D.Roemmich  9/1-9/15/1992 R. Key NOSAMS
P13N CGC-92Leg1  J.Bullister 8/3-9/10/1992 P. Quay NOSAMS
3220CGC92/1
P16A17A  Juno-1 J. Reid 10/6-11/26/1992 R. Key NOSAMS15
316N138/9 G. Ostlund?6
P17E19A  Juno-2 J. Swift 12/4/92-1/22/1993  R. Key NOSAMS
316N138/10 G. Ostlund??
P19C 316N138/12 L. Talley 2/22-4/13/1993 R. Key NOSAMS
G. Ostlund!8
P17IN 325021/1 D. Musgrave 5/15-6/26/1993 P. Quay NOSAMS
R. Key M. Stuiver
P10 3250TN026/1 M. Hall 10/5-11/10/1993 R. Key NOSAMS
M. Stuiver
P18S 31DSCGC94/2 B. Taft 2/22-3/2/1994 P. Quay NOSAMS
P18N 31DSCGC94/3 G. Johnson 3/27-4/27/1994 P. Quay NOSAMS

*NOSAMS determined 8'3C for all AMS!C measurements except for legs on which P. Quay was PI.

M. Stuiver determined 8'3C for all LV samples
$Not an official WOCE cruise
INOSAMS 1994a; 2NOSAMS 1994a; 3Ostlund 1992a; 4Stuiver 1994; SNOSAMS 1994c; $Ostlund 1992b, 1994; 'NOSAMS
1995a, 1996; 80stlund 1994, 1995; Stuiver 1994; 1'NOSAMS 1996; 1Stuiver 1994; 12NOSAMS 1995b; 1’NOSAMS
1994b; ¥NOSAMS 1995b; ISNOSAMS 1995c; $Ostlund 1995; 17Ostlund 1994, 1995; 8Ostlund 1994, 1995

section was collected during GEOSECS, the data were sufficient to indicate that deep zonal A1C
gradients would be even smaller.

During the planning phase of WOCE, the accelerator mass spectrometry (AMS) technique for mea-
suring 14C was still relatively new in the United States. The general procedures had been worked out,
but no lab was prepared to handle the large number of samples expected from the WOCE program,
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nor had it been demonstrated that the AMS technique could deliver the required precision on a rou-
tine basis. The National Ocean Sciences AMS Facility (NOSAMS) at Woods Hole Oceanographic
Institution was established in 1989 to serve this purpose. In planning the WOCE Pacific fieldwork, it
was recognized that sample collection would begin well before NOSAMS could deliver the high pre-
cision offered by conventional B-counting techniques. Therefore, both techniques were utilized.

On those legs which included both LV and SV sampling, the LV stations were spaced at an average
interval of 5° (~300 nautical miles = ~555 km). LV stations normally included two casts of nine Ger-
ard barrels each covering the water column from ~1000 m to the bottom. The upper kilometer of a
LV station was covered by 16 SV samples taken from the CTD/Rosette cast. The legs that included
both sample types are the ones that have more than one entry in the rightmost column of Table 1 and
are indicated in Figure 1 by a % in the legend. One to three SV stations were placed between each
LV station. On SV stations only the upper thermocline region was sampled, using 16 SV samples.

14C was extracted from the LV samples at sea as 4CO,, absorbed on excess NaOH and returned to
shore in well-sealed glass bottles using a modification of the technique described by Fonselius and
Ostlund (1959) (Key 1991; Key et al. 1991). Once ashore, the samples were sent to one of two labs
for analysis: Tritium Laboratory, University of Miami, Miami, Florida (G. Ostlund, director); or
Quaternary Isotope Laboratory, University of Washington, Seattle (M. Stuiver, director). A short
description of the measurement procedure and a cross-check between these two labs is available in
Stuiver et al. (1974). Stuiver reports an error estimate for each analysis ranging from 2.5 to 4.0%o;
Ostlund reports a uniform sample error of 4%o. In both cases, the reported uncertainty is primarily
counting error and does not include any error due to sample collection. All 813C measurements for
the LV samples were made by Stuiver.

All SV 14C samples were collected from standard CTD/Rosette casts into 500-ml glass bottles fitted
with high-quality ground glass stoppers. The samples were poisoned with HgCl, immediately after
collection, then returned to the U.S. for extraction and analysis at NOSAMS. Details of the extrac-
tion, counting, etc. are available from Key (1991), McNichol and Jones (1991), Gagnon and Jones
(1993), Cohen et al. (1994), McNichol et al. (1994), Osborne et al. (1994), Schneider et al. (1994)
and Séguin et al. (1994). Al1 8'3C analyses, except for the samples collected by Quay (who extracted
and measured his own 813C values), were performed at NOSAMS.

The standards for the 4C measurements were NBS oxalic acid standards (Ostlund, RM 49 and SRM
4990C; Stuiver, RM 49 and SRM 4990C; NOSAMS, SRM 4990 and SRM 4990C). All results are
reported as A14C, which is the deviation in per mil (%0) from unity of the sample to standard activity
ratio, isotope-corrected to a sample 813C value of —25%o. (For more information on standards and
calculation methods, see Broecker and Olson (1961), Stuiver and Robinson (1974) and Stuiver
(1980).) As measurements were completed, the results were communicated from the analytical lab
to the PI responsible for the cruise via periodic data reports (see footnotes to Table 1). R. Key gath-
ered the A14C data from the PI, merged it with hydrographic data supplied either by the chief scien-
tist or by the WOCE Hydrographic Office (WHPO), added WOCE quality-control flags, and finally
submitted the data to WHPO along with a final report for each leg (Key 1994, 1995, 1996a—i; Key
and Quay 1996). All of the LV samples collected in the Pacific will be completed by 1997 and the
Pacific SV samples by 1998.

DATA QUALITY

The precision of the LV technique was established during the GEOSECS program to be 2—4%o. This
precision is primarily a function of sample counting time and has held constant throughout the suc-
ceeding large-scale ocean survey programs. What was unknown at the beginning of WOCE was the
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ultimate precision of the AMS technique and whether or not the AMS and LV data would be totally
compatible, ie., no systematic errors would be found in either data set.

NOSAMS is currently running water samples with a mean “external” precision of 3.6%o. This pre-
cision is indicative of the AMS target preparation and counting and does not include any uncertainty
due to sample collection, storage or stripping. A better estimate of the sample precision can be
obtained by comparing the results from duplicate samples. A summary all of the true WOCE dupli-
cates (i.e., two different sample bottles rather than two analyses from the same bottle) analyzed at
NOSAMS showed that the average of the standard deviation for each pair was 4.6%o. The reason for
the difference between this number and the external precision estimate (3.6%0) is currently
unknown, but must involve either sample collection or sample processing prior to counting. A
reproducibility of 3%o is needed for the AMS technique to be equivalent to the average uncertainty
for the LV technique. Sample storage experiments at NOSAMS and other facilities have so far indi-
cated that this is not a source of error.

Once all of the Pacific samples are completed, sufficient data will exist to make statistically signif-
icant comparisons between AMS and LV sampling. For now, the best that can be done is to graphi-
cally compare WOCE stations where the two techniques overlap, and to compare WOCE results in
deepwater to GEOSECS results. Figure 2 shows results from TUNES-2 (P16S17S) station 179,
Juno-1 (P16A17A) station 119 and P6C station 100 taken at ca. 33°S, 135°W. The TUNES station
includes both LV and SV samples and was occupied on 7/1991. Stuiver analyzed the LV samples
from this station. The Juno occupation was on 11/1992 at the same location as the TUNES station.
Ostlund measured the LV samples from Juno-1. The P6 station was ca. 250 nautical miles away (463
km) and was occupied on 7/1992. Each datum is shown with 2- error bars. At this scale, the agree-
ment between the techniques appears to be good. The only possible systematic difference is in the
upper thermocline, with the TUNES samples being slightly lower than those from Juno and P6. This
apparent offset may be due to a real difference in the water column structure. A better place to com-
pare the results is in the deepwater. The insert in the lower right portion of Figure 2 shows the data
from the bottom 2 km on a greatly expanded scale. The pressure scale for the insert is aligned and
scaled to match the pressure scale of the main figure. There is some structure in the A1*C signal, but
there is no apparent systematic difference between the measurement techniques. This plot clearly
demonstrates the need for very high-precision data in the deep and bottom waters.

Another data test can be made by comparing the new AMS data to existing historical data. Figure 3
shows a plot of WOCE P6 station 148 (32.5°S, 163.6°W; 6/1992) AMS results (NOSAMS 1994b)
with GEOSECS station 306 (32.5°S, 165.2°W; 3/1974) LV results (Ostlund and Stuiver 1980). The
invasion of bomb C into the thermocline is clearly evident. The deep- and bottom-water data are
shown on an expanded scale in the insert in the lower right portion of the figure. The deepwater data
(25004500 m) from the two stations appear to be the same. Below 4500 m the AMS A4C results
are slightly higher than the GEOSECS results. At this point it is difficult to determine if this differ-
ence is a measurement difference or a small bomb-produced 14C signal that has been introduced into
the bottom waters since the time of GEOSECS. The meaning of differences this small will require a
careful statistical analysis of the full WOCE data set.

CONCLUSION

The Pacific Ocean WOCE program has generated a new high-quality data set for analyzing the dis-
tribution of 4C. Comparison using currently available data indicates that measurements using the
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Fig. 2. Comparison of AMS and LV results for three stations in the south-central Pacific Ocean. The TUNES-2 station 179
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Fig. 3. Comparison of WOCE AMS (P6 station 148, 32.5°S, 163.6°W, 6/1992) results with GEOSECS (station 306,
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on an expanded scale in the insert. The invasion of bomb-produced *C during the time interval between the expeditions
is clearly evident in the 250-1250 dB range. The deepwater values for the two stations appear to be the same. A statistical
analysis of the entire WOCE data set will be required to determine if the slight difference ca. 5500 dB. is significant. If
real, the direction of the bottom water difference is consistent with a very small addition of bomb-produced 4C over the

time interval.
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newer AMS technique are comparable to the WOCE LV data as well as to the historical data. The
combined WOCE data set is approximately an order of magnitude larger than all prior measure-
ments in the Pacific combined.
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WOCE AMS RADIOCARBON I: PACIFIC OCEAN RESULTS (P6, P16 AND P17)

ROBERT M. KEY,! PAUL D. QUAY,2 GLENN A. JONES,3 A. P. McNICHOL,3
K. F. VON REDEN? and ROBERT J. SCHNEIDER?3

ABSTRACT. AMS radiocarbon results from the World Ocean Circulation Experiment in the Pacific Ocean show dramatic
changes in the inventory and distribution of bomb-produced !4C since the time of the GEOSECS survey (8/73-6/74). Near-
surface A'C values for the eastern portion of both the northern and southern subtropical gyres decreased by 25-50%o, with
the change being greater in the north. Equatorial near-surface values have increased by ca. 25%o. Changes in the 250-750-m
depth range are dramatically different between the northern and southern basins. The intermediate and mode waters of the
southern basin have increased by as much as 75%o since GEOSECS. Waters of similar density in the northern hemisphere are
not exposed to the Southern Ocean circulation regime and are significantly less ventilated, showing maximum changes of ca.
50%o.

INTRODUCTION

This is the first in a series of papers reporting radiocarbon results from the World Ocean Circulation
Experiment (WOCE). A general overview of the WOCE 4C program was given by Key (1996).
That paper shows WOCE Pacific Ocean cruise tracks with details of each leg, outlines the sampling
strategy and method, and compares the early AMS and beta-counting results. Only results that were
analyzed by accelerator mass spectrometry (AMS) are given here. We describe the AMS sampling
and analysis method used during the WOCE program, present results from three sections in the
Pacific Ocean, and qualitatively compare the results from one WOCE section to the GEOSECS data
(Ostlund and Stuiver 1980). In a companion paper, Stuiver et al. (1996) report on large-volume (LV)
sample results from the sections discussed here.

METHODS AND PRECISION

On most Pacific WOCE legs, AMS 14C sampling was limited to the upper water column (0-1200
m). Deep and bottom waters were generally sampled using LV samples that were subsequently
extracted and analyzed using the B-counting technique. Full water column stations were spaced ca.
300 nautical miles apart (~556 km). The upper water column was sampled at one or more stations
between each full depth station. On cruises that did not have a LV sampling component (e.g., P6),
the AMS technique was used for all samples.

As two very different techniques were used during the Pacific WOCE 14C program, the accuracy of
the AMS technique is just as important as the precision. This issue was addressed by Key (1996).
With the data available so far, no statistically significant difference in accuracy has been found
between the WOCE AMS measurements and the WOCE LV B-counting measurements. The same
result was obtained when both WOCE methods were compared to GEOSECS results.

The internal precision of the AMS technique has improved from >10%o in early 1992 to <4%o for
current measurements. The mean standard deviation of replicate samples is ca. 5%o. This value is
still decreasing and should soon be as good as the precision obtained for the standard B-counting
technique (~3%o). Details of the sample collection and analysis techniques and of the WOCE quality
control procedures are given in Appendix I.

10cean Tracer Laboratory, Department of Geosciences, Princeton University, Princeton, New Jersey 08544 USA
2Department of Oceanography, University of Washington, Seattle, Washington 98195 USA
3National Ocean Sciences AMS Facility, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543 USA
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DATA SET

The AMS 14C results measured so far for WOCE sections P6, P16 and P17 are listed in Appendix
IL The location of the three sections is shown in Figure 1. Accompanying the A4C data are pressure
in decibars, temperature relative to the international temperature scale 1990, salinity relative to the
Practical Salinity Scale and silicate concentration in #mol kg-1. Also included are the quality control
flag values assigned for the salinity, silicate and A4C measurements. For details of the various legs
that went into each section, see Key (1996).

S

= 2
‘ <

N
‘y\i‘
8 \'4

s 82 F o
40 3 § ~ ¢ ot ”
AR R
3 A NN ) 9 R N D
s . ) —-,g . ., _ .
20N P2 C R, . ol S -»
' ° B e -
Eq ( =
- s a + P6
: A P16 |°
3 o P17
20S R— ,
[e]

Q
¥,
L4
o
loo>
+
!/
oo/oo ¢
00175) 1
‘+
+
s T
) +
+
+
\.+

ff
(

‘e o

150E 160W 110W 60W

Fig. 1. Location of AC stations for WOCE sections P6, P16 and P17. Note that not all stations from the sections are shown,
nor is data included here for all stations shown. Bathymetry shown is 4500 m.

RESULTS

Because of the sample distribution, the WOCE Pacific Ocean AMS results are used primarily to
study upper ocean processes, whereas the LV samples are used to study deep and bottom water pro-
cesses. The upper ocean Al4C distribution is dominated by the influx of 14C generated by atmo-
spheric nuclear weapons tests during the 1960s. If one can differentiate the bomb 14C from the nat-
ural background component, then this information can be used to calibrate numerical global ocean
circulation models (e.g., Toggweiler, Dixon and Bryan 1989), to determine upwelling and ther-
mocline ventilation rates (e.g., Toggweiler, Dixon and Broecker 1991; Quay, Stuiver and Broecker
1983) and to estimate the transfer of CO, from the atmosphere to the ocean (e.g., Broecker and Peng
1974; Peng, Key and Ostlund 1996). An attempt to separate the bomb and natural components will
be the topic of future publications.
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Ostlund and Rooth (1990: Fig. 2) compared adjacent vertical sections of TTO (Transient Tracers in
the Ocean) and GEOSECS data for the North Atlantic Ocean. A different technique is used here to
compare WOCE section P17 to GEOSECS. Comparison of GEOSECS to P16 yields very similar
qualitative results and is therefore omitted. Unfortunately, it is impossible to assemble a reasonable
zonal AC section from GEOSECS data for the South Pacific. Therefore, the major features of
WOCE section P6 are simply described. Quantitative estimates for the Pacific will be carried out in
the near future once the entire WOCE Pacific 1C data set is available.

GEOSECS data is especially sparse in the eastern Pacific. In order to prepare the figures that follow,
the Pacific GEOSECS data from approximately the dateline eastward were considered representa-
tive of an average eastern Pacific section. This average GEOSECS section is then compared to
WOCE section P17 along 135°W. Property maps on density (or depth) surfaces for the Pacific
clearly indicate that the primary trend of the property isolines is east to west rather than north to
south, so the errors of this comparison should be reasonably small.

Figure 2 compares the surface A“C values from the eastern Pacific GEOSECS stations (0~100m
depth range, 1973-1974, stations 287, 290, 293, 296, 322, 320, 317, 326, 331, 334, 337, 343, 347,
214 and 217) and the WOCE P17 section (0~50m depth range) along 135°W (1991-1992). The
GEOSECS data includes samples collected from Gerard barrels and obtained by pumping. WOCE
section P17 contains data from five cruises: P17N, P17C, P16S17S, P16A17A and NOAA cruise

Delta C-14 (0/00)

O e GEOSECS
& — WOCEP17

T T T T T

60S 40 20 0 20 40N
Latitude
Fig. 2. Surface values from eastern Pacific GEOSECS section compared to WOCE section P17 data collected along 135°W.

The values in the temperate zones of both hemispheres have decreased while the values in the tropical and equatorial latitudes
have increased.
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CGC-91 leg 1 (see Key 1996 for cruise details). The GEOSECS data are simply connected by a dot-
ted line; a robust linear smoothing function was used to fit the WOCE data (solid line, data fraction
per fit = 0.15; Cleveland 1979; Chambers et al. 1983).

During the early 1970s, the maximum A4C values were almost always found in surface samples.
GEOSECS sampling was carried out shortly after the maximum in atmospheric AC concentration
in 1964-1965. At that time, air-sea gas exchange, forced by the large gradient between surface
waters and the atmosphere, was the primary factor controlling the upper ocean 14C concentration.
Twenty years later, when the WOCE section was collected, the atmospheric concentration had
dropped to ca. 25% of the 1965 maximum, and mixing and advection in the upper ocean had suffi-
cient time to redistribute the surface signal into the interior. In the eastern Pacific WOCE sections,
the maximum concentrations were frequently found below the surface at depths as great as 250 m.

The most obvious changes in surface concentration shown in Figure 2 are the mid-latitude decrease
and the low-latitude equatorial increase. The mid-latitude change is greater in the North Pacific than
in the South Pacific. At the time of GEOSECS, A!4C values as high as 205%0 were measured ca.
30°N (see also Broecker et al. 1985: Fig. 6). The highest North Pacific surface value measured on
P17 was 122%o at 25°N. During GEOSECS, the northern hemisphere mid-latitude surface values
were higher than similar latitudes in the southern hemisphere, reflecting the fact that most of the
atmospheric bomb testing was done in the north. This hemispheric difference is not apparent in the
P17 WOCE data.

The Southern Ocean surface values decreased between GEOSECS and WOCE. It is possible that
natural variations in the circumpolar circulation regime or differences in sampling location are
responsible for the difference. A more plausible explanation is that the 14C lost from the Southern
Ocean surface waters has been flushed into the subsurface South Pacific.

During GEOSECS, the low-latitude eastern Pacific had a surface AC concentration of ca. 50%o.
The concentration in this area increased to ca. 80%o by the time of the WOCE occupation. During
both surveys, the low-latitude surface minimum appears to be centered slightly south of the equator
(Fig. 2). Both the equatorial A1*C increase and the displacement of the minimum south of the equa-
tor are consistent with the circulation scenario proposed by Toggweiler, Dixon and Broecker (1991).
They argued that the low A4C equatorial surface waters originated as ~15°C water that had
upwelled off Peru and that the upwelled waters were, in turn, derived from the 11°~14°C thermostad
water of the Equatorial Undercurrent. At the time of GEOSECS the undercurrent waters had not yet
been contaminated by the bomb !4C signal, but this situation changed by the time of the WOCE sur-
vey. Obviously, the partial WOCE data set presented here cannot prove this scenario.

The easiest way to visualize relative changes in the subsurface 14C between GEOSECS and WOCE
is to compare profiles of stations from the same area. Figure 3 shows results from two stations from
each expedition. There are significant differences between the two GEOSECS profiles as well as
between the GEOSECS and WOCE profiles. On average, the WOCE profiles have higher A#C val-
ues down to a pressure of ca. 900 dB. The more northerly GEOSECS station (317) is significantly
lower than the WOCE profiles in the 500-800 dB range, whereas the more southerly GEOSECS sta-
tion is significantly lower in the 0~500 dB range. Overall, the differences are indicative of both the
addition of, and redistribution of, bomb 14C to the thermocline during the time interval separating
the expeditions.

Figure 4 summarizes subsurface changes between GEOSECS and WOCE for the entire eastern
Pacific. This section was prepared by individually gridding the eastern Pacific GEOSECS data
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Fig. 3. Comparison of two profiles each from GEOSECS and WOCE. Although there are significant latitudinal differences
in the GEOSECS stations, in general, the WOCE profiles ( ) are more uniform and have higher A14C values. All four sta-
tions are at ~130°W longitude.

(large dots) and the P17 data (small dots), then contouring the difference between the two gridded
sections. The gridded values were calculated with a loess function (Chambers and Hastie 1991,
Cleveland and Devlin 1988) using a smoothing parameter adjusted to compensate for the difference
in data density (0.1 for WOCE; 0.2 for GEOSECS).

In Figure 4, the near-surface waters repeat the trend illustrated in Figure 2: an increase around the
equator and decreases elsewhere. The decrease is larger in the northern gyre than in the southern, but
the 0%o isoline is at approximately the same depth. The equatorial near-surface increase extends
down to ca. 150 m. In the 150-250-m zone, the waters just south of the equator show an increase in
concentration, while those just north have generally decreased. A second zone of increased concen-
tration is located in the 300-500-m depth range at the equator. This patch appears to be centered
slightly north of the equator, but this offset may be an artifact of the GEOSECS sample locations and
the gridding procedure.

The most remarkable feature in Figure 4 is the overall asymmetry about the equator. At the depth of
mode and intermediate waters, A1C values in the southern subtropical gyre increased by as much as
75%o. The equivalent northern gyre waters showed a maximum increase of only 50%o and the aerial
extent is significantly smaller than in the south. The difference is due to the fact that in the south,
these density layers communicate freely with the circumpolar circulation regime (see Fig. 5). At the
time of GEOSECS, very little, if any, of the bomb signal had penetrated the intermediate waters of
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Fig. 4. Change in the A14C (WOCE P17 (-); eastern Pacific GEOSECS (e)) from 1973 to 1992.

the southern gyre. By the early 1990s the bomb signal had penetrated northward to at least 10°S. The
subtropical gyre intermediate waters in the North Pacific are not ventilated nearly so efficiently (see
Talley 1993 for a detailed description). The flow pathway of the intermediate and mode waters from
the circumpolar region into the subtropical gyre cannot be determined from the data now available.
However, one can strongly infer the connection between the circumpolar circulation and the gyre
ventilation by examining the WOCE data in density space rather than in depth space. Figure 5 shows
AC contours for samples collected in the upper kilometer of WOCE section P17 that had a potential
density (0p) between 23.5 and 27.4 kg liter~!. At the north end of the section only the 100%o and 50%o
A4C isolines intersect the ocean surface. At the southern end, contours at least as low as —50%o out-
crop. The fact that the 0%o and —50%o contours are essentially horizontal from the southern outcrop
to ca. 25°S latitude implies that these levels can be ventilated primarily by advection. The mean trend
of the deeper contours (—150%o to 0%o) is upward to the north. As in Figure 4, there is an asymmetry
about the equator. There is a distinct peak in the 50%0 and 0%o contours centered ca. 8-10°N. This
relative peak is present, but less pronounced in the deeper contours (-50%0 and -100%o) and is
shifted slightly further northward than in the overlying contours. This peak in the contours represents
a minimum in AXC caused by upwelling and advection processes around the equator.

The comparison between WOCE P17 and GEOSECS described above would have been essentially
the same if section P16 had been used. WOCE section P16 was a meridional section along ca.
152°W (Fig. 1). Sampling along this section involved 4 WOCE cruises: P16N, P16C, P16S17S and
P16A17A (see Key 1996 for details). As with section P17, AMS sampling on P16 was restricted pri-
marily to the upper water column and large-volume sampling was used for deep and bottom waters.



WOCE Pacific Ocean “C Program 431

24

Sigma Theta

26

Latitude

Fig. 5. A1C contours in potential density anomaly space (0,) for WOCE section P17. The heavy line represents the
ocean surface. A few values were clipped by the plot boundary (23.5 s 0 s 27.4) in the near-surface tropical waters,
but no additional contour lines would have been drawn had the points not been omitted. The northernmost station was
within 10 km of Kodiak Island, Alaska. The isopycnal surfaces having AMC values of 0 or less do not outcrop at the
north (at least at the time of year the samples were collected, May-June 1993).

Figure 6 shows the AMS results for section P16 contoured in potential density space. Data used in
preparing the figure were limited to samples collected at pressures < 1000 dB and potential densities
between 23.5 and 27.4 kg liter-1. The gridding technique was the same as for P17. One difference
between Figure 5 and Figure 6 is the apparent outcrop of the 0%o contour at the north end of P16. A
detailed comparison of P16 and P17 will be presented when all of the measurements from both sec-
tions have been completed (~75% of the samples collected are reported here). Initial investigation
indicates that the differences are consistent with the circulation described by Talley (1993).

WOCE section P6 (Fig. 1) was the first zonal section ever sampled for 14C. This section was made
up of three legs: P6E, P6C and P6W (see Key 1996 for details). Unlike most other Pacific WOCE
cruises, only AMS samples were collected, ca. 70% of which have been measured. Those results are
presented as a pressure section for the entire water column in Figure 7. The gridding technique was
the same as for the previous sections. The contours in the upper water column are relatively flat
except for a gentle eastward upslope for stations east of the dateline. This same trend exists in sec-
tions of other measured parameters (e.g., salinity, nutrients). The deep- and bottom-water contours
are significantly more interesting. Additional contours were added to Figure 7 at —175%o and —225%o
to help detail these features.
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Fig. 6. A1C contours for WOCE section P16 along ca. 152°W. The data used was limited to pressures < 1000 dB and
23.5 5 Op < 27.4. The heavy line is the ocean surface except near the equator where clipping eliminated a few data points.
The gridding method was the same as used for Figure 1.

One prominent feature is the wedge of relatively “young” water (AT4C = -175%o) at the seafloor
between 180°W and 140°W. This is water that originates around Antarctica, subsequently passes
through the Samoan Passage and eventually fills the abyssal North Pacific. Though not shown on
this figure, the youngest waters in this mass are found somewhat off the bottom and against the ridge
at the dateline. Two GEOSECS stations (241 & 251) sampled this water farther to the north, but the
extent is much better defined here.

A second feature of the deepwater is the tongue of relatively old water (A4C < -200%o) extending
westward from South America to ~175°E. This minimum was seen in both the eastern and western
GEOSECS sections; however, those data gave no indication of the shape or extent of the tongue.
What was totally missed by the GEOSECS sampling was the extreme minimum (A14C s -225%0) at
2000-2500 dB on the eastern side of the basin. Samples from a few WOCE stations very near the
continental slope of South America have not been measured, but we now expect this mass of old
water to extend to the slope. Toward the western end of this tongue (180°W-160°W), equally old
values were found (A14C = -225%0); however, these minima were smoothed out by the gridding pro-
cess. When contoured by hand, the western minima appear as discontinuous irregular blobs that are
generally along the same density horizon as the minimum at the eastern side of the tongue. The cur-
rent data set is insufficient to map the flow paths of these discrete minima to their origin; however,
the A4C values are sufficiently low that the water must be a mixture of deepwater from the North
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Fig. 7. AC on WOCE section P6 along ca. 32°S. Additional samples collected ca. 140°W and east of 80°W will even-
tually fill in the data gaps. The most important features to note are the relatively “young” (> -175%0) northward-flowing
bottom waters ca. 170°W and the relatively “old” southward-flowing deepwaters (< —225%o) at 2500 dB east of 85°W.

Pacific with deep South Pacific water. The implication is that there are two major return pathways
for North Pacific deepwater toward the circumpolar circulation regime.

A third, somewhat less prominent feature, is the near-bottom relative maximum (A4C = —=200%o0) on
the eastern flank of the East Pacific Rise (~100°W). In map view, this feature appears as a north-
ward-extending tongue. A similar tongue exists in maps of other properties (especially salinity).
Data from sections P18, P19 and S4P may provide more detail about this feature.

CONCLUSION

The first published AMS results for the WOCE 4C program clearly demonstrate the viability of this
technique for measuring open-ocean thermocline values. Early calculations have indicated that there
has been a 22% change in the bomb-produced AC inventory for the Northeast Pacific (Peng, Key
and Ostlund 1996). The figures presented here show that the changes in the Northeast Pacific have
been confined to the upper 200-300 m of the water column. In the Southeast Pacific, these same
isopleths have deepened by as much as 300 m, implying that changes in the bomb A4C inventory in
the South Pacific will be significantly greater than the 22% calculated for the North Pacific. In the
deep- and bottom-water results from section P6, two return pathways for North Pacific deepwater
are identified and the primary mass of northward-flowing water near the dateline is well delineated.
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APPENDIX I: DETAILED DESCRIPTION OF METHODS

Small-volume water samples collected for AMS 14C analysis were taken directly from 12-liter Niskin-type bot-
tles used on Rosette/CTD casts. The samples were drawn into 500-ml borosilicate glass bottles with ground
glass stoppers. The bottle was rinsed three times with sample water prior to filling (total rinse volume ~500 ml).
A small headspace was left in the bottle for expansion. After filling, the water sample was poisoned with 0.1
ml of saturated HgCl, solution. On some cruises, the air temperature in the sampling area was low enough that
a significant fraction of the HgCl, precipitated from the stock solution. In these cases, twice as much poison
was added. The ground glass joint was wiped dry, then lubricated with Apiezon M® prior to sealing. After
warming to room temperature, the bottles were wiped dry of condensation and the stopper further secured with
a large rubber band. The sample bottles were stored and shipped in insulated plastic cases. Once filled with
samples, each case was tied closed with an inventory list enclosed. The sample cases were always shipped via
surface transportation with special care taken to avoid freezing conditions. All of the AMS samples collected
by investigators in the U.S. are being analyzed at the National Ocean Sciences AMS Facility (NOSAMS) at
Woods Hole Oceanographic Institution.

When WOCE samples arrive at NOSAMS, they are inventoried, assigned a receipt number, and placed in an
analysis queue. Individual boxes of samples are transferred to the sample preparation laboratory, where the
samples are acidified and stripped of CO, on an automated preparation line according to the method described
in McNichol et al. (1994). CO, is extracted directly from the collection bottle after placing a stripping probe
into the bottle while both are in a Ny-filled glove bag. Acid is added by syringe through a septum and CO, is
stripped out by bubbling with N, gas on a glass vacuum line. The extracted, purified CO, is converted to a fil-
amentous carbon/Fe mixture (referred to as graphite) by a catalytic hydrogen reduction (McNichol et al. 1994;
Vogel et al. 1987). Prior to graphite reduction, a small portion of the CO, is removed for stable isotope analysis
on a VG Optima mass spectrometer. Target quality is checked by a variety of means (Osborne et al. 1994). To
introduce the samples to the AMS, the graphite is compressed to a target in an aluminum target holder using an
automated press. Forty-three WOCE targets are loaded onto one AMS sample wheel, with the remaining posi-
tions occupied by standards and blanks. Each target is analyzed in the accelerator for nine 5-min runs, and the
data are collected and analyzed according to published procedures (Schneider et al. 1995). Ca. 14% of the sam-
ples analyzed are standards or blanks.

As measurements are completed, NOSAMS submits quarterly data reports to the PI responsible for the sam-
ples. In addition to the A*C data, the reports contain measured values for total inorganic carbon (TCO,) and
813C. The TCO, and 8!C data are provided for quality control purposes. These TCO, measurements are not of
sufficient quality to be useful as an oceanographic measurement. High-precision carbon system measurements
were carried out, however, on all WOCE cruises on which #C samples were collected. The carbon measure-
ments were made as part of the Department of Energy sponsored Global Survey of CO, in the Ocean, which
was in turn a part of the National Science Foundation Joint Global Ocean Flux Study (JGOFS). These data will
be published elsewhere by the various PIs in that survey. The 8!3C measurements are sufficiently precise to be
useful for oceanographic work. All of the 813C results made as part of the AMS 14C program were done either
by NOSAMS or by P. Quay. As with the carbon system measurements, the 813C results will be reported else-
where.
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As part of the WOCE program, one or more “experts” is chosen to assure that the quality of each measurement
meets the WOCE standards. The end result is that each hydrographic measurement is assigned a quality control
flag. The WOCE quality control flag values relevant to the AC measurements are summarized in Table 1.
Interpretation of these flags is unambiguous except for values 3 and 4. The following approach was used to
assign these two flags:

* On a station-by-station basis, A14C was plotted against pressure. Any points not lying on a generally
“smooth” trend were noted.

o AMC was next plotted against silicate concentration (see Broecker et al. 1995 for rationale) and deviant
points noted. If a datum deviated from both the depth and silicate plots by more than twice the expected
error or ca. 10%, it was flagged 3. Any datum that was obviously very bad (> ca. 3 standard deviations
from the trend) was flagged 4. Flag values of 3 were occasionally degraded to 4 if other measured values
from the same Niskin bottle were also flagged 3 or 4.

* Wherever possible, data from depths > 1000 m were checked against GEOSECS data (Ostlund and Stuiver
1980).

o Whenever possible, crossover points from different cruises were checked against each other.

* Neighboring stations were always checked against each other.

* Vertical sections against depth were prepared and manually contoured. If a datum that had been noted in
the above steps, but not flagged 3 or 4, was also anomalous on the section plot, then that datum flag was
degraded from 2 to 3.

TABLE 1. WOCE Quality Control Flag Values for 14C Data
Flag value Meaning

Sample was collected
Nominal result
Questionable result

Bad result

No result reported

Result of replicate analysis
No sample collected

OCOAWNEWN=

This method is somewhat subjective. In general, the criteria used to judge the 1%C data were more lenient than
for other measurements because of the difficulty and expense involved (any samples known to be bad at the
time of collection were not analyzed or were at least noted on the sample collection sheets). All results, regard-
less of the final quality-control flag, have been left in the final reported data set so that anyone using the data
can override the original quality-control decision. It is our belief that more points are flagged 2 that should be
flagged 3 or 4 than vice versa. For replicate analyses (flag value 6), the value reported is the error-weighted
mean. The uncertainty reported with replicates is the larger of the error-weighted standard deviation of the
mean and the normal standard deviation.

When the WOCE Pacific sampling program began, NOSAMS was barely operational. The facility was planned
and built for high-precision routine analysis of seawater samples, but in 1991 their “routine” precision, ultimate
precision and real-world sample throughput were unknown. These were the primary reasons that the initial
WOCE AMS sampling was restricted to the upper portion of the water column where the AC gradients were
known to be relatively large. As the Pacific fieldwork progressed, NOSAMS demonstrated dramatic improve-
ment in sample precision. In early 1992 the precision at NOSAMS was 16%o. This uncertainty had decreased
to <6%o by early 1993. By January, 1996, the exponentially decreasing trend in estimated precision was asymp-
totically approaching ~2.5%o. This estimate includes components for counting, background and blank. A more
realistic estimate can be obtained by comparing the results from duplicate samples. A recent compilation of all
WOCE AMS replicates indicated a mean precision s 5%o. This estimate includes all error sources and should
be a reliable mean precision estimate for the individual analyses reported here. The specific reason for the dif-
ference between the calculated estimate and the replicate estimate is unknown, but must be due to sample col-
lection, sample storage or gas extraction.
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APPENDIX II: WOCE CRUISE DATA, SECTIONS P6, P16 AND P17

WOCE Cruises PGE, P6C, P6W
5/2/92 - 5/26/92, 5/30/92 - 6/7/92, 6/13/92 - 6/30/92
H. Bryden, M. McCartney, J. Toole

Station 17
Latitude 32.500°S Date 5/7/92
Longitude 76.002°W Bottom depth 4170
Pres. Temp. Si Al4Cc  Em

Cast Bot. (dB) ©C) Salt F (umol/kg) F ) (%) F OSNUM
1 36 10.1 17.848 34.071 2 0.00 2 7033 3.57 2 3684
1 35 27.0 17.849 34.070 2 000 2 8558 337 2 3683
1 34 52.5 17.954 34.160 2 0.00 2 6840 4.61 2 3682
1 33 773 13.147 34.043 2 000 2 9859 333 2 3980
1 32 1031 11.695 33.994 2 134 2 8185 3.50 2 3979
1 31 1312 11.120 34.152 2 517 2 7575 3.40 2 3978
1 30 1523 10443 34.191 2 6.68 2 6490 3.83 2 3681
1 29 203.0 10.884 34.556 2 20.69 2 -1.41 454 2 3669
1 28 2531 9.749 34520 2 2085 2 -1999 334 2 3668
1 27 3029 9.043 34518 2 2269 2 -4553 354 2 3667
1 26 4033 7.485 34436 2 22.03 2 -4564 343 2 3666
1 25 5022 6.362 34361 2 19.02 2 -37.71 294 2 3665
1 24 6026 5444 34294 2 1699 2 -4337 533 2 3686
1 23 707.8 4.786 34.290 2 2419 2 -7863 398 2 3664
1 22 8083 4.29 34326 2 3570 2 -9553 3.05 2 3663
1 21 808.3 4296 34.326 2 3569 2 NA NA 5
1 20 1007.9 3.736 34.438 2 6255 2 -162.84 270 2 3662
1 19 1007.9 3.736 34.440 2 6255 2 -15892 3.15 2 3685
1 18 1197.2 3321 34511 2 81.21 2 -19031 335 2 3684
1 17 11972 3.321 34.511 2 8155 2 -19451 433 2 3683
1 16 14039 2943 34.560 3 9488 2 -18793 278 2 3682
1 15 1499.1 2.814 34577 2 100.04 2 -211.60 3.50 2 3980
1 14 1600.7 2.682 34.589 2 103.87 2 -217.44 262 2 3978
1 13 1600.7 2.682 34.589 2 103.69 2 -21585 257 2 3979
1 12 17105 2.543 34.602 2 107.85 2 -200.21 521 2 3681
1 11 1906.2 2330 34.623 2 113.68 2 -196.76 6.43 2 3680
1 10 1906.2 2.330 34.622 2 113.50 2 -189.95 10.02 2 3679
1 9 2202.0 2241 34.630 2 115.00 2 -206.75 3.79 2 3678
1 8 22504 2.064 34.660 2 121.50 2 -233.77 1051 2 3673
1 7 27532 1.853 34.669 2 122.98 2 -22730 1762 2 3677
1 5 30079 1.800 34.675 2 12463 2 -21028 270 2 3676
1 3 3596.1 1.653 34.690 2 123.62 2 -206.16 4.21 2 3675
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Station 24
Latitude 32.500°S Date 5/10/92
Longitude 80.655°W Bottom depth 3920
Pres. Temp. Si Al4Cc  Em
Cast Bot. (B) ¢0) Salt F (umol/kg) F %) (%) F OSNUM
1 36 11.1 18711 34596 2 012 2 9442 3.14 2 3709
1 35 28.3 18.723 34596 2 0.13 2 10492 339 2 3708
1 34 53.8 18.720 34595 2 0.13 2 91.08 4.20 2 4160
1 33 83.3 14.825 34303 2 0.13 2 98.24 340 2 4158
1 32 1305 13.258 34.149 2 029 2 10038 342 2 4159
1 31 1494 12.662 34.153 2 064 2 96.01 430 2 4161
1 30 2094 10.630 34.137 2 212 2 10069 3.17 2 3707
1 29 2561 9.723 34282 2 742 2 56.22 10.54 2 3706
1 28 301.6 9.071 34379 2 13.05 2 2418 9.88 2 3705
1 27 3829 7.544 34395 2 1670 2 -1531 548 2 3704
1 26 453.8 6.474 34335 2 1422 2 -421 276 2 3703
1 25 5359 5.877 34307 2 1373 2 -2029 270 2 3702
1 24 6146 5322 34274 2 1456 2 -2202 323 2 3701
1 23 6589 5.106 34270 2 16.55 2 -3941 278 2 3700
1 22 7082 4.848 34273 2 2053 3 -5389 651 2 3699
1 21 7292 4758 34283 2 2070 2 -56.68 5.58 2 3687
1 20 8043 4.436 34310 2 31.14 2 -8869 296 2 3768
1 19 870.3 4.198 34353 2 4042 2 -12085 277 2 3724
1 18 918.6 4.089 34392 2 49.19 2 -14556 2.65 2 3723
1 17 982.8 3.889 34418 3 56.83 2 -151.38 331 2 3722
1 16 1071.0 3.694 34470 2 69.42 2 -169.86 243 2 3721
1 15 12135 3.331 34512 2 81.52 2 -184.28 236 2 3720
1 13 14195 3.003 34.561 2 95.62 2 -203.88 234 2 3718
1 12 16285 2.691 34599 4 103.42 2 -215.21 3.05 2 3717
1 11 1822.1 2450 34611 2 110.72 2 -21744 297 2 3716
1 9 22079 2.088 34645 2 118.04 2 -227.70 2.28 2 3715
1 8 2406.7 1.980 34.655 2 119.70 2 -232.51 227 2 3719
1 7 2560.7 1.914 34.665 2 121.20 2 -225.87 275 2 3714
1 5 3000.1 1.809 34.678 2 124.05 2 -224.17 268 2 3713
1 4 31572 1.777 34682 2 12440 2 -219.13 3.09 2 3712
1 2 3787.6 1.637 34.694 2 123.84 2 -195.08 3.21 2 3711
1 1 39624 1.634 34.695 2 123.93 2 -191.47 245 2 3710
Station 44
Latitude 32.503°S Date 5/16/92
Longitude 94.001°W Bottom depth 3935
Pres. Temp. Si Al4Cc  Em
Cast Bot. @B) (°O) Salt F (umol/kg) @) @) F OSNUM
1 36 9.5 18.160 34.541 2 022 2 10249 345 2 3782
1 35 21.2 18.165 34.540 2

022 2 116.10 495 2 4187
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Station 44 (continued)
Latitude 32.503°S Date 5/16/92
Longitude 94.001°W Bottom depth 3935
Pres. Temp. Si Al4Cc  Em
Cast Bot. @) () Salt F (umol/kg) F %) (%) F OSNUM
1 33 46.5 18.166 34.540 2 0.22 2 121.00 3.74 2 3781
1 31 76.4 16.774 34.591 2 0.22 2 11581 332 2 3804
1 30 97.3 15.247 34453 2 037 2 121.03 3.71 2 3780
1 29 1105 15.398 34.525 4 036 2 12446 375 2 3779
1 28 131.3 14.291 34326 2 036 2 112.08 3.72 2 3778
1 27 1505 13.847 34295 2 0.52 2 11834 4.01 2 3777
1 26 1774 13.338 34349 2 0.67 2 106.18 3.65 2 3776
1 25 201.8 12.374 34341 2 0.9 2 106.89 3.62 2 3775
1 24 249.8 10.789 34.291 2 1.60 2 9724 555 2 3774
1 23 3006 8701 34271 2 348 2 67.78 639 2 3773
1 22 3999 6.727 34305 2 7.07 2 25.56 2.81 2 3772
1 21 5025 6.088 34301 2 832 2 10.15 2.81 2 3771
1 20 6519 5443 34267 2 1097 2 -7.55 3.71 2 3770
1 19 7775 4.824 34260 2 17.83 2 -49.97 3.05 2 3798
1 18 8523 4491 34277 2 2424 2 -83.36 3.37 2 3797
1 17 9534 4.026 34317 2 3547 2 -118.57 2.89 2 3796
1 16 1101.2 3.551 34396 2 54.51 2 -141.51 3.21 2 3795
1 15 1205.1 3.343 34.463 2 68.86 2 -162.86 2.81 2 3794
1 14 1502.5 2.857 34.563 2 93.67 2 -197.05 332 2 3793
1 13 1601.8 2.660 34.579 2 97.73 2 -213.21 8.07 2 3792
1 12 1801.9 2.355 34.611 2 102.72 2 -213.31 267 2 3791
1 11 2002.8 2.152 34.631 2 107.24 2 -199.77 2.74 2 3790
1 10 2205.4 1.984 34.653 2 111.76 2 -199.18 3.25 2 3789
1 9 24019 1.858 34.670 2 115.03 2 -209.85 2.63 2 3788
1 8 2605.7 1.790 34.673 3 115.82 2 -213.11 3.27 2 3787
1 7 2808.1 1.761 34.685 2 117.69 2 -204.11 2.66 2 3786
1 6 3013.1 1.748 34.687 2 118.31 2 -208.58 2.67 2 3785
1 4 33946 1.747 34.691 2 119.40 2 -201.11 2.66 2 3784
1 3 3601.8 1.758 34.691 2 119.70 2 -197.87 237 2 3769
1 2 3802.7 1.771 34.692 2 119.70 2 -202.21 4.39 2 3783
Station 54
Latitude 32.499°S Date 5/19/92
Longitude 100.666°W Bottom depth 3523
Pres. Temp. Si Al%c  Em
Cast Bot. (n (o c;) Salt F oo olke) %) (B T OSNUM
1 36 12.8 19.645 35171 2 046 2 156.92 533 2 3944
1 34 573 19.637 35.176 2 046 2 156.15 5.18 2 3943
1 33 82.5 19.582 35.166 2 045 2 151.07 350 2 3942
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Station 54 (continued)
Latitude 32.499°S Date 5/19/92
Longitude 100.666°W Bottom depth 3523
Pres. Temp. Si Al4c  Em
Cast Bot. @) (°O Salt F (umol/kg) F @) (%) F OSNUM
1 31 1314 17.092 34955 2 0.45 2 159.74 3.67 2 3941
1 30 157.1 16370 34.845 2 045 2 14358 434 2 3940
1 29 205.1 15.440 34717 2 044 2 11446 359 2 3809
1 28 253.2 13.552 3454 2 093 2 11457 426 2 3808
1 27 303.7 10900 34.383 2 2.08 2 82.81 473 2 3807
1 26 3549 9.026 34.353 2 3.8 2 55.27 349 2 3806
1 25 4055 7.647 34319 2 552 2 16.82 5.57 2 3976
1 24 4548 6.867 34319 2 717 2 14.56 435 2 3805
1 23 5057 6.486 34323 2 7.81 2 539 3.78 2 3803
1 22 5556 6.180 34310 2 847 2 0.18 3.04 2 3802
1 21 6054 5931 34295 2 896 2 -4.21 367 2 3801
1 20 6574 5701 34282 2 978 2 -432 6.17 2 3800
1 19 7054 5503 34270 2 10.76 2 -12.09 3.51 2 3799
1 18 756.6 5.283 34261 2 12.40 2 -17.60 6.28 2 3960
1 17 805.8 5.085 34.258 2 1421 2 -35.17 280 2 3959
1 16 905.5 4.597 34272 2 2291 2 -76.28 3.15 2 3958
1 15 1006.5 4.050 34.323 2 36.70 2 -115.47 2.82 2 3957
1 14 11299 3.626 34.403 2 5492 2 -147.10 459 2 3956
1 13 12511 3.473 34467 2 70.19 2 -161.43 279 2 3955
1 12 13523 3.274 34513 2 80.21 2 -167.86 3.00 2 3954
1 11 14993 2942 34.547 2 89.73 2 -178.42 2.53 2 3953
1 10 1701.7 2.573 34.584 2 98.26 2 -188.55 2.47 2 3952
1 8 21008 2.065 34.645 2 108.91 2 -196.53 247 2 3951
1 7 2301.0 1.926 34.666 2 111.69 2 -196.60 2.47 2 3950
1 6 25044 1818 34.680 2 11497 2 -192.71 253 2 3949
1 5 27000 1.752 34.683 2 117.10 2 -188.32 249 2 3948
1 3 31012 1.728 34.690 2 118.07 2 -192.79 2.56 2 3947
1 2 33309 1.736 34.691 2 11839 2 -188.89 2.52 2 3946
1 1 3567.7 1.749 34.691 2 11839 2 -181.42 2.61 2 3945
Station 69
Latitude 32.500°S Date 5/23/92
Longitude 110.667°W Bottom depth 3005
Pres. Temp. Si Al4c  Em
Cast Bot. @B) (°C) Salt F (umol/kg) F %) (%) F OSNUM
1 36 12.0 18.971 34.749 2 000 2 117.59 3.29 2 3981
1 34 569 18913 34.745 2 0.17 2 12347 313 2 3967
1 32 1075 16.076 34.801 2 0.17 2 129.00 3.36 2 3966
1 31 1312 15.129 34.649 2 0.17 2 119.65 339 2 3965
1 28 206.6 12.946 34.539 2 0.68 2 11298 3.14 2 3964
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Station 69 (continued)

Latitude 32.500°S Date 5/23/92
Longitude 110.667°W Bottom depth 3005
Pres. Temp. Si A¥c  Em
Cast Bot. @B) (°C) Salt (umol/kg) F @) () F OSNUM
1 27 2552 10.607 34.419 2 1.53 2 88.48 4.13 2 3963
1 23 4568 6.975 34369 2 6.13 2 28.64 355 2 3961
1 21 5578 6.463 34350 2 732 2 15.01 524 2 3997
1 20 6083 6.280 34334 2 8.17 2 829 478 2 3996
1 19 6573 6.031 34328 2 9.19 2 -5.17 3.05 2 3995
1 18 707.8 5.801 34307 2 10.38 2 -15.87 4.12 2 3994
1 16 8074 5345 34284 2 1430 2 -4897 296 2 3993
1 15 9104 4.834 34.288 2 2094 2 -79.45 4.07 2 3992
1 14 1009.3 4.323 34318 2 30.14 2 -101.35 3.00 2 3991
1 13 11355 3.713 34.368 2 4547 2 -12737 3.26 2 3990
1 12 12114 3.452 34.408 2 53.64 2 -134.25 281 2 3989
1 10 14134 2927 34509 2 73.05 2 -168.99 3.03 2 3988
1 8 1692.5 2.385 34.597 2 92.29 2 -185.81 2.87 2 3987
1 6 2091.7 1.959 34.664 4 113.41 2 -209.37 4.47 2 3986
1 5 22952 1.840 34.664 2 118.87 2 -208.46 3.20 2 3985
1 4 24983 1.799 34.668 2 119.89 2 -213.77 2.718 2 3984
1 3 27040 1.781 34.673 2 120.23 2 -215.52 3.65 2 3983
1 1 3039.7 1.785 34.676 2 120.42 2 -203.85 290 2 3982
Station 85
Latitude 32.501°S Date 6/4/92
Longitude 119.992°W Bottom depth 3161
Pres. Temp. Si AY¥C  Em
Cast Bot. @B)  (°0) Salt F (umol/kg) F %) (%) F OSNUM
1 36 239 19.834 35.200 2 0.16 2 12431 9.65 2 4013
1 33 1224 17.588 35.158 2 0.07 2 119.78 432 2 4012
1 31 1827 15.829 35.087 2 033 2 11690 3.60 2 4011
1 30 2327 14.550 34.968 2 078 2 11648 4.75 2 4010
1 28 331.4 11.197 34672 2 2.17 2 80.84 6.95 2 4009
1 27 3823 9908 34.560 2 294 2 5897 5.02 2 4008
1 26 431.7 8.431 34446 2 4.04 2 5790 4.03 2 4007
1 25 4823 7.420 34378 2 561 2 2534 249 2 4006
1 24 562.2 6.714 34358 2 686 2 1249 564 2 4005
1 23 636.7 6.264 34332 2 796 2 -552 331 2 4004
1 20 8629 5.160 34.287 2 1588 2 -6557 3.18 2 4003
1 19 964.4 4.707 34301 2 2370 2 -83.50 452 2 4002
1 18 1063.9 4.202 34.327 2 3295 2 -10537 6.26 2 4001
1 16 1265.1 3.362 34.424 2 5578 2 -13931 2.83 2 4000
1 14 1469.8 2.841 34509 2 7235 2 -16820 2.72 2 3999
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Station 85 (continued)

Latitude 32.501°S Date 6/4/92
Longitude 119.992°W Bottom depth 3161
Pres. Temp. Si Al%c  Em
Cast Bot. (o (°c§ st Fooong T @) FOSNUM
1 12 1671.8 2.493 34578 2 87.79 2 -17731 298 2 3998
1 11 17721 2375 34.603 2 94.14 2 -185.04 323 2 4063
1 10 1873.4 2.224 34.625 2 102.25 2 -197.64 227 2 4062
1 9 20243 2.100 34.636 2 108.45 2 -203.84 223 2 4061
1 7 2327.0 1.926 34.654 2 115.55 2 -20821 3.00 2 4060
1 6 2480.5 1.826 34.661 2 119.50 2 -211.61 571 2 4059
1 4 2783.6 1.739 34.672 2 121.64 2 -209.42 253 2 3977
1 3 2959.8 1.723 34.674 2 121.59 2 -206.71 2.82 2 4015
1 2 31378 1.707 34681 2 122.50 2 -205.12 1232 2 4014
Station 100
Latitude 32.501°S Date 6/8/92
Longitude 130.001°W Bottom depth 4086
Pres. Temp. Si AlYc  Em
Cast Bot. (dB) C) Salt F (umol/kg) F %) (%) F OSNUM
1 35 17.8 19.485 35.264 2 0.21 2 140.04 3.67 2 4087
1 33 118.0 16.077 35.118 2 040 2 135.87 3.58 2 4086
1 31 1754 15.014 35.030 2 0.58 2 130.72 3.16 2 4085
1 29 250.4 13.059 34.896 2 1.64 2 107.40 3.01 2 4084
1 28 303.2 10931 34.705 2 270 2 83.63 3.23 2 4083
1 25 4474 7364 34409 2 570 2 40.64 280 2 4082
1 24 5227 6.827 34378 2 6.76 2 18.18 298 2 4081
1 23 598.1 6.476 34357 2 799 2 535 290 2 4080
1 22 669.3 6.186 34374 4 9.40 2 -14.08 450 2 4079
1 21 7419 5834 34325 3 11.51 2 -3253 462 2 4078
1 20 811.6 5.492 34304 2 1485 2 -50.81 3.79 2 4077
1 19 8856 5.129 34301 2 19.07 2 -63.21 3.74 2 4076
1 17 10829 4.104 34338 2 36.30 2 -106.01 3.73 2 4075
1 16 12303 3.473 34.401 2 51.41 2 -131.33 3.67 2 4074
1 15 13748 2.986 34.476 2 66.87 2 -153.11 4.05 2 4073
1 14 1580.4 2.545 34562 2 86.02 2 -173.17 236 2 4072
1 13 1782.6 2.305 34.607 2 99.37 2 -192.23 3,65 2 4095
1 11 2174.7 1.962 34.642 2 116.23 2 -209.24 291 2 4094
1 9 2565.1 1.774 34.663 2 121.14 2 -212.09 2.38 2 4093
1 8 2764.7 1.726 34.667 2 121.67 2 -205.53 4.42 2 4092
1 6 3168.5 1.631 34.676 2 122.19 2 -200.09 2.74 2 4091
1 5 33703 1.607 34.681 2 122.36 2 -203.51 265 2 4090
1 4 35755 1.577 34.684 2 122.01 2 -201.95 3.14 2 4089
1 2 39949 1.564 34.690 2 121.77 2 -197.98 2.38 2 4088
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Station 127
Latitude 32.501°S Date 6/19/92
Longitude 149.827°W Bottom depth 5088
Pres. Temp. Si Al4c  FErr

Cast Bot. (dB) 0 Salt F (umol/kg) F %) (%) F OSNUM
1 36 30.1 17.947 35332 2 043 2 11298 534 2 2461
1 34 1199 16.832 35418 2 071 2 123.19 368 2 2232
1 32 2184 14255 35.098 2 1.01 2 85.60 9.06 2 2260
1 30 3183 11.149 34.804 2 3.01 2 3730 5.03 2 2231
1 28 4175 8.686 34.559 2 487 2 30.00 5.51 2 1980
1 27 5189 17.510 34.452 2 573 2 588 725 2 2257
1 26 6161 6951 34405 2 717 2 -0.09 328 2 1979
1 25 7156 6.461 34364 2 9.02 2 -4764 622 2 2256
1 24 8176 5.899 34331 2 1261 2 -57.19 2385 6 1902,2144
1 23 9182 5285 34316 2 19.06 2 -84.45 7.05 6 1903,1952
1 22 10159 4.715 34325 2 27.08 2 -102.19 5.16 2 1904
1 21 11159 4.157 34348 2 3667 2 -12336 7.46 2 1905
1 20 13163 3.320 34.428 2 56.16 2 -149.29 339 6 1906,1951
1 19 1517.6 2.793 34.523 2 77.65 2 -170.11 3.38 2 2929
1 18 1725.0 2.452 34587 2 94.84 2 -204.73 10.56 2 1877
1 17 19313 2247 34621 2 107.00 2 -196.48 30.85 6 1907,2141
1 16 21349 2102 34.638 2 11403 2 -20333 247 2 1878
1 15 23377 1985 34.651 2 120.04 2 -23149 7.08 2 1876
1 14 2540.5 1.881 34.661 2 124.63 2 -22272 590 2 1879
1 13 27448 1.799 34.667 2 127.93 2 -230.94 5.47 6 1908,1949
1 12 2950.0 1.733 34.675 2 12821 2 -206.21 2.64 2 1880
1 11 3151.8 1.663 34.682 2 12736 2 -198.40 293 2 1881
1 10 3355.0 1.574 34.688 2 125.06 2 -212.14 6.58 2 1882
1 9 3557.5 1.480 34.695 2 12277 2 -20537 17.07 2 1883
1 8 3760.2 1.418 34.699 2 121.77 2 -209.08 870 2 2251
1 7 3966.1 1361 34.702 2 12120 2 -19596 3.17 2 2262
1 6 4168.4 1311 34703 2 120.48 2 -170.39 4.40 2 2238
1 5 4369.9 1.276 34.707 2 12020 2 -179.74 290 2 2237
1 4 4571.6 1.233 34709 2 11934 2 -179.15 4.14 2 2236
1 3 47759 1.202 34710 2 119.06 2 -166.70 2.96 2 2235
1 2 4978.6 1.162 34.712 2 119.20 2 -160.56 3.25 2 2234
1 1 5176.0 1.144 34.713 2 119.50 2 -163.00 2.60 2 2233
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Station 133
Latitude 32.503°S Date 6/20/92
Longitude 154.842°W Bottom depth 5007
Pres. Temp. Si Al%Cc  Em

Cast Bot. B) ©C) Salt F (umol/kg) F @) () F OSNUM
1 36 18.4 18.324 35.367 2 037 2 10032 6.48 2 2254

1 34 108.0 18.067 35311 2 037 2 13863 6.08 2 1997

1 33 1574 15451 35254 2 0.64 2 89.51 5.06 3 1996

1 32 208.0 14.246 35.119 2 1.06 2 11233 9.08 2 1994

1 31 2577 12.766 34.962 2 202 2 88.01 296 2 2044

1 29 3579 9.881 34.681 2 397 2 5585 2.74 2 2050

1 28 408.1 8.580 34.556 2 495 2 28.68 4.41 2 1998

1 27 509.0 7.726 34471 2 591 2 13.70 421 2 1471

1 26 6104 6.931 34402 2 744 2 -3.28 413 2 2020

1 23 9116 5.282 34319 2 19.13 2 -72.62 3.16 2 1469

1 22 1012.7 4.660 34328 2 2763 2 -92.18 311 2 1468

1 21 11622 3.867 34370 2 4240 2 -11830 3.05 2 1467

1 20 13156 3.334 34428 2 55.63 2 -126.09 2.99 2 1466

1 19 1466.7 2.878 34.512 2 7276 2 -165.80 3.03 2 1465

1 18 1617.3 2.616 34.569 2 87.38 2 -173.31 296 2 1464

1 17 1821.2 2349 34614 2 103.67 2 -197.95 281 2 1472

1 16 20234 2.183 34634 2 112.57 2 -195.14 2.86 2 1463

1 15 2227.6 2.053 34.646 2 120.51 2 -20691 2.85 2 1462

1 14 24313 1958 34.654 2 12497 2 -211.31 284 2 1461

1 12 28383 1.807 34.668 2 129.14 2 -209.16 2.83 2 1460

1 9 34495 1.604 34.692 2 123.97 2 -197.92 2.86 2 1459

1 8 36529 1.530 34.700 2 120.48 2 -187.04 247 2 2230

1 7 3858.0 1.456 34.709 2 116.99 2 -187.91 294 2 2228

1 6 4059.2 1363 34.710 2 116.71 2 -169.61 2.81 2 2227

1 5 4261.2 1.263 34.713 2 116.01 2 -179.15 2.77 2 1981

1 4 44683 1.189 34712 2 117.68 2 -167.01 2.15 2 2226

1 3 46753 1.158 34712 2 117.95 2 -191.91 4.61 3 2255

1 2 48810 1.124 34712 2 118.78 2 -174.12 511 2 2003

1 1 50923 1.140 34.717 4 118.92 2 -172.10 3.22 2 2229

Station 140
Latitude 32.495°S Date 6/23/92
Longitude 160.494°W Bottom depth 5521
Pres. Temp. Si Al4Cc  Em

Cast Bot. (dB) °C) Salt F (umol/kg) F (%) (%) F OSNUM
1 36 213 17.533 35421 2 042 2 111.06 3.58 2 1478

1 34 1117 17.069 35370 2 043 2 11743 382 2 1477

1 32 210.8 14.390 35.185 2 149 2 106.55 10.63 2 2004

1 31 3106 11.230 34.846 2 3.14 2 80.03 6.40 2 2022

1 30 4084 8829 34575 2 435 2 49.03 347 2 1475
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Station 140 (continued)

Latitude 32.495°S Date 6/23/92
Longitude 160.494°W Bottom depth 5521
Pres. Temp. Si Al4c  Em
Cast Bot. (ot (°c§) Sat F o ooke) F P F OSNUM
1 28 6123 7.146 34.427 2 691 2 1490 335 2 1474
1 27 711.7 6.732 34.388 2 826 2 -6.86 333 2 1473
1 26 8139 6.136 34347 2 1142 2 -4322 417 2 1691
1 24 1100.1 4.510 34.338 2 3125 2 -113.15 555 2 1690
1 22 14922 2917 34503 2 7179 2 -15583 4.89 2 1688
1 21 16942 2.571 34580 2 91.76 2 -17432 424 2 1687
1 20 1894.1 2.374 34.613 2 10393 2 -190.78 2.84 2 1686
1 19 2101.7 2.198 34632 2 114.15 2 -20856 3.55 2 1685
1 18 2304.8 2.080 34.645 2 120.17 2 -213.70 291 2 1684
1 17 2507.1 1.989 34.652 2 12438 2 -21996 7.52 2 1683
1 16 2709.1 1.913 34.659 2 12724 2 -21965 7.19 2 1682
1 15 2909.5 1.837 34.666 2 129.22 2 -23222 4.85 2 1821
1 14 3108.1 1759 34.674 2 129.07 2 -21897 3.07 2 1681
1 13 33132 1.691 34.684 2 12593 2 -21642 3.50 2 1680
1 12 35265 1.621 34.698 2 12023 2 -192.81 2.89 2 1679
1 11 3729.7 1.541 34.710 2 11438 2 -179.90 293 2 1678
1 10 3932.7 1.436 34.716 2 112.15 2 -169.03 291 2 1677
1 9 41339 1.317 34.717 2 11291 2 -16885 7.65 2 2002
1 8 43432 1.182 34.715 2 11592 2 -161.01 234 2 2049
1 7 45494 1.096 34.712 2 11849 2 -181.82 6.51 4 1995
1 6 4759.2 1.061 34710 2 120.01 2 -160.02 247 2 2048
1 5 49658 1.053 34.709 2 12091 2 -15579 253 2 2047
1 4 51732 1.066 34.708 2 121.08 2 -157.87 249 2 2046
1 3 53778 1.086 34.708 2 121.25 2 -15439 239 2 2045
1 1 5622.8 1.117 34709 2 120.87 2 -159.21 4.67 2 1993
Station 148
Latitude 32.500°S Date 6/25/92
Longitude 165.166°W Bottom depth 6329
Pres. Temp. Si A¥c  Em
Cast Bot. (dB) 0 Salt F (umol/kg) F %) (%) F OSNUM
1 35 63.2 16.574 35.380 2 061 2 102.05 5.63 2 1959
1 34 1133 15.286 35.306 2 091 2 103.15 6.15 2 1958
1 33 212.6 12.705 35.044 2 257 2 84.62 4.07 2 1957
1 32 4133 8799 34.585 2 498 2 3297 3.52 2 1956
1 31 5134 7.798 34.480 2 588 2 27.34 3.11 2 1963
1 30 613.7 7.098 34.419 2 694 2 10.55 3.02 2 1962
1 29 7145 6.535 34371 2 935 2 -33.67 432 2 1961
1 28 8152 5963 34338 2 1281 2 -42.81 4.64 2 1960
1 27 1017.8 4.902 34351 2 2841 2 -79.28 2.89 2 19222114
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Station 148 (continued)

Latitude 32.500°S Date 6/25/92
Longitude 165.166°W Bottom depth 6329
Pres. Temp. Si Al4c  Em

Cast Bot. (B) C) Salt F (umol/kg) @) (%) F OSNUM
1 26 1218.0 3.675 34.389 2 4733 2 -112.07 293 2 1921
1 25 1218.1 3.675 34.385 2 4568 2 -10791 2.92 2 1920
1 23 18145 2.428 34.606 2 102.23 2 -198.74 298 2 1926
1 22 20141 2268 34.626 2 111.38 2 -196.35 2.70 2 1925
1 21 23624 2.048 34.645 2 122.03 2 -224.54 534 6 1924,2145
1 20 2518.8 1975 34.652 2 125.19 2 -222.63 2.53 2 1954
1 19 2770.6 1.881 34.661 2 128.64 2 -230.75 3.35 2 2142
1 18 3023.9 1.790 34.672 2 129.25 2 -215.21 2.59 2 1913
1 17 32264 1.713 34.686 2 12460 2 -206.99 2.73 2 1912
1 16 3432.6 1.629 34.698 2 11995 2 -199.01 2.29 6 1911,1950
1 15 36369 1.541 34712 2 11395 2 -184.28 3.91 2 1910
1 13 3838.6 1.428 34.718 2 111.57 2 -177.91 343 2 2143
1 14 3838.6 1.428 34.717 2 111.86 2 -167.05 2.85 3 1915
1 12 4040.5 1.280 34.715 4 116.67 2 -155.83 2.72 4 1914
1 11 42929 1.120 34.710 4 119.82 2 -166.96 2.54 2 1784
1 9 47946 1.003 34.709 2 121.18 2 -164.10 2.88 2 1789
1 8 5049.1 1.009 34.707 2 121.63 2 -163.11 2.59 2 1788
1 7 52470 1.026 34.708 2 121.94 2 -162.55 233 2 1787
1 6 5457.6 1.051 34.706 2 121.94 2 -159.79 3.16 2 1786
1 5 56649 1.078 34.707 2 12194 2 -154.26 2.67 2 1785
1 3 6069.3 1.132 34.706 2 122.11 2 -153.06 3.38 2 1783
1 24 6458.8 1.187 34.706 2 12232 2 -161.93 3.67 2 1955
1 1 6459.0 1.187 34.707 2 12242 2 -152.57 2.58 2 1782

Station 157
Latitude 32.492°S Date 6/27/92
Longitude 169.845°W Bottom depth 5601
Pres. Temp. Si A¥Cc  Ermr

Cast Bot. (dB) °C) Salt F (wmol/kg) F %) (%) F OSNUM
1 36 18.2 16.690 35.515 2 -0.06 2 109.04 3.77 2 1704
1 34 107.0 16.089 35472 2 0.14 2 10276 3.77 2 1703
1 33 208.0 13.033 35.103 2 171 2 50.10 4.33 2 1702
1 32 3084 10.771 34816 2 362 2 47.14 9.86 2 1701
1 31 4068 8.710 34.591 2 536 2 51.96 7.22 2 1700
1 30 507.6 7.758 34.487 2 538 2 33.66 4.63 2 1699
1 29 607.2 7.187 34434 2 6.61 2 7.10 3.56 2 1698
1 28 7073 6.658 34.386 2 852 2 -21.07 7.38 6 1354,1697
1 27 8068 6.054 34347 2 12.14 2 -30.52 2.87 2 2193
1 26 907.4 5567 34341 2 18.17 2 -51.13 2.88 2 2192
1 25 1004.7 4.955 34345 2 2625 2 -95.18 5.03 2 2191



WOCE Pacific Ocean ¢ Program

Station 157 (continued)

Latitude 32.492°S Date 6/27/92
Longitude 169.845°W Bottom depth 5601
Pres. Temp. Si A¥Cc  Em

Cast Bot. @) (°C) Salt F (umol/kg) F @) (%) F OSNUM
1 24 1099.5 4.349 34356 2 35.02 2 -112.97 461 2 2223
1 22 1486.2 2.945 34513 2 7347 2 -179.86 6.31 2 2466
1 21 1687.2 2.572 34.585 2 9339 2 -223.46 499 2 2221
1 20 1889.2 2372 34.616 2 105.09 2 -191.96 6.11 3 2122
1 19 20929 2214 34.633 2 113.35 2 -208.72 3.54 2 2465
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