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JGOFS Southern Ocean Regional Synthesis Group1 Report

Bremerhaven 3-5 September 1998

U. Bathmann
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EXECUTIVE SUMMARY

International JGOFS sponsored a workshop on 3rd-5th September 1998 to bring together experts
working in the Southern Ocean to review the present status of knowledge, synthesize this
knowledge and prepare plans for future synthesis and modeling activities in this field of research.
The results of the workshop are reported here. The researchers presented data, information and
research plans for a large number of regional studies around Antarctica and also represent the
activities from the various nations involved. This information was then used to identify data
availability and gaps, devise a preliminary classification of areas for CO2 sink and source
regions. The workshop also considered further synthesis activities in terms of organizing
symposia and to prepare scientifically refereed publications of the synthesis.
The workshop addressed a series of important scientific results that were achieved during the
Southern Ocean JGOFS. Many of the relevant findings are reported here (Chapter 4), but
important open questions await still severe clarification. Among the workshop participants the
following points were raised which should attract further scientific attention:
• Reconciling conflicting estimates of SO primary production
• Balancing the contributions of short-chain food-webs and the microbial loop
• Defining conditions for consistent bloom formation in or at fronts
• Defining the conditions in which MIZ blooms arise, and how these may be linked to other
features such as fronts
• Assessing regional differences in the rates and importance of remineralisation
• Assessing the description of new and recycled production
• Assessing the likely effects of secular change on biogeochemical systems
The workshop has re-defined the original bio-geographical provinces in the SO as different
functional units within and among the geographical systems and has proposed an international
symposium in Brest, France in 2000.

1

Members of the SO-RSG: Bob Anderson, Ulrich Bathmann, Julie Hall, Mike Lucas, Julian
Priddle, Walker O. Smith, Paul Tréguer,
and invited experts: Gerhard Dieckmann, Inga Hense, Michiel Rutgers van der Loeff, Reiner
Schlitzer, Giorgio Socal, Ralph Timmermann, Dieter Wolf-Gladrow,
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OVERVIEW

2.1

GOAL OF THE WORKSHOP:

The Regional Synthesis Group needs to achieve two products during the workshop. First, there is
a requirement for a regional conceptual synthesis, which will be a specific output from the
programme and the first stage of the progress towards regional synthesis. Second, the group
needs to make specific input to the first JGOFS synthesis meeting, to be held in Southampton
UK in October 1998. The themes for this meeting form the framework for the JGOFS global
synthesis and are envisaged as the structure for two proposed JGOFS synthesis publications.
2.2

STRUCTURE OF THE WORKSHOP

We had three days for the SO-JGOFS workshop, which we structured to meet both of the JGOFS
themes requirements, and which leads logically on to the later part of the regional SO synthesis
process. We started with a conceptual synthesis based on regional presentations and we establish
an up-to-date picture of the biogeochemical provinces of the Southern Ocean, especially where
the SO-JGOFS programme has modified previous viewpoints. This part of the workshop had an
overview of the conceptual model put forward by Paul Tréguer and Guy Jacques, together with
an overview of the broad-scale distribution of carbon-dioxide source and sink regions. This
followed by presentations on regional studies ordered so as to follow the Tréguer-Jacques model.
The output fulfilled the following requirements:
• Compilation of regional synthesis for eventual publication
• Compilation of input to JGOFS themes
• Preparation of relevant information for the October 1998 JGOFS meeting
The regional synthesis also focused on the six questions, which form the framework of the
Southern Ocean study, and were developed originally based on the JGOFS Science Plan2 (1). To
encompass these, we have added further items after the JGOFS themes. To reiterate, the SOJGOFS questions, and their suggested relationship to the JGOFS themes, are as follows:
A. What role does the Southern Ocean play in the contemporary global carbon cycle? (JGOFS
themes 1, 2, 5, 8)
B. What controls the magnitude and variability of primary production and export production?
(JGOFS themes 2, 3, 6)
C. What are the major features of spatial and temporal variability in the physical and chemical
environments and key biotic factors? (JGOFS themes 1, 2, 3, 5, 6)
D. What is the effect of sea ice on carbon fluxes in and to the Southern Ocean? (JGOFS themes
1, 5, 7)
E. How has the role of the Southern Ocean changed in the past? (Not explicitly in JGOFS
themes)
E. How might this role change in the future? (JGOFS themes 10, 11)
The agenda of the workshop is provided as Appendix 1
2.3
ACTIVITIES
PARTICIPANTS

COLLECTED

PRIOR

TO

THE

MEETING

FROM

ALL

To achieve all products in the rather limited time given, all participants were asked to prepare
and to contribute the following information within 2 weeks before the workshop:
- Status reports on the national programmes by giving an update on the ongoing and planned
activities.
2

JGOFS Science Plan: JGOFS Report No. 5. August 1990, SCOR / ICSU. ISSN 1016-7331. 61pp.
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- Check the list of new terms of reference for the Southern Ocean synthesis phase.
- Check the data inventory provided on the JGOFS data management home page
(http://ads.smr.uib.no/jgofs/inventory/index.htm) and the location of the national databases.
- To bring an update of the national data inventory and an overview where the data are, if not
already incorporated in the JGOFS data management system.
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KEYNOTE ADDRESS

The workshop was opened by an overview talk.
3.1
SOUTHERN OCEAN FUNCTIONAL UNITS - OVERVIEW
Paul Tréguer, UMR CNRS
3.1.1 Introduction
The four major functional units of the Antarctic Ocean (Tréguer and Jacques 1992) were
introduced with a recap of their typical physical, chemical and biogeochemical features with
respect to the six major questions of SO-JGOFS. The respective area sizes for the units are
frontal area (STC, 3 Mill km2), POOZ 14 Mill km2, SIZ 16 Mill km2, CZSZ 0.9 Mill km2. It was
evaluated what new knowledge has been achieved since the start of SO-JGOFS in respect to
annual estimates of the CO2 sinks and sources, the modeling effort and the importance of the
frontal zones for CO2 flux. For the estimation of annual primary production the importance of the
frontal zone and Fe and Si as key chemical limiting factors were identified. In respect to export
production the decoupling between fluxes of C, N, and Si; the importance of the Polar Front
Zone, the role of the permanently open ocean (POOZ) and of the northern part of the SIZ has to
be re-considered. Also, of mass sedimentation and occurrence of the large grazers alter
magnitude and composition of export production. Concerning the debate of how productive the
Southern Ocean was in the past (Paleoproductivity) the evolving OPALEO perspective gives new
stimuli.
With respect to the six major questions of SO-JGOFS, what is new?
3.1.2 The CO2 sink: annual estimates; the modeling effort; the importance of the frontal
zones
Annual estimates:
- Tilbrook concluded in Brest (1995): 0.2-0.4 GtC a-1 (extrapolating pCO2 field measurements)
- Takahashi gave an estimate during the Knoxville (1998) meeting of 0.25 GtC a-1 (extrapolating
pCO2 field measurements; but the Australian and French data are non included; assumption of a
null net CO2 sink in the SIZ)
- Aumont stated in the Paris (1998) meeting: 0.25-0.42 GtC a-1 (3-D coupled OGCM-BGC
model).
3.1.3 The primary production
Annual estimates; the importance of the frontal zone; Fe and Si as key chemical limiting factors.
Annual estimates of carbon production for the SO south of the Sub-Antarctic Front (i.e.,
including the PFZ, the POOZ, the CCSZ):
- Smith (1991): 1.2 GtC a-1 (extrapolating 14C data)
- Mathot (1995): 1.9 GtC a-1 (extrapolating 14C data)
- Priddle (1998): 1.5 (annual nutrient deficit) -1.7 (top-down) GtC a-1
from CZCS data >50°S
- Antoine, Morel (1996) 1: 5.9 GtC a-1
3

- Longhurst et al. (1995) 1: 6.45 GtC a-1
- Arrigo et al. (1998): 4.4 GtC a-1
1
, revisited by Arrigo et al., 1998
Comment: it is now clear that estimates of PP based on the (rare) but corrected1 CZCS data in the
Southern Ocean give much higher values than the extrapolated 14C determinations. This might be
partly due to the surface of the study area: there is some confusion about what exactly the
« Southern Ocean » is. Since Jacques and Tréguer (1986) we use to distinguish between the
« Southern Ocean » (south of the northern border of the SubTropical Convergence, 76 Mill km2),
and the Antarctic Ocean (south of the Polar Front, 38 Mill km2). The « >50°S Southern Ocean »
of Arrigo et al. (1998) obviously comprises the Polar Front Zone. In numerous sectors the 50°S
line intersects the complex frontal zone delimited northwards by the STC and southward by the
Sub-Antarctic Front; these frontal areas are key zones for primary production and are affected by
large mesoscale variability. Thus, the new estimates of primary production (based on corrected
CZCS data) must be taken with care. Of course, the new and abundant SeaWiFS coming data
might give us on this important subject.
3.1.4 The four major functional units of the Antarctic Ocean (Tréguer and Jacques, 1992)
Units:

physics

chemistry

biology

PFZ
(3Mkm2)

very dynamical
ergoclines

high chlorophyll biomass
copepods?

POOZ
(14 Mkm2)
SIZ
(16 Mkm2)
CCSZ
(0.9 Mkm2)

deep wind-mixed layer

N and P gradient
low Si(OH)4
Fe?
high N and P
Si(OH)4 gradient
high N and P
Fe
nutrient limitation

seasonal ice-coverage
stratified waters
seasonal ice-coverage
stratified waters

oligotrophic
copepods, salps
productive?
krill
phaeocystis vs. diatoms
copepods

3.1.5 The export production
Annual estimate of carbon export production: first tentative from global inverse model
- Schlitzer (1998): 2.5 GtC a-1
Annual estimates of biogenic silica production:
- Leynaert et al. (1993): 17.5 (13-22) Tmol Si a-1 (south of the PF)
- Quéguiner et al. (1997): 27 (17-37) Tmol Si a-1 (including the PFZ): importance of the PFZ
Key points:
- the decoupling between C, N, and Si;
- the importance of the Polar Front Zone, of the POOZ and of the northern part of the SIZ;
- the role of mass sedimentation, and of the large grazers
The export pathways:
- the potential role of mass sedimentation
-Polar Front, Atlantic sector (Crawford, 1995)
-Polar Front and POOZ, Indian sector (Riaux-Gobin et al., 1997)
- the role of krill
- the annual production of krill ranges between 100 and 600 MT fresh weight (Voronina,
1998; Ross et al., 1998; Priddle et al., 1998) ;
- krill is able to graze 3-14% of the primary production attributable to diatom (Nelson et
al., in prep.)
- the role of salps
- the salps’ requirement for low food abundance appears to play a major role in
controlling their distribution and trophic importance.
4

- mutual exclusion between salps and krill
- eastern Weddell Sea (47°-60°S): during spring 1992, at individual stations, the
grazing impact of Salpa thompsonii ranged between 8 to 93% of primary production
(Dubischar et al., 1994; Dubischar and Bathmann, 1997).
3.1.6 Paleoproductivity
Was the biological pump of CO2 more or less active in the Southern Ocean during the last glacial
maximum than in the modern ocean? To ventilate this question, contradictory arguments have
been presented. Thus for a better reconstruction of paleoproductivity there is an absolute need to
study the processes that control the production, the transport, and the preservation of carbon,
nitrogen and silica from surface waters to sediments. This is the aim of the nascent international
OPALEO programme.
3.1.7 Conclusions
- The Southern Ocean (>50°S) accounts for 10-20% of the total marine CO2 sink; this
contribution might be significantly higher if we include the frontal zone. Models are becoming
available to evaluate the impact of global warming on the physical/biological pump of CO2 in the
SO (e.g. Sarmiento et al., 1998).
- Primary production: in spite the new estimates now available from CZCS data are to be taken
with care (e.g., Arrigo et al., 1998), it is clear, taking into account of the Polar Front Zone, the
primary production of the Southern Ocean might be over 4 GtC a-1, i.e. 2-4 times higher than
previous estimate from extrapolated 14C measurements.
- We do have a tentative estimate for the export production of carbon in the SO which suggest it
might be high compared to the rest of the world ocean.
- We do have evidence (1) a large part of the export production is due to siliceous material, and
(2) the export production of opal is rather high especially in the PFZ, the POOZ, and the northern
part of the SIZ (Rabouille et al., 1997).
- Reconstruction of the activity of the biological pump of CO2 during the last glacial maximum
using different paleoproxies gives contradictory results.
Finally, the distinction of « latitudinal » functional units proposed by Tréguer and Jacques (1992)
is still alive even if strong regional differences between the different sectors of the Southern
Ocean are evident (cf. recent SeaWiFS images). Contrary to what was expected the primary
production seems to be greatest (3.9 GtC a-1, Arrigo et al., 1998) in the pelagic province (i.e. in
the area between 50°S and the northernmost extent of the sea ice = the PFZ + the POOZ + the
part of the SIZ that is seasonally ice-free). Because of their small size, the marginal ice zone
(MIZ) and the coastal and continental shelf zone (CCSZ) accounts for only 9.5 and 1.8% of the
total primary production of the world ocean.
References:
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(coastal zone color scanner) chlorophyll. Global Biogeochemical Cycles, 10: 57-69.
Arrigo K.R., Worthen D., Schnell A., Lizotte M.P., 1998. Primary production in Southern Ocean waters. Journal of
Geophysical Research, 103: 15 587-15 600.
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l’Université Pierre et Marie Curie, 346 pp.
Crawford R.M., 1995. The role of sex in the sedimentation of a marine diatom bloom. Limnology and
Oceanography 40, 200-204.
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3.2
REVIEW OF THE SO BIO-GEOCHEMICAL FUNCTIONAL UNITS
During Tréguer’s presentation and later when discussing new production, there was some debate
about the magnitude of current ‘on the ground’ estimates versus the Southern Ocean contribution
to global estimates based on ocean color and regional production models. Some of the latter are
suggesting values that are of the order of 4 GtC a-1. It was concern that the implications of these
values have not been thought through thoroughly. In an earlier paper Priddle attempted to set
constraints on Southern Ocean primary production using both predator carbon demand and
observed values for nutrient drawdown (cf. Jennings et al.). He noted that ‘The overall consensus
from published data suggests that the average annual changes in concentration of Si(OH)4, PO4
and NO3 are 10-20, 0.5-0.75 and 5-10 mmol m-3 a-1 respectively’, and concluded that this was
compatible with the lower part of the range of estimates, viz. 1.5-2 GtC a-1. If we are going to get
excited about estimates that are double this, and then we need to be happy with the implications
for nutrient drawdown. Also, the comparison of the 4 independent models show very different
results about solubility pump and biological pump and there is an ongoing debate about the
proper use of proxies for export flux (sedimentation).
In summary, there is the need to re-evaluate the concept of defining the Southern Ocean
biogeochemical provinces. It has to be considered:
- to subdivide existing provinces.
- to investigate the regional variability in open ocean areas as they are not always clearly
decoupled from ice
- to examine specific physical mechanisms and regional differences in behavior of e.g. fronts or
the ice-edge
- to clarify the 3-D mesoscale physical forcing in ocean fronts
- to concentrate on SO-specific mechanisms (e.g. ice biota, large-grazers)
Reference:
Jennings J.C.Jr., Gordon L.I., Nelson D.M. (1984). Nutrient depletion indicates high primary productivity in the
Weddell Sea, Nature, 309, 51-54.
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4

WORKSHOP CONTRIBUTIONS

4.1

OPEN OCEAN SYSTEMS AND ISLANDS

4.1.1 The biological pump in the Indian Sector of the Southern Ocean
Paul Tréguer1, Philippe Pondaven1, Stéphane Blain1, Jacques Le Fèvre1, and Diana Ruiz-Pino2
1
2

UMR CNRS 6539, Institut Universitaire Européen de la Mer, Place Copernic, 29280 Plouzané, France
LPCM, Université Pierre et Marie Curie, 4 Place Jussieu, 75005 Paris, France

The objectives of the French contribution to Southern Ocean-JGOFS are to describe and model
the biological pump of CO2 in the Indian sector of the Southern Ocean. During SO-JGOFS Phase
I the French effort comprises: (1) development of 1-D, 3-D coupled physical-biogeochemical
models (the Brest and the Gif-sur-Yvette groups), (2) multi year time-series at the Kerfix station
(68°26E, 50°40S, Jeandel et al., 1998) and at two other sites during one year while instrumented
lines fitted with sediment traps were moored in the permanently open ocean zone (POOZ) and in
the seasonal ice zone (SIZ), and (3) process studies (ANTARES cruises performed aboard the
R.V. « Marion-Dufresne ») along a 62°E transect, and in the Crozet-Kerguelen surroundings.
From field observations, and from model outputs (after validation at the Kerfix site), the POOZ
of the Indian sector is a CO2 sink of about 9 µatm, due to biological pumping (Ruiz-Pino et al.,
in prep). Outputs of a 3-D global model, validated on pCO2 surface continuous measurements, give
an estimate of the austral atmospheric CO2 sink south of 50°S, of 0.2-0.4 GtC a-1 (Aumont,
1998). This fit well with Tillbrook’s (1995) value obtained by extrapolating pCO2 field
measurements. The export production has been estimated both for particulate organic carbon
(POC) and biogenic silica (BSi) using sediment traps attached to instrumented lines moored from
February 1994-February 1995 (P. Tréguer, pers. comm.). In the POOZ, the total mass flux
was 67.5 and 41.5 g m-2 a-1 at 1300m and 4000 m deep, respectively; the export material was
especially silica rich (70-74%) and the recorded biogenic silica fluxes (0.51-0.79 mol Si m-2 a-1)
were among the highest values ever reported for the world ocean abyssal domain. The total mass
fluxes for the SIZ were 3.03 to 4.77 g m-2 a-1, i.e. 9-22 times lower than for the POOZ, the
biogenic silica fluxes being among the lowest ever reported. Our data also evidence the high
preservation of biogenic silica during the vertical export, compared to particulate carbon. During
ANTARES 3 (October 1995), taking the Kerguelen archipelago as a Galapagos analogue, Blain
et al. (in prep) studied the distribution of iron in the north-east wake of the islands, where remote
sensing uses to evidence a positive gradient of chlorophyll a from offshore to coast. They
demonstrate the phytoplankton of offshore waters was more under control of the light-mixing
regime than of iron.
During SO-JGOFS Phase II the French effort will focus on (1) the ANTARES 4 cruise (Jan-Feb.
1999): a mesoscale process study in the frontal area between Crozet and Kerguelen archipelago
(Indian sector), (2) development of 3-D coupled physical-biogeochemical models, including Si
and Fe, (3) the organization of the final SO-JGOFS symposium, to be held in Brest, 9-12 July
2000.
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4.1.2 Islands in the Atlantic Ocean Sector
Julian Priddle, BAS
The review concentrates on the south-western part of the Atlantic Sector of the Southern Ocean,
and focuses on the northern Scotia Sea and especially the South Georgia region. Because there is
close coupling with the adjacent regions of the Antarctic Peninsula and the northern Weddell
Sea, consideration will be given to processes in these areas as well. In this respect, the northern
Scotia Sea is atypical of the open ocean zone sensu Tréguer and Jacques in some important ways.
First, although only rarely ice-covered the ecosystem and biogeochemical processes are strongly
influenced by sea ice cover in adjacent regions. Second, krill normally forms a major element of
the macrozooplankton, in contrast to the copepod-dominated community in most other open
ocean areas in the Southern Ocean. Third, there are interactions between the oceanic system and
neritic and island systems. Taking the South Georgia ecosystem as a case study, this
demonstrates the key characteristics of the northern Scotia Sea, but also includes some specific
local features such as the impact of land-based vertebrate predators, island hydrographic effects
and possible trace element fertilization.
The South Georgia Zone (SGZ 52-57°S, 32-41°W) is a survey area of about 150 000 km2
centered on South Georgia. The island lies on the Scotia Arc, which forms the northern, eastern
and western boundaries of the Scotia Sea and joins South America to the Antarctic Peninsula.
The Antarctic Polar Front (APF) is deflected northwards to the west of the island, and is steered
topographically along the southern and eastern flanks of the Maurice Ewing Bank to the
northwest of the island. ACC water dominates much of the SGZ. South of the island, the
southern boundary of the Antarctic Circumpolar Current (ACC) demarcates the boundary with
the northward-flowing current of the western Weddell Gyre. This boundary, commonly known as
the Weddell-Scotia Confluence, is deflected to the west along the northern side of the South
Georgia continental slope, bringing Weddell Sea influence to the northern part of the SGZ.
The SGZ has been studied extensively. In the 1920s-30s, it was the base for the Discovery
Investigations. Subsequent studies were more patchy until the start of the British Antarctic
Survey programme in the mid 1970s. Compilation of temperature and salinity data and
information on nutrient chemistry allows the construction of an annual cycle. Typically, surface
seawater temperatures around the island fall to around 1°C in winter and rise to 3-4°C in
summer. Winter nutrient concentrations are high - 2, 25 and 30-55 mmol m-3 for phosphate,
nitrate and silicate (ACC and Weddell Sea) respectively. Summer drawdown reduces these
values to 1.2, 20, and 5-25 mmol m-3 respectively. These annual nutrient deficits have been
converted to primary production values of 30-40 gC m-2 a-1, although these values probably
underestimate primary production rates because they make no allowance for summertime import
of nutrients into the system. Wintertime chlorophyll concentrations are around 0.3-mg m-3,
distributed uniformly over relatively deep mixed layers (ca. 75 m). In summer, phytoplankton
biomass distribution is extremely patchy in time and space, and may also vary markedly from
year to year. Peak biomass in blooms of large- and colonial-diatoms close to the island may
exceed 20 mg m-3, especially close to the coast and along the northern shelf-break. Productivity
in spring and summer varies with biomass, but is typically within the range 0.8-2 g C m-2 d-1.
Much of this production is concentrated in the larger size fractions, again following the trend for
the biomass. The few studies in the late summer-early autumn suggest that colonial diatoms
decline and Phaeocystis may appear in the phytoplankton population at this time. Under such
situations, nutrient drawdown may be extreme, with either or both of nitrate and silicate
concentrations at a few mmol m-3. In the few samples of winter phytoplankton, large diatoms
such as Thalassiothrix are conspicuous but there are probably larger amounts of nanoplankton. In
September-October, the fjords along the northern coast of South Georgia appear to be important
regions for the generation of diatom blooms that will then spread across the shelf regions.
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Despite high nitrate concentrations, much of the phytoplankton nitrogen uptake is recycled
material such as ammonium. The values of f-ratio in summer are typically less than 0.5.
Ammonium preference is typical of nanoplankton, whilst this is less so for the large diatoms. The
sources of reduced nitrogen are varied, and appear to play a key role in the regulation of primary
production in parts of the SGZ. Vertical profiles of nitrate, silicate and phosphate concentration
in summer show decrease from winter values in the mixed layer, followed by gradual increase
with depth. In contrast, the profiles of nitrite and ammonium show moderate to low levels
throughout the euphotic zone, but often a conspicuous peak (0.5 to >1.5 mmol m-3 for
ammonium) within the pycnocline. Below the pycnocline, concentrations fall off rapidly. It is
thought that the increased concentration in the pycnocline results from microbial remineralisation
of organic material sedimenting out of the euphotic zone. This pattern may be associated with
changes in the nitrogen content of particulate material. Data from a single cruise show that ratios
of particulate C:N appear to be close to Redfield proportions in the mixed layer, but may rise to
9-12 in material at 150 m depth. Very crude budget calculations based on these changes in
particulate C:N and on the vertical profile of ammonium concentration suggest that about 30% of
the N in particulate material are being remineralised as it passes through the pycnocline.
It is possible that macrozooplankton also play a role in sustaining the supply of reduced nitrogen.
In some years, the concentration of ammonium in the top 30 m of the water column (shallower
than the remineralisation zone in the pycnocline) exhibits diurnal concentration changes where
daytime levels are lower than night-time. This appears to be consistent with close coupling
between phytoplankton N-utilization and regeneration of ammonium by zooplankton excretion. It
is also clear that the large populations of land-breeding predators at South Georgia have major
local effects in nitrogen input. An assessment of excretion by animals at sea and on land for a
small but predator-rich zone suggests that land-based predators (i.e., those feeding young) are
bringing about 107 mol d-1 of zooplankton N from an area of about 3 x 104 km2 and releasing ca.
80% of it by excretion into a region of ca. 75 km2.
The low f-ratio values suggest that reduced nitrogen supply play an important role in fuelling
primary production. In this context, quantifying the processes that supply reduced N to the
phytoplankton becomes crucial to an understanding of the production system. In particular, it
implies a close feedback or coupling between grazers and phytoplankton under some conditions.
The grazing community appears to play an important role in determining the amount and form of
carbon export in the system. Although there is evidence that microzooplankton abundance is
comparable to other areas of the Southern Ocean, there is no published information that allows a
summary of the share of overall grazing. Krill is a dominant member of the metazoan
zooplankton community, and in most summers accounts for about half of the overall biomass of
around 12 g DM m-2. In years when krill biomass falls from its normal value of 6.5 g DM m-2 to
2 g DM m-2, copepod abundance appears to increase, with biomass of 7.6 g DM m-2 as opposed
to 3 g DM m-2 in normal years. The inverse correlation between krill and copepod biomass is
probably produced both by competition and by the predation of krill on copepods. The two states
of the metazooplankton community appear to have differing carbon demands. In krill years, the
carbon demand of the metazooplankton community has been estimated to be 0.35 g C m-2 d-1, of
which krill account for around 35%. In copepod years, the reduced biomass of krill is replaced by
smaller copepods with very high carbon turnover. This increases the estimated carbon demand
for the metazooplankton community to 1.45 g C m-2 d-1.
On this basis, it might be expected that phytoplankton biomass would be lower in copepod years
than in krill years. Based on the present set of observations, the opposite appears to be true. Krill
years are typically cold years, and in these years, summer nutrient concentrations tend to remain
high and phytoplankton biomass is low. The opposite applies to copepod years. Therefore, there
appears to be a conflict between estimated carbon demand (i.e. grazing pressure) on the one
hand, and phytoplankton abundance on the other. The only plausible explanation for the
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mismatch that is available at present is that copepod grazing is very low in winter, when most
species migrate to depths of several hundred meters where they overwinter. The re-appearance of
copepods in spring may occur after the spring bloom has become established. By contrast, there
is limited data from winter predator studies that krill may be present in surface water throughout
the winter. Thus, krill grazing may be sustained, suppressing bloom development. However, this
hypothesis needs to be tested and remains tentative at present. Interannual changes in krill
abundance bring profound alterations to the South Georgia ecosystem. In addition to the
interactions with other grazers, there are changes in nutrient recycling. The link between grazing
and nitrogen regeneration has already been noted. This interaction is manifested by the diurnal
variability in ammonium concentration in surface waters. Data for cruises where krill biomass
was low do not exhibit this form of variability, suggesting that krill plays a key role in
regeneration of nitrogen in this system.
The episodic decreases in krill abundance demonstrate the close linkage between the South
Georgia system and the Scotia Sea-Antarctic Peninsula region. Krill does not breed around South
Georgia, so that the population is dependent on recruitment from other areas, via advection
within the ACC. There is strong coherence of changes in the recruitment patterns in krill in the
Antarctic Peninsula regions and changes in population size, and possibly in length-frequency
characteristics, at South Georgia. In this way, the pelagic ecosystem around South Georgia is
being forced by environmental factors up current and at higher latitude. The key environmental
factor determining krill recruitment in the Antarctic Peninsula region is sea-ice extent and
distribution, so that South Georgia is in turn affected by the annual sea ice cycle even though it is
only very rarely that ice reaches the island.
South Georgia is also potentially important in its effects down current. Recent ocean color
imagery shows that the island may be surrounded by a region of high phytoplankton biomass,
relative to the adjacent zones of the northern Scotia Sea and the ACC. The generation of dense
blooms at the shelf edge may reflect a combination of physical and chemical conditions, and may
act as a seed population for the propagation of high phytoplankton biomass downstream. There is
limited evidence that such open ocean blooms may cause measurable nitrate depletion, and may
generate high carbon export through mass sedimentation.
4.1.3 Review of the estimate biological pump of CO2 at islands in the SO
4.1.3.1 The open Southern Ocean
The Southern Ocean south of 50°S contributes about 10-20 % to the global CO2 sink (0.2-0.9
GtC a-1) given an annual primary production of 1.5 - 2 GtC a-1 and which would lead to a
comparable export production seen in other ocean regions. However, the CO2 flux estimates are
based on CZCS data and field data (episodic); new SeaWiFS data suggest a much higher primary
production at least at some locations in the SO. In addition, if Longhurst data were included in
the calculations, the primary production would be much higher in the SO.
In addition, we found that the regional differences might be constrained by differences in
physical forcing and topographical conditions. E.g. if the STC is northern boundary of the SO
than in the Southern Atlantic the chlorophyll content is high whereas in the Southern Pacific it is
low, but strongly variable in time. This again might be an artifact due to the sparse CZCS data
coverage and, thus, we need sufficient calibrated SeaWiFS data with total SO coverage for a
series of years. The later statement is based on Mitchell new algorithms for satellite data, which
show that SeaWiFS data are probable more correct than those of the CZCS.
In summary models for CO2 flux into the SO show a sink with annual fluxes: In the entire SO:
0.9 GtC a-1 (±0.3 GtC a-1); in the Atlantic sector 0.47 GtC a-1 (± 0.2 GtC a-1); in the Indian sector
0.23 GtC a-1 (±0.17 GtC a-1); in the Pacific sector 0.17 GtC a-1 (± 0.22 GtC a-1).

10

4.1.3.2 Islands in the Southern Ocean
All island in the SO such as South Georgia south of the PFZ and Kerguelen Islands within the
PFZ have a very pronounced local impact on the CO2 flux in the SO and are very prominent
locations for high trophic level organisms (breeding ground). The geographical extend and the
number of islands in the SO, however, is rather limited. Nonetheless, records of high phytoplankton blooms are available which are sustained from very high NH4 and probably also high Fe
input. The blooms result in local drawdown of CO2 and Si. Open questions remain:
- What is the importance of island in the SO as seeding grounds for the biota?
- What effect would global warming and associated change in water mass transport have on
local biota, the associated bio-geochemical cycles of elements and the life cycle of specific
organisms for the SO?
- What role have islands in the SO as oasis for species from several trophic levels?
4.2

FRONTAL SYSTEMS

4.2.1 Subtropical Front in the Pacific Ocean
Julie Hall, NIWA
The Subtropical Front (STF) is a major oceanic front encircling the globe, at about the latitude of
southern New Zealand. It is the boundary between warm, saline, nutrient-poor subtropical waters
(STW) and cool, less-saline, nutrient-rich sub-Antarctic waters (SAW). Typically, the
background temperature gradient in the open ocean around New Zealand is about 5°C/1000 km,
but at the surface the STF is marked by a sharp temperature drop of 4-5°C over about 200 km.
Similarly salinity drops by about 1 PSU. Immediately to the east of New Zealand the Chatham
Rise, which rises to a depth of about 400 m, appears to constrain the latitudinal movement of the
STF, although satellite thermal images show the surface front is highly variable in strength with
meanders and eddies forming on many different scales.
Temporal and spatial variability of the physical structure of the water masses and frontal region
of the STF have been identified. Hydrographic surveys have established that the STF over the
rise is a well-defined thermohaline front. These surveys also indicate that the physical structure
of the front can vary over short times periods and distances (5 hours and 6 nautical miles,
respectively). Analysis of AVHRR imagery shows that the position of the front oscillates
seasonally north-south over the rise and exhibits considerable non-annual variability.
Heightened plankton production in the STF apparently sustains a higher net biological
production throughout the foodweb compared to the open ocean. This elevated production
appears to be driven by the mixing of high Fe low macronutrient ST waters with low Fe, high
macronutrient SA waters, thereby providing a supply of both micro-and macronutrients at the
STF.
Diatoms dominated the spring phytoplankton and there is circumstantial evidence of a spring
sedimentation event at the front. Thus, the STF is considered likely to be a major Southern
Hemisphere sink for atmospheric carbon dioxide into the ocean, and it has an important, but as of
today unmeasured, role in the global carbon cycle.
Size-fractionated phytoplankton standing stocks and primary production have been evaluated in
austral winter and spring, and represent the first size-fractionated primary production data to be
reported from the southern STF. Picophytoplankton (<2 µm) formed >30% of integrated
chlorophyll a and daily primary production in the major water masses in both seasons, except in
the frontal region where the 20-200 µm size class dominated. The total phytoplankton biomass
was higher in the frontal region than in adjacent water masses in winter and spring but was not
always so in summer. A spring bloom has also been observed in the STF. Interpretation of
whether or not there was accumulation of chlorophyll a in the various water types and seasons
appear to depend on microzooplankton grazing. Additional data on summer phytoplankton
photosynthetic parameters (quantum yield) from the STF region suggests that micro-nutrient11

limitation occurs during summer at least in SA water. The photochemical efficiency of
photosystem II (Fv/Fm) of cells in SA waters is low (0.3) indicating physiological stress.
Dissolved Fe (DFe) levels in surface SA waters were subnanomolar, and the molecular markers,
flavodoxin and ferredoxin, indicated that cells were iron-stressed. In contrast, Subtropical
Convergence (STC) and SubTropical (ST) waters had higher algal biomass/production levels,
particularly in spring. In these waters, DFe levels were > 1 nmol kg-1, there was little evidence of
Fe-stressed algal populations, and Fv/Fm approached 0.66 at the STC. In vitro Fe enrichment
incubations in SA waters resulted in a switch from flavodoxin expression to that of ferredoxin,
indicatives of the alleviation of Fe stress. Preliminary in vitro experiments have also been carried
out on Fe/light limitation and Fe/silicate co-limitation.
The microbial components have been shown to play a very important role in waters associated
with the STF. Bacterial carbon has been found to represent on average 13-43% of total
particulate carbon (< 200 µm), and bacterial production was on average 23% of primary
production at 10 m. Preliminary evidence suggests that the ecosystem is characterized by high
rates of recycling of biological material. It has been established that microzooplankton play a
pivotal role in control of phytoplankton biomass within the STF and associated water masses.
Microzooplankton graze a large proportion of phytoplankton production and may be responsible
for keeping the chlorophyll a biomass in check in most water types. Lower microzooplankton
grazing pressure in spring and an increased contribution of larger phytoplankton, particularly
diatoms, appears to be associated with the accumulation of phytoplankton in the STF. In contrast,
the mesozooplankton appeared to graze a very small proportion (< 1-4%) of the daily primary
production and appear to depend on carnivorous feeding. This suggests that mesozooplankton
predation may control microzooplankton biomass and that the transfer of carbon to higher
trophic levels is via the microzooplankton. The dominant position of Neocalanus tonsus, a large,
seasonally migrating copepod which comprised approximately 60% of all mesozooplankton dry
biomass in ST water in spring, indicates that the ecosystem turns over at a rate fast enough to
support this growing mesozooplankton population.
Initial data have been collected on sediment flux and pCO2 in the STF region. pCO2 data show
that the STF region east of New Zealand acts as a sink for atmospheric CO2. It is likely that CO2
flux in this zone is driven not only by physical processes, but also by biological processes
responsible for the creation and removal of organic matter from surface waters. Nevertheless,
despite marked differences in ecosystem community structure and functioning between water
types we have not yet been able to record differences in export flux either across water masses,
between stations or with increasing water depth. In addition, relatively low levels of chlorophyll
material were involved in active export flux although low amounts persisted at water depths of
300 to 500 m. The apparent disagreement between the pCO2 data and measured sediment flux
will be addressed by analysis of recently collected time-incremental sediment trap samples.
Benthic biomass over the rise has been quantified in order to obtain insight into benthic/pelagic
coupling. Macrobenthic infauna on the Rise is dominated numerically by polychaete worms and
differences in community composition between the north and south sides of the Rise have been
observed. The southern flank of the Rise has higher faunal densities with a predominance of
surface deposit feeders compared with the northern side. High organic fluxes have been
previously postulated to occur on the southern side; similarly, higher densities of meiobenthos.
4.2.2 Discussion about Subtropical Front in the Pacific Ocean
It was summarized that the STC off New Zealand is a narrow band with no seasonal fluctuations.
The subtropical waters experience 0.1 mg m-3 Chl. a with under very low Fe concentrations.
Despite these facts, the STC is a sink for CO2; and in sub-Antarctic waters, the primary
production is also iron limited and the <20µm fraction dominates. Zooplankton grazing is totally
dominated by microzooplankton (<200µm) and in all areas 78-118% of primary production is
being grazed and with high remineralisation. Mesozooplankton grazing is low and grazing on
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microzooplankton occurs. The export flux is <4% of primary production and <1% of chlorophyll
standing stock with a high level of recycling.
4.2.3 Antarctic Polar Frontal Region of the SW Pacific Sector of the Southern Ocean
Summary of U.S. JGOFS Antarctic Environment and Southern Ocean Process Study (AESOPS
Bob Anderson - Lamont-Doherty Earth Observatory
The field program of the U.S. JGOFS Southern Ocean study was carried out in two regions: one
in the Ross Sea, and the other in the frontal region of the SW Pacific sector of the Southern
ocean along a transect nominally at 170°W. This report covers the second region.
The frontal-region study encompassed the zone between 53°S and 66°S. Within this region, the
mean positions of the Antarctic Polar Front (APF) and of the South Antarctic Circumpolar
Current Front (SACCF) are at approximately 60.5°S and at 65°S, respectively. Upper
Circumpolar Deep Water, bearing maximum concentrations of nitrate and phosphate together
with minimum concentrations of dissolved oxygen, upwells to the surface within the region
between the APF and the SACCF. Sea ice reaches its maximum northward extent in this region
at about 62°S (more or less, varying from year to year).
The U.S. field program consisted of 11 cruises, beginning in August 1996, and coming to
completion in April 1998. Most of the process-related research in the frontal region was carried
out during the 1997-1998 field season on four cruises aboard the R/V ROGER REVELLE. This
series of cruises enabled investigators to study the full seasonal cycle of biogeochemical
processes, beginning with the initiation of the bloom during the transition from late winter to
early spring and continuing through the termination of the bloom associated with the transition
from summer into fall. Additional sampling along the 170°W transect from the R/VIB N. B.
PALMER provided information to characterize late winter conditions.
Time-series sediment traps deployed at five locations along the 170°W transect (53°S, 57°S,
60.5°S, 63°S and 66°S) were programmed to collect samples from November 1996 through
January 1998. Station work consisting of JGOFS core parameter measurements was conducted
near the location of each sediment trap mooring when ice conditions permitted, as well as at
higher resolution near the APF and at sites targeted for their immediate biogeochemical interest.
SeaSoar surveys were carried out during two cruises aboard the Revelle in grids encompassing
the APF with resolution sufficient to capture mesoscale features in the frontal structure.
Simultaneous underway measurements of nutrient concentrations and of CO2-system parameters
were made to assess the biogeochemical response to the hydrographic features revealed by the
SeaSoar survey. In addition to the gridded surveys of the APF, SeaSoar data were collected along
longer north-south sections both to the north and to the south (after ice retreat) of the APF.
Multiple jets within the ACC, as well as reversals in the mean zonal flow, were revealed by the
SeaSoar and companion ADCP data. Patterns of chlorophyll fluorescence measured by the
SeaSoar as well as surface pCO2 data showed a systematic biogeochemical response to the
strongly variable zonal flow between the principal fronts of the ACC.
Seasonal evolution of the phytoplankton bloom and of ensuing export fluxes was closely coupled
to changes in hydrography. Under winter conditions, the entire region, both under sea ice and to
the north, is characterized by deep mixed layers (generally greater than 100 m, and often in
excess of 200 m) and low phytoplankton biomass. Beginning in November, while mixed layers
remained deep and before significant melting of sea ice was observed, the first signs of a
seasonal increase in phytoplankton biomass were detected during a SeaSoar survey of the APF.
By early December, melting of sea ice reduced mixed layer depths between the APF and the
retreating ice edge to less than 20 m, while warming sea surface temperatures contributed to a
shoaling of the mixed layer throughout the region. Shoaling of the mixed layer was accompanied
by an increase in phytoplankton biomass. In December, the bloom encompassed the entire region
between the APF and the ice edge, at approximately 65°S, while elevated levels of chlorophyll
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were also observed north of the APF, up to 58°S. SeaWiFS images produced while the ship was
sampling the bloom showed that similar high concentrations of chlorophyll extended zonally
throughout the SW Pacific sector of the Southern Ocean. By January the sea ice had retreated
well to the south of the JGOFS transect. While mixed layers remained shallow throughout the
region, the bloom had dissipated near the APF, and maximum chlorophyll concentrations were
centered between 64°S and 67°S. Although sea surface temperatures remained at their maximum
values in February, increased wind forcing more than doubled the mixed layer depth, with an
ensuing loss of phytoplankton biomass (Figure 4.1). Incubation studies showed that the cells
remained healthy and growing at near their maximum rates; however, the abundance of
phytoplankton in the upper water column decreased, apparently in response to the deepening of
the mixed layer.
Export fluxes estimated by the 234Th method are not yet available. Fluxes collected by deep
moored sediment traps are in a preliminary state. At a nominal depth of 1000m, mean annual
fluxes of particulate matter ranged between 25 and 70 g m-2 a-1 at the four moorings between
66°S and 57°S, with the maximum flux collected at 63°S. Throughout this region biogenic opal
was the principal phase in sinking particle matter. At the northernmost site (53°S), the sinking
flux was much lower (~5 g m-2 a-1) and consisted predominantly of calcium carbonate.
An independent estimate of seasonal export can be derived from the consumption of dissolved
inorganic nutrients (Figure 4.2). Maximum nutrient consumption occurred south of the APF, in
the region where bloom conditions were sampled in December and January. With reference to
late winter conditions, by mid January the nitrate concentrations in the upper 40 m between 61°S
and 65°S had decreased by 8 - 10 micromoles/liter. The corresponding depletion of dissolved
silicic acid was 30 - 40 micromoles/liter. While some seasonal nutrient depletion could be
detected as deep as 80m, there was a very strong gradient in nutrient depletion near 40m,
associated with the seasonal pycnocline. Assuming Redfield stoichiometry, the seasonal
consumption of nitrate translates into a total CO2 consumption of 1.5 to 2.5 moles carbon /m2,
approximately an order of magnitude greater than the flux of particulate organic carbon collected
by the 1000-m sediment trap at 63°S, reflecting rapid recycling within the upper 1000m.
Preliminary results indicate that zooplankton grazing rates were adequate to consume all of the
POC produced during the bloom.
The southward progression of blooms following the retreating ice edge, supported by shallow
mixed layer depths, is suggestive of light limitation of phytoplankton growth. However, shipboard incubations further showed evidence for limitation by iron in waters south of the APF, and
Si limitation at stations north of the APF. The possibility of co-limitation by multiple factors
(light, Fe and Si) together with the implications for ecosystem structure and export flux will be
considered as time permits the results of the AESOPS study to be examined in greater detail.
Nutrient consumption was observed to deviate significantly from Redfield ratios, particularly
associated with the intense diatom bloom south of the APF. Within the region of maximum
dissolved Si consumption, an N/P uptake ratio of ~11 was observed, much lower than the
traditional Redfield ratio of ~16. Culture experiments suggest that a Si/NO3 uptake ratio of
approximately 1.0 would be anticipated for diatoms growing under conditions without nutrient
(micro or macro) limitation. In contrast to this expectation, in the region where maximum silica
consumption was observed, dissolved Si and nitrate were depleted at a Si/NO3 molar ratio in
excess of four. To some degree, this high consumption ratio reflects preferential recycling of N,
but shipboard incubations show that under the Fe-limited conditions in the region south of the
APF diatoms preferentially take up Si, and that this preference can be eliminated by addition of
Fe to the cultures. These findings are consistent with recent studies in other regions which show
that diatoms growing under Fe-limiting conditions take up dissolved Si and nitrate at a Si/N ratio
greater by a factor of two to three than that observed when growth is not limited by iron.
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Despite Fe-limiting conditions south of the APF, the diatom-dominated bloom reduced surfacewater pCO2 levels from late-winter values of approximately 420 ppm under sea ice to minimum
values of approximately 240 ppm under peak bloom conditions in January between 64°S and
65°S (Figure 4.3). Following the bloom, surface-water pCO2 values rose rapidly, so that by late
February the pCO2 levels throughout the entire region from 54°S to 66°S were close to
equilibrium with the atmosphere (approximately 355 ppm). The rapid rise of surface pCO2 levels
was largely the result of entrainment of deep water as the mixed layer deepened, while exchange
with the atmosphere was a minor contributing factor. While surface pCO2 values had returned to
near equilibrium with the atmosphere within the principal AESOPS study area in February, a
transit further south showed surface pCO2 values as low as 270 ppm between 70°S and 71°S. As
this region was not studied systematically by the AESOPS program, the reason for the pCO2
depletion in this region, as well as the duration of the feature, remains unknown. The extensive
suite of surface pCO2 data collected during the AESOPS program, as well as on intervening
cruises of opportunity in the SW Pacific sector of the Southern Ocean, will greatly enhance the
inventory of data with which to assess the net flux of CO2 between the atmosphere and the
Southern Ocean. This assessment, and the refinement of existing flux estimates, represents an
important component of the U.S. JGOFS Synthesis and Modeling Program.
4.2.4 Review of the APF in the Pacific Ocean
The workshop concluded that in the Pacific Ocean north of the Ross Sea, no clear distinctions of
the classical regimes have been observed. The PFZ is a borderline but no separate system and the
POOZ is poorly present. At 170°W three parallel fronts (Southern ACC Front at 65°S, APF at
60.5°S, SAF at 57°S) were found with an ice edge in late winter, retreating until February and the
Ross Sea opens. Thus, where fronts and sea-ice are very close we do not see a POOZ.
4.2.5 The fronts in the Indian Ocean...
...were reviewed by Tréguer’s opening talk.
Future studies are planned between the STC and the SAF in the Indian sector of the Pacific
Ocean. A mesoscale process study with a SeaSoar type system will measure the CO2 sink of that
region in January 1999. The study will include CARIOCA buoys, pCO2 measurements, T, S,
wind and a TOWYO system by operated by R. Pollard, SOC.

15

Figure 4.1. Results from the AESOPS transect along 170°W show a shallow mixed layer during the Summer
Process cruise (December, 1997) with high abundance of particulate organic carbon throughout the mixed layer, and
a tendency for maximum abundance to occur at the seasonal pycnocline. By the time of the Autumn Process cruise
(late February, 1998), the mixed layer had deepened substantially, and concentrations of POC were reduced.
Compliments of W. Gardner, Texas A&M University.
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Figure 4.2. Vertical sections showing seasonal consumption of dissolved nitrate and silicic acid along the AESOPS
transect at 170°W. Consumption is estimated as the difference between concentrations observed during late winter
(September-October) and those measured at the time of the peak phytoplankton bloom (January 1998). Figure from
S. O’Hara and R. Anderson, Lamont-Doherty Earth Observatory.
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Figure 4.3. Surface water pCO2 during seven transits of the AESOPS transect at 170°W. Late winter conditions
sampled during cruise NBP9708 showed surface waters near equilibrium with the atmosphere north of the APF
(~60.5°S), and then rising to ~420 ppm south of the northern edge of the sea ice (~63°S). Peak bloom conditions
were encountered during the Survey-II cruise (January, 1998), at which time surface water pCO2 was reduced to
values as low as 240 ppm within the zone of maximum nutrient consumption (roughly 62°S to 67°S), immediately
following a diatom bloom. Within this region, surface water pCO2 rose rapidly following the termination of the
bloom due, primarily, to entrainment of nutrient and CO2 - rich deep water as the mixed layer deepened. Surface
waters were nearly in equilibrium with the atmosphere in this zone at the time of the Autumn Process cruise (PII) in
late February, 1998. Figure compliments of S. Rubin and T. Takahashi, Lamont-Doherty Earth Observatory.

4.2.6 The Antarctic Polar Front in the Atlantic sector of the Southern Ocean
Ulrich Bathmann, AWI
Investigations of phytoplankton spring bloom development and its biogeochemical impacts in
different water masses of the Atlantic sector of the Antarctic Circumpolar Current were carried
out during two RV "POLARSTERN" cruises ANT X/6 (in 1992) and ANT XIII/2 (in 1996). Major
findings of the cruise ANT X/6 are published in DSR edited by Smetacek et al. (1997). For ANT
XIII/2 a special issue of DSR is currently in preparation. The process studies were performed
nearly in the same geographical region but striking differences in terms of chemical boundary
conditions and ecosystem structure resulted in quite contrasting scenarios for vertical particle
flux:
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4.2.6.1 The 1st scenario may be described as a ”bloom and bust” situation:
In the APF, three distinct phytoplankton blooms developed (Bathmann et al., 1997) which were
at least partially favored by the natural high concentrations of suspended iron (deBaar et al.,
1995). The dissolved iron possibly was transported in the waters in the APF with a yet stream
(Veth et al., 1997). These blooms heavily sank out of the surface ocean layers (Rutgers van der
Loeff et al., 1997). The blooms were composed by different algae species of which the sinking of
one (Fragelariopsis kerguelensis) not only transported organic matter but also silicate (opal)
during sinking (Bathmann et al., 1997). Zooplankton grazing in the area of the APF was less than
5 % of primary production.
South of the APF, in the southern ACC huge swarms of the aggregating form of Salpa
thompsonii exploited the phytoplankton with grazing rates well above area primary production
(Dubischar and Bathmann, 1997). Phytoplankton biomass was dominated by small auto- and
heterotrophic nanoplankter (Detmer and Bathmann, 1997); export of material from this system
due to sedimentation was very limited (Rutgers van der Loeff et al., 1997). So we postulate that
salp grazing in the southern ACC in spring was effectively structuring the pelagial towards a
highly retention system (Figure 4.4).

Figure 4.4: Conceptual models of two extreme organisational structures of pelagic ecosystems.
Left hand side: recycling system with low sedimentation output. Right hand side: export system with large sized
organisms creating high biomass bloom that result in high vertical flux (modified after Bathmann, 1996)

4.2.6.2 The 2nd scenario was characterized by a rather slow but steadily sinking (drizzling rain)
The conditions leading to accumulation of diatom biomass without resulting heavy sedimentation
were assessed by a systematic survey of the Polar Front using a towed, undulating instrument
package (SeaSoar) during a R/V POLARSTERN cruise in December 1995 / January 1996. The
diatom blooms comprised species with large, spiny cells or long chains (Thalassiothrix,
Chaetoceros, Pseudonitzschia) that are normally not eaten by small copepods. The measured
concentrations of biological available iron in the surface ocean were well below 0.5 nM (deBaar,
pers. comm.). We suggest that the dominance of heavily silicified, large diatoms is a result of the
low iron available.
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SeaSoar was also equipped with an Optical Plankton Counter that recorded particles larger than
0.5-mm size. A similar instrument was attached to a vertically hauled Multinet of 200micrometer mesh size to calibrate the data. Exceptionally high abundance of small copepods
(cyclopoids and calanoids smaller than 1 mm) coincided with high phytoplankton biomass
(above 1 mg chlorophyll/m3). Copepod densities averaged 12 individuals/l, which is well above
values normally found in more productive waters. Assuming phytoplankton as food source only,
copepod grazing pressure would account for 27 to 160 % of primary production. The large cells
appeared to have accumulated because the smaller, more vulnerable phytoplankton present in
lower concentrations were selectively removed by grazing. Heavy grazing pressure by small
copepods might have excluded other – non or less silicified - phytoplankton species and thus is
considered as a second effect favoring heavily silicified cells. These two biological mechanisms
should have considerable implications for biogeochemistry, in particular the silica cycle, of the
region.
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phytoplankton biomass and composition in major water masses of the Atlantic Sector of the Southern Ocean in
spring. Deep-Sea Res. II, 44:51-67
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relative contribution to algal biomass during spring in the Atlantic sector of the Southern Ocean. Deep-Sea Res. II,
44: 299-320
Dubischar, C.D. and Bathmann, U. V., 1997. Grazing impact of copepods and salps on phytoplankton in the Atlantic
sector of the Southern Ocean. Deep-Sea Res. II, 44: 415-433
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Smetacek, V., Bathmann, U.V., de Baar, H.J.W., Lochte K. and Rutgers van der Loeff, M.M., 1997. Ecology and
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4.2.7 Review of the APF in the Atlantic sector of the Southern Ocean
The question – Why is the phytoplankton biomass higher in the Polar Front than in the ambient
area? – might have more than one answer as for what controls phytoplankton blooms:
• Frontal dynamics lead to areas of intense upwelling linked to a shallow mixed layer and a
higher supply of nutrients in the euphotic zone.
• Swarm organisms like salps and krill, which are not present in the Antarctic Polar Front, may
limit the development of phytoplankton biomass in the southern area.
• Lower iron concentration in the southern area may limit the development of a phytoplankton
bloom. - An iron enrichment experiment as follow-up field activity after SO-JGOFS is
discussed at moment.
• In some regions, the fronts are constrained topographically and show enhanced biological
productivity (South Georgia, South Atlantic). In other regions, the areas between fronts are
suitable for enhanced production (mesoscale gyres; south Pacific Ocean sector).
Be believe that it not the community with the highest turnover rates (microbial network) but the
species which yielded most biomass (diatoms) had the greatest impact on export of C, N and Si
in parts of the Southern Ocean. This shall be considered in modeling of biogeochemical cycling
in the SO. Thus, publications of additional JGOFS cruise data are essential to achieve these
goals.
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4.2.8 Review session on frontal systems
One conspicuous feature of discussion was the apparent differences in bloom generation between
different parts of the same front - especially the APF. Mark Abbot, US AESOPS workshop, has
made speculation on the links between frontal dynamics and bloom development. There may also
be a contrast between areas where the APF is strongly constrained by topography and where it
exhibits much more mesoscale variability. An example of the former is the flow of the APF
along the southern side of the Maurice Ewing Bank, to the northwest of South Georgia. Here the
flow is topographically steered, and dense phytoplankton blooms have been observed
consistently to be associated with the front in January of at least four years (see also Whitehouse
et al. 1996).
In general, strong zonal differences occur between regions where fronts are strongly constrained
topographically, especially at the APF and SAF. These zonal differences are strong where
mesoscale variability dominates.
Reference
Whitehouse, M.J., Priddle, J., Trathan, P.N. and Brandon, M.A. 1996. Substantial open-ocean phytoplankton blooms
to the north of South Georgia, South Atlantic, during summer 1994. Marine Ecology Progress Series 140, 187-197.

4.3 ICE EDGE AND COASTAL SYSTEMS
4.3.1 Review of the SIZ and Coastal Zone systems in the Indian sector
In the SIZ of the Indian Ocean sector of the SO, pCO2 is depleted in summer. In addition, a deep
chlorophyll maximum occurs with 0.5 µg Chl a/l at 100-m depth. At such depths 0.1 to 5%
surface radiation allows a primary production of 55% surface values. Mechanisms explaining
DCM for February are still unknown (e.g. subduction or enhanced iron concentration at the base
of MLD and stimulating effect of warm deep water. At 63°S a mooring equipped with sediment
traps recorded 3 to 4 g MF gm-2 a-1. Only 10% of Si production are exported perhaps due to krill
grazing (Hauvespre et al.). The British STERNA expeditions recorded a DCM of 0.5 µg Chl a l-1
at 66°S (west of Antarctic Peninsula).
4.3.2 Ice edge and coastal systems in the Atlantic Ocean
Ulrich Bathmann, AWI
4.3.2.1 Marginal Sea Ice Zone (MIZ)
In the Marginal Sea Ice Zone (MIZ) at the northern border of the Weddell Gyre, deep water
mixing overrode the small potential effect of water column stabilization induced by melt water
from the sea ice (Bathmann et al., 1994). One major consequence was that phytoplankton
biomass accumulation (spring bloom at the ice edge) did not occur and probably was prolonged
until at least mid December (Lancelot et al., 2000).
4.3.2.2 Coastal systems in spring during ice melting
During austral spring, two different scenarios of how pelagic ecosystems are structured will be
discussed in the following. Under "normal" conditions sea ice cover decreases in the Coastal
Current (CC) on the north-eastern Weddell Sea shelves by slowly breaking up and gradual
melting. Bathmann et al. (1991) described five stages for the succession in pelagic system
structure during such a period: In the first stage (shortly before ice melting copepods dominated
and the small vertical flux was dominated by sinking copepod faecal pellets. Shortly after the
start of sea ice melting in beginning of January 1989, ice algal flux increased followed by sinking
of euphausiid pellets, indicating feeding of krill on released ice algae. The next peak in vertical
flux was attributed to phytoplankton with rather negative ? 13C values (-32‰) indicated the
pelagic origin of this material opposed to the more positive (-23‰ ? 13C) values of organic
material released by the ice. These phases of enhanced vertical flux encountered for a flux of
about 100 mg C m-2 d-1 (Bathmann et al., 1991). The three phases of high sedimentation were
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followed by low sedimentation of material dominated mainly by minipellets (detected by
microscopical observations) and probably produced by protozooplankters (e.g., radiolaria,
foraminifera; Nöthig and v. Bodungen, 1989). Thus, ice melting in spring on a continental shelf
in the eastern Weddell Sea may be linked to several phases in the pelagic, which extremes are the
regeneration system and the export system sensu Smetacek et al. (1990).
A complete different situation of spring plankton development under sea ice is reported for the
southeastern Weddell Sea in austral spring 1990/91. During this spring, sea ice melting was
much reduced in the Weddell Sea (Viehoff et al., 1994) and strong northeasterly winds forced the
remaining ice into the interior of the Weddell Sea. Within this compilation of sea ice, which was
strongly compressed and deformed, the research ice breaker POLARSTERN stuck for about 14 days
not being capable to move out (Bathmann et al., 1992). Primary production was very low in the
ice and in the surface waters of this area (< 100 mg C m-2; Gleitz et al., 1994). Microbial activity
was nearly as high as primary production but only in the sea ice and in melt water pools on top
and in-between the ice (Grossmann and Gleitz, 1993). The vertical particle flux measured with
sediment traps that were attached 4 and 50 m below the sea ice showed a decrease in vertical flux
of carbon and nitrogen as well as in chlorophyll with depth. The composition of the material
changed from ice algae (at 4 m) to krill faecal strings at 50 m indicating heavy krill grazing in the
upper 50 m water column directly under the ice (Gonzalez et al., 1994). Cyclopoid copepods (of
the genus Oncaea) probably where heavily feeding on these pellets, and reduced pellet sedimentation significantly where the numbers of cyclopoid copepods exceeded some 30 ind. m-3
(Gonzalez et al., 1994). In this scenario of low primary production but heavy sea ice coverage in
spring in the Southern Ocean, vertical particle flux was strongly controlled by zooplankton
grazing activity either on ice algae, on sinking algal material or on faecal matter.
4.3.2.3 Coastal systems in autumn during storms and ice formation
Here I concentrate only on one of the various scenarios from the literature for biomass pathways
at the end of the growing season in the Weddell Sea. Bathmann et al. (1992) report on high
phytoplankton accumulation (>4 mg Chl a m-3) in the Coastal Current (CC) over the shelves of
the Lazarev Sea (eastern Weddell Sea). This high phytoplankton biomass accumulated in the
absence of strong zooplankton grazing and under stable hydrographical conditions. One of the
numerous autumn storms eventually dispersed surface water and its plankton biomass to greater
water depth (shelf depth between 250 and 500 m in this area). One consequence was a
homogenous distribution of phytoplankton biomass throughout the entire water column with the
subsequent input of most of this phytoplankton biomass to the benthos (13 gC m-2 week-1;
Bathmann et al., ms). There, plankton biomass was buried and utilized partially by the infauna.
Partially the plankton material was further transported down slope the continental rise (F.
Riemann, pers. comm.).
In the upper water column, phytoplankton growth potential was still as high as during summer
(Gleitz et al., 1994) but ice formation also cleared the surface water from algae, which were
incorporated and concentrated in freshly forming sea ice (Grossmann and Gleitz, 1993). The
growth rates of these newly designed ice communities were equally high compared to the rates
measured from truly planktonic algae (Gleitz and Thomas, 1993).
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4.3.3 Pacific Ocean Sector
Walker O. Smith, VIMS & Julian Priddle, BAS, with additional information provided by
Alessandra Accornero, IUN
The field program of the U.S. JGOFS Southern Ocean study was carried out in two regions: one
in the Ross Sea, and the other in the frontal region of the SW Pacific sector of the Southern
Ocean along a transect nominally at 170°W. This report covers the first region.
The continental shelf region and ice-edge regions in the Pacific sector of the Southern Ocean
encompass the extremes in phytoplankton biomass and productivity. The Ross Sea continental
shelf, arguably is the most predictable phytoplankton bloom in the entire Antarctic; furthermore,
ice-edge systems extend all the way to 60°S during some years, and hence can overlap with other
systems such as frontal regions. Phytoplankton biomass undergoes seasonal cycles in nearly all
regimes, and it is a major objective of SO-JGOFS to understand the controls of phytoplankton
growth in the various subsystems of the Antarctic.
The Ross Sea continental shelf has a predictable seasonal cycle, and it was a major goal of
AESOPS to document the controls and fluxes of carbon within the temporal framework.
Phytoplankton growth is initiated in October under thin ice near the Ross Sea Ice Shelf (within
the Ross Sea polynya), becomes maximal in November and early December, and then markedly
decreases thereafter. Growth ceases in early March with the advent of deep vertical mixing and
ice formation. Biomass in the surface layer increases through early December to a seasonal
maximum, and then decreases throughout the summer. Depending on the location in question,
loss processes (either grazing and faecal pellet generation or aggregate formation and rapid
sinking) can be either continuous or episodic, and thus structure the summer biomass changes.
Bacterial production appears to be low throughout the year (when compared to temperate and
tropical regions), and zooplankton grazing is largely limited to areas dominated by diatoms.
The Ross Sea continental shelf generally can be divided into three sectors. The first is located
near the ice shelf and in the central polynya region. This sector is dominated by the colonial
haptophyte Phaeocystis antarctica, whereas the southwest region is dominated by large
accumulations of diatoms. The northern sector is a low biomass, diatom-dominated system that
has a much greater diversity than the other two. The predictable appearance of selected species is
of general interest to the JGOFS community, since community structure has a major (if not
dominant) control on vertical flux and carbon partitioning within food webs. The different
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community composition also gave rise to different biogeochemical ”imprints” in surface layers,
and this imprint is expected to remain throughout the growing season. Understanding the
mechanisms, which control community structure, remains an ambitious albeit elusive goal of
JGOFS.
The net annual production for the shelf can be estimated from the seasonal drawdown of
nutrients (primarily nitrate) and carbon dioxide. pCO2 concentrations approach extremely low
levels (ca. 106 ppm at one location on the shelf), indicative of extreme photosynthetic rates and
stable conditions. Estimates of net annual production are similar to those estimated previously,
but evidence for interannual variations exist in these data. Trace metals did not limit productivity
in spring, but in summer, the entire continental shelf showed severe limitation by iron. Iron also
influenced the elemental uptake ratios at various locations.
AESOPS except did not directly investigate ice-edge systems to the extent that they were
sampled in the frontal zone study. The effects of ice, and in particularly ice melt, are extremely
important in establishing stratification to allow phytoplankton to bloom. Conversely, the Ross
Sea continental shelf, which receives effects of melting ice during its seasonal melt back, has
strong stratification everywhere, and in order to relieve iron limitation, mesoscale processes are
necessary to bring iron from deeper water to the surface. AESOPS conducted pumping SeaSoar
surveys during the late spring and found extreme mesoscale variations in phytoplankton biomass.
These local biomass maxima are of uncertain origin, but it is possible they are a result of
variations in the iron-input rate (and irradiance field), which stimulate phytoplankton growth and
accumulation.
Vertical flux rates during AESOPS and the patterns of flux were enigmatic. Largest flux was
observed during mid-winter, a period at least two months after the reduction in surface layer biomass. This maximum was dominated by pteropods, and it remains unclear if this flux is representative of the entire Ross Sea or can be adequately ignored in the analysis of seasonal flux
patterns.
Although the AESOPS data have provided an excellent resolution of the temporal signal in
nutrients, stratification, carbon dioxide concentration, phytoplankton biomass, particulate matter,
bacterial concentrations, community composition, and dissolved organic matter, additional
questions remain to be addressed:
• the role of mesoscale features in surface layer bloom dynamics;
• the role of community composition on the fluxes of carbon from the surface layers;
• the magnitude of interannual variations in surface layer variables; and
• the interactions between iron, nutrients and irradiance.
Understanding these and other questions will allow for a fully understanding of coastal and iceedge systems and represents an important contribution to JGOFS goals and objectives.
In addition, in the Ross Sea, the Italian programme carried out sediment trap studies. Some
results from vertical flux of opal and organic carbon was summarized and presented at the Liège
colloquium in May 1998 by Alessandra Accornero. The compiled information from Ross Sea
flux studies is shown in the following graph:
More information about the data presented in the following Figure 4.5 is provided in the
following whereby the numbers refer to the references cited in the graph:
1) Dunbar R., Leventer A.R. & W.L. Stockton (1989) Biogenic Sedimentation In McMurdo Sound, Antarctica.
Marine Geology, 1989, 85: 155-179
Trap depth : 200-600 m (many traps); Collection interval : 13-24 days
2) Demaster D.J., Dunbar R., Gordon L.I., Leventer A.R., Morrison J.M., Nelson D.M., Nittrouer C.A. & W.O.
Smith (1992) Cycling and accumulation of biogenic silica and organic matter in high-latitude environments: The
Ross Sea. Oceanography, 5 (3), 146-153
Trap depths: 231 m, 719 m (=40 m above sea bed); Collection interval: days (short-term sedimentation pulses, time
scale of days”); Further information (not in the map):
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Daily BSi flux

(summer)

Annual BSi flux
Annual average Corg flux
Max Corg flux

(231 m): min 80-max 1500 mg m-2 d-1
(719 m): min 250-max 1650 mg m-2 d-1
(231 m): 56 g m-2 a-1
(719 m): 78 g m-2 a-1
(231 m): 5.1 g m-2 a-1
(719 m): 5.1 g m-2 a-1
(231 m): 180 mg m-2 d-1

3) Dunbar R.B., Mucciarone D.A. & A. Leventer (1991) Sediment-Trap Experiments: The Central and Western
Ross Sea, January and February 1990. Antarctic J. US: 26: 115-117
Trap depth: 231 m, 725 m (unclear if this is the same as Demaster et al., 1992); Collection interval: 2.5-4 days (but
flux data show 22.9 days)
Further information (not in the figure):
Daily BSi flux
(231 m): min 42-max 318 mg m-2 d-1
(725 m): 876 mg m-2 d-1 (22.9 days)
Daily Corg flux
(231 m): min 9.6-max 39.6 mg m-2 d-1
(725 m): 57.6 mg m-2 d-1 (22.9 days)
4) Langone L, Frignani M, Ravaioli M & C Bianchi (1998) Particle fluxes and biogeochemical processes in an area
influenced by seasonal retreat of the ice margin (northwestern Ross Sea, Antarctica). Poster Presented At the 30th
International Liege Colloquium on Ocean Hydrodynamics ”Hydrodynamical and Ecosystem Processes in Ice
Covered Seas of the Southern and Northern Hemispheres”, Liège, May 4-8, 1998
Trap depth: 211 m, 546 m (= 42 m above sea bed); Collection interval: 14-61 days (data in the map refer to 14-day
collection intervals); Further information (not in the map):
Daily TMF (summer)
(211 m): min 12.5-max 115 mg m-2 d-1
(546 m): min 25? -max 413 mg m-2 d-1
Annual TMF flux
(211 m): 3.93 g m-2 a-1
(546 m): 30 g m-2 a-1
Daily BSi flux (summer)
(211 m): min 5.5-max 64 mg m-2 d-1
(546 m): min 10? -max 141 mg m-2 d-1
Annual BSi flux
(211 m): 1.9 g m-2 a-1
(546 m): 11.5 g m-2 a-1
Daily Corg flux (summer)
(211 m): min 1.9-max 7.8 mg m-2 d-1
(546 m): min 1.5? -max 19 mg m-2 d-1
Annual Corg flux
(211 m): 0.35 g m-2 a-1
(546 m): 1.44 g m-2 a-1
5) Dunbar R.B., Mucciarone D.A. & A. Leventer (1991) Sediment-Trap Experiments: The Central and Western
Ross Sea, January and February 1990. Antarctic J. U. S., 1991, 26 (5): 115-117
Trap depth: 250 m (drifter); Collection interval: 11-30 hours
6) Accornero A, Picon P, Marino D, Razouls S & A Monaco (1998) SEASONALITY AND COMPOSITION OF
PARTICULATE FLUXES IN THE SOUTHERN ROSS SEA (ANTARCTICA). Paper Presented At the 30th
International Liège Colloquium on Ocean Hydrodynamics ” Hydrodynamical and Ecosystem Processes in Ice
Covered Seas of the Southern and Northern Hemispheres ”, Liege, May 4-8, 1998
Trap depth: 423 m (=180 m above sea bed); Collection interval: 15 days; Further information (not in the map)
Annual TMF flux 6.2 g m-2 a-1
7) Dunbar R.B., Mucciarone D.A. & A. Leventer (1991) Sediment-Trap Experiments: The Central and Western
Ross Sea, January and February 1990. Antarctic J. U. S., 1991, 26 (5): 115-117
Trap depth: 231 m (perhaps same data as in Demaster et al., 1992; Collection interval: 2.5-4 days (flux table
indicates 14 days?); Further information (not in the map):
Daily BSi flux
(231 m): min 12-max 72 mg m-2 d-1
Daily Corg flux
(231 m): min 6-max 37.2 mg m-2 d-1
8) Demaster D.J., Dunbar R., Gordon L.I., Leventer A.R., Morrison J.M., Nelson D.M., Nittrouer C.A. & W.O.
Smith (1992) Cycling and accumulation of biogenic silica and organic matter in high-latitude environments: The
Ross Sea. Oceanography, 5 (3), 146-153
Trap depth: 231 m, 519 m (=40 m above sea bed); Collection interval: days (unclear); Further information (not in the
map):
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(231 m): min 20-max 850 mg m-2 d-1
(519 m): min 10-max 500 mg m-2 d-1
Annual BSi flux
(231 m): 35 g m-2 a-1
(519 m): 24 g m-2 a-1
Annual average Corg flux
(231 m): 9.1 g m-2 a-1
(719 m): 5.1 g m-2 a-1
If fluxes in the papers cited above are given in mmol m-2 d-1, conversion has bee applied to obtain Corg in mg m-2 d-1
(factor 12; molecular weight; to obtain BSi; factor 60; molecular weight of SiO2) as no definition for ” biogenic
opal ” is given. Mortloch and Froelich (1989) thoroughly discuss this matter, making a difference between Biogenic
Silica = SiO2 (molecular weight 60) and Opal = SiO2 0.4 H2O (molecular weight 67).

Daily BSi flux

(summer)

Figure 4.5 Sedimentation fluxes in the Ross Sea
1. – Dunbar et al., 1989
2, 8. – DeMaster et al., 1992
3, 5, 7. – Dunbar et al., 1991
4. – Langone et al., 1998
6. – Accornero et al., 1998
(courtesy of A. Accornero, Ist. Meteorologia ed Oceanografia, IUN Naples, Italy)

The UK Sterna programme was designed to follow the development of the MIZ bloom in spring
in the Bellingshausen Sea. The study area at 80%W was selected as a region of apparently
uncomplicated ice-retreat, but subsequent examination of satellite data showed that the study site
had been ice-free before the first occupation, then became ice-covered again at the start of the
programme, before retreating rapidly again.
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A phytoplankton bloom was observed under ice, and this turned out to be a spatially consistent
feature even after the location had become ice-free. The bloom was associated with the southern
edge of a fast-flowing jet, which has now been identified as the southern boundary of the ACC
(Read et al., 2000; Orsi et al., 1993). The complex interactions between the ice, the front and the
bloom are the most important observation of the study, and the physical dynamics of the system
clearly differed from the classical model of Sullivan et al. (1988). This picture was clearly
complicated by the pattern of ice retreat. Calculations based on changes in salinity in the mixed
layer in comparison with the expected dilution due to ice melting suggested that ice advection
from the site had been more important than melting in situ as a mechanism of ice retreat.
Rates of primary production measured under the ice were low, and increased in proportion to
biomass along a transect through the bloom. Within the bloom, both biomass and production
were predominantly within the microplankton. Microzooplankton grazing accounted for a high
proportion of daily production. Calculation of a simple production and loss budget for the bloom
suggested that it was unlikely to be locally self-sustaining, and indicated that the bloom may have
been advected from further north and west where it could have developed earlier under ice-free
conditions.
The nitrogen nutrition of phytoplankton under the ice showed a strong dependence on urea,
which was present at moderately high concentrations. The source of this urea is uncertain, and
this in turn complicates the calculation of f-ratio. Nitrogen preference shifted to nitrate within the
bloom, and it was here where ammonium and nitrite production became significant.
4.3.4 Review of seasonal ice zones
In summary, it will be a challenge to determine of how much of the annual production is
exported (sedimented) in coastal systems and in the sea-ice zone. In the Atlantic sector of the SO,
the SIZ shows the lowest opal fluxes whereas these fluxes are highest in the Pacific sector when
coastal systems are considered. Thus, the question remains open: What are the mechanisms
causing these differences?
We should learn about:
- reasons for difference between diatom- and Phaeocystis-dominated areas,
- differences in physical forcing and meltwater stabilization
- N-nutrition
to understand the role of these specific regions for the CO2 flux in the SO. The next step toward a
regional synthesis will include data from the Australian and Japanese SO-JGOFS programmes.
Although high local pCO2 reduction is observed in open coastal areas without seasonal sea ice,
annual fluxes of CO2 are still unknown. The contribution of the ice biota to overall fluxes is
known only for a few areas. In the Ross Sea Phaeocystis blooms with biomasses of 2 gC m-2 and
diatoms blooms of similar magnitude co-occur in close proximity. As the Phaeocystis bloom
removed 20 µmol NO3 during the summer study - associated with N:Si uptake of about 1- and
subsequently was not grazed by zooplankton, most of the DOM sedimented in form of
Phaeocystis aggregates. As a result, the Ross Sea experiences a pronounced pCO2 sink of
<200µatm south of 75°S.
Nitrate uptake is very pronounced in autumn and no switch to ammonium uptake was observed;
thus, the concept of new vs. regenerative production might not help in this part of the world
ocean.
The outstanding problem in relation to ice edge blooms is determining whether a given MIZ environment will develop a classical bloom - associated with a very shallow, meltwater-stabilized
mixed layer. The key factors are the relative roles of in situ melting versus removal of ice by advection, together with potential for wind mixing to deepen any low-salinity mixed layer. For
several well-documented systems where there is good coverage of the physical environment in
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both time and space, it should be possible to examine the apparent change of surface salinity in
the UML in the MIZ. The salinity budget can be compared with actual or plausible values for the
salinity change derived from complete melting of ice. This could be used to derive simple indices
of the relative contribution of ice melt to the mixed layer salinity and depth (c.f. Whitehouse et
al. 1995). These could be compared with phytoplankton biomass and apparent nutrient deficits in
the MIZ ML.
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4.4 ROLE OF CONTINENTAL MARGINS
Julie Hall, NIWA & Walker O. Smith, VIMS
To date the Continental Margins of the Southern Ocean have not been considered as a separate
and consistent entity within the Southern Ocean. The Continental Margins are however areas of
high productivity in relation to the majority of the Southern Ocean. For example the Ross Sea
Region (see 4.4 Ice Edge and Coastal System: 4.4.1 Pacific Sector and 4.4.2 Atlantic Sector).
Another interesting issue is the contribution of plankton from a ”breeding” area, e.g., at the
Antarctic Peninsula as inoculate for plankton patches in downstream areas (e.g., South Georgia).
There are several key issues relating to the importance of the continental margins in the Southern
Ocean that require further attention to assist with the synthesis of carbon fluxes in the Southern
Ocean. This will need to be completed when data are available from a number of programmes in
the region including AESOPS and EASIZ. These issues are:
- potential for significant export fluxes off the shelf into the deep ocean,
- impact of cold water formation on export from the shelf regions,
- influence of food web structure in these regions on carbon export as they tend to be dominated
by krill populations and also can have significant numbers of top predators present,
- potential of Continental Margin regions to provide a seed population for planktonic
populations further off shore.
4.4.1 Review on Continental margins
There is undoubtedly an important local role of the marginal system in carbon export, but it is
accepted that overall this will be limited because of the small area. Special attention has to be the
Antarctic Peninsula, where very high primary production in some neritic habitats clearly plays an
important role in the regional system, including the provision of a food source for grazers. Bloom
seeding is an important property of the coastal zones. Heywood and Priddle (1987) showed that
phytoplankton captured by an eddy at the downcurrent end of the South Shetland Islands
probably originated as pulses released from sheltered neritic sites such as Gerlache Strait. The
most spectacular example of the importance of the export of coastal phytoplankton was the
dominance of the large neritic diatom Coscinodiscus bouvet over most of the Scotia Sea in part
of the 1930s (Priddle and Thomas 1989).
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4.5
SEA ICE
Gerhard Dieckmann, AWI
The seasonal sea ice cover plays a key role in governing physical, biological and biogeochemical
processes in the Southern Ocean (as discussed in detail in other chapters). Added to this, the sea
ice itself is an important component of the Southern Ocean system representing one of the largest
and dynamic ecosystems on earth.
Although the ecology, particularly micro-algal production of Antarctic sea ice is relatively well
studied, its contribution to the carbon cycle of the Southern Ocean and its importance as a food
source for higher trophic levels have been difficult to determine. High spatial and temporal variability as well methodological and logistic constraints have prevented reliable and accurate or
comprehensive estimates of the contribution by sea ice to the overall production in the Southern
Ocean.
Nevertheless several estimates of carbon production in sea ice, have been attempted: Legendre et
al. 1992, using existing estimates of daily production, proxy data and inference estimate an
annual production of 0.07 GtC a-1 for sea ice south of the 60° latitude.
More recently, Arrigo et al., 1997 using a one-dimensional model estimated the annual rate of
primary production within the Antarctic ice pack to be 0.0357 GtC a-1. Of this, first year ice
accounted for 75%, while almost 60% of the annual production took place between November,
when sea ice was at its maximal extent, and December when the rate of production per unit area
was at its peak. Furthermore, 50% of the production took place within the Weddell Sea.
The proportion of sea ice production relative to total primary production in the Southern Ocean is
difficult to assess due to varying estimates of ocean production as well as to differences in
defining limits of the Southern Ocean. Arrigo et al. 1997 estimate the contribution by sea ice to
be between 1 and 4% of the annual biogenic carbon production in the Southern Ocean, based on
ocean primary production estimates by Mathot et al. (1996) and Smith and Nelson (1986) of
between 0.98 to 3.62 GtC a-1. Compared to the ice covered ocean, including the marginal ice
zone, the proportion of sea ice production increases to between 9 and 25% of the 0.141 to 0.383
GtC a-1 estimated by Legendre et al. (1992) and Smith and Nelson (1986). Yet compared to a
recent revised estimate of 4.414 GtC a-1 for the oceanic primary production in the Southern
Ocean (Arrigo et al., 1998), the contribution by the sea ice is less than 1% of the production in
the Southern Ocean as a whole.
Despite the apparent agreement between estimates of primary production within sea ice
(Legendre et al. 1992, Arrigo et al. 1997, Mathot et al., 1996,) and with the fact that they are
likely to be underestimates, there are fundamental deficiencies in all. Both calculated and
modeled primary production is essentially derived from extremely little available data. Course
generalizations and assumptions on the snow depth, localization of micro-algal communities
within the ice, nutrient dynamics as well as the relative proportions of different ice categories are
evident. Thus the need to resolve primary production differences between various sea ice habitats
such as first year ice, multi-year ice and fast ice or between freeboard layer, infiltration as well as
sea ice /water interface is crucial to ultimately improve future estimates. One of the most
significant parameters, due to its effect on radiative transfer within ice on the one hand, and its
role in the subduction of ice floes on the other, is the extent and impact of snow cover.
Additional improvement of our understanding of the role of sea ice in the carbon dynamics of the
Southern ocean are expected through the refinement of existing models by coupling to sub
models e.g. radiative flux and to larger scale coupled ice ocean models. Higher resolution of the
depth dependant physical, geochemical and biological features and dynamics within sea ice and
underlying water column is required.
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4.6
REVIEW PRIMARY PRODUCTION
Mike Lucas, UCT
A summary of primary production data was presented which showed that a large amount of
‘standard’ measurements is available. However, little is published on new production. General
estimates suggest 1-2 GtC a-1. The model from Arrigo et al. (1999) suggests a production of 4.4
GtC a-1. The discussion concluded that the production estimates should include seasonality and
that it should be attempted to compare model results versus observations. The outstanding issues
include satellite estimates of biomass (or production). Province-specific models are needed to
resolve conflicts with observed data.
The N uptake issue was discussed considering light-mediated nitrate uptake and higher Ik for
nitrate compared to ammonium. It was also concluded that a depth-dependence exists of the fratio. It was felt that the interaction between Fe supply, light and mixing should be investigated
further.
Episodic events of high export-ratio of Si-NO3 uptake of approximately 3 in APF occur. A
comparison of uptake rates for nitrate and silicate suggests that silicate concentration may be
sub-optimal versus remaining nitrate - f-ratio (i.e. new production).
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4.7 COMMUNITY STRUCTURES INFLUENCING OCEAN BIO-GEOCHEMICAL
CYCLES
Ulrich Bathmann, AWI
For nearly all functional units in the SO, information is available how community structure
influences the role of a given regime in respect to its bio-geochemical functioning. As one
remarkable example is the report from Loeb et al. (1997) from the Antarctic Peninsula that the
dominance of salps vs. krill in summer is related to the extent of the sea-ice in winter and thus,
on the regional temperature signal over the years. Krill over-wintering is favored by great sea-ice
extend (probably the sea-ice being the hiding and grazing ground for the species) whereas open
water favors salp dominance early in the year. The later group then explores phytoplankton
stocks also early in the season.
One example how ocean chemistry alters community structure becomes obvious when
comparing the results of summer plankton blooms at the Antarctic Polar front in the Atlantic
sector of the SO (4.2.6). In a year of reasonable high supply by biological available dissolved
iron, fast growing diatoms developed followed by rapid mass sedimentation (deBaar et al. 1995).
In contrast, slow sinking heavily silicified diatoms dominated in a year of low Fe concentration
the phytoplankton biomass in the Polar Front, although reaching similar high biomass
concentrations. Thus, ocean chemistry determines (at least in part) nature and magnitude of the
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export (via sinking) of biogenic elements (Si and C) in the Southern Ocean and also probably in
other oceans (Falkowski et al. 1998).
In contrast to the Polar Front in the Atlantic sector, the APF in the Pacific sector exhibits
remarkable low biomass with increasing phytoplankton concentrations south to the front (4.2.3).
The differences (or similarities) in species composition, hydrography and micro- and
macronutrient concentration remains to be evaluated.
In the Ross Sea, several phytoplankton communities dominate adjacent areas in the same season
with differences in C:Si relationship (4.3.3). In the different communities, the transfer of carbon
from microbial web to large grazers is remarkably different, as is the fate of the phytoplankton
biomass in terms of sinking.
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4.7.1 Review of community structure
Obvious open questions arise when considering how community structure influences biogeochemical cycles in an ocean region. During the workshop the most striking different scenarios
were discussed and are summarized in the following:
We see:
- the dominating role of diatom species composition in sinking fluxes
- Phaeocystis impact on sinking and export to grazers
- a conceptual discrepancy of the microbial loop versus ‘classic’ food chain
- contrasts of rapid sedimentation versus gradual export,
- influence of zooplankton community composition on production and export
- variations in zooplankton community composition
- patchiness at different scales
- timing of events
- responses to environmental forcing
- influence of sea ice on community structures which in turn alter the biogeochemistry
- possible longer-term change
- a urgent need to translate information to models to test scenarios
4.8
WATER COLUMN REMINERALIZATION
Julian Priddle, BAS; Julie Hall, NIWA & Paul Tréguer, CNRS (JGOFS 4)
Remineralisation is a very important process, both in the context of changing the composition of
organic material within and below the euphotic zone, and in the feedback determining the resupply of nutrients. At present, there appear to be some unresolved inconsistencies, especially
relating to the role of heterotrophic microbiota. It is clear that biomass of both bacteria and other
heterotrophs is often comparable to those in other parts of the world ocean, but is not equally
obvious whether the activity of these organisms is linked closely to photoautotrophic production.
Early studies in the Southern Ocean suggested that there is commonly poor or slow coupling
between abundance, and more importantly activity, of bacterioplankton and the biomass and
production of phytoplankton. Some of the early studies that focused on biomass changes
(Mullins and Priddle, 1987; Lancelot et al., 1987) may have aliased other temporal and spatial
patterns, and so may have produced an unrealistic picture. However, in cases where activities
have been compared it is often the case that bacterial metabolic activity is not linked strongly to
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phytoplankton production. Size fractionated studies have suggested that the activity of bacteria
and other microheterotrophs may be closely coupled to the smaller size fractions within the
phytoplankton, but that the microheterotrophic community may respond sluggishly to biomass
changes and production in large-celled phytoplankton.
One implication of this lack of coupling would be a poor uptake of dissolved organic material
during the period of production. The interpretation of bacterial dynamics in early studies by
Lancelot et al. (1987) suggested a delayed response, such that bacterial biomass lagged
phytoplankton biomass by about 1-2 months. This would lead to an initial surplus of DOM,
which could then fuel bacterial production in the autumn and early winter if the DOM were
retained by the system and not exported. Indeed, the shift to a heterotrophic microbial community
at a point in the year where phytoplankton production declined would provide an alternate food
supply for large zooplankton (cf. Hewes et al. 1985).
The apparent poor coupling of microheterotrophic processes with primary production is,
however, not a consistent feature, and studies of other systems, and especially of nitrogen
remineralisation, suggest that coupling can be very close indeed. Rönner et al. (1983) suggested
that nitrogen might be recycled four times within the euphotic zone before being lost from the
system. This is certainly indicative of high microbial activity. A typical pattern observed in
samples from the South Georgia system is the association of high nitrogen recycling activity with
the pycnocline. Priddle et al. (1995) showed regular accumulation of ammonium and nitrite
within the pycnocline (50-80 m), and simultaneously show that the C:N ratio for particulate
material changed from near-Redfield in the euphotic zone to 9-12 at depths of ca. 150 m. This
suggests that nitrogen was being removed from sedimenting material in preference to carbon,
with a 30% excess of N-removal relative to C. This N-preference accords with earlier
observations (Azam et al., 1991) and comparable shifts in C:N ratio have been documented
elsewhere, including a second location in the Southern Ocean (Sambrotto et al. 1993).
As well as being indicative of high rates of microbial nitrogen cycling, these peaks of reduced
nitrogen in the pycnocline are potentially important in de-coupling the vertical transport of
particulate carbon and nitrogen at a depth where the nitrogen could be returned to the euphotic
zone. Upward mixing through internal waves or entrainment of pycnocline water through
deepening of the mixed layer could make microbially regenerated nitrogen available for further
phytoplankton growth.
Larger organisms my also play a key role in remineralisation, although the importance and scales
of these processes will vary considerably. Priddle et al. (1997) suggest that diurnal change in
ammonium concentration within the mixed layer are linked to zooplankton ammonium excretion,
and note that krill may play a key role in this process. Whitehouse et al. (unpublished) have estimated the role of land-breeding predators in re-locating zooplankton nitrogen, by feeding over a
wide area but concentrating their N-excretion in a smaller area. Such concentration can have
important implications for the generation of local phytoplankton blooms.
References
Azam F., Smith D. C. (1991) Bacterial influence on the variability in the ocean´s biogeochemical state: A
mechanistic view NATO ASI Ser. G27: 213-236
Hewes C. D., Holm-Hansen O., Sakshaug, E. (1985) Alternate carbon pathways at lower trophic levels in the
Antarctic food web. 277-283 Springer Verlag, Berlin Heidelberg New York. Siegfried, W. R.; Condy, P. R.; Laws,
R. M. (eds.) Antarctic nutrient cycles and food webs
Lancelot C., Billen G., Veth C., Becquevort S., Mathot S. (1991) Modelling carbon cycling through phytoplankton
and microbes in the Scotia-Weddell Sea area during sea ice retreat. Marine Chemistry 35: 305-324
Mullins, B.W. and Priddle, J. 1987. Relationships between bacteria and phytoplankton in the Bransfield Strait and
southern Drake Passage. Bulletin, British Antarctic Survey 76, 51-64
Priddle, J., Leakey, R., Symon, C., Whitehouse, M., Robins, D., Cripps, G., Murphy, E. and Owens, N. 1995.
Nutrient cycling by Antarctic marine microbial plankton. Marine Ecology Progress Series 116, 181-198

32

Priddle, J., Whitehouse, M.J., Atkinson, A., Brierley, A.S. and Murphy, E.J. 1997 Diurnal changes in near- surface
layer ammonium concentration - interplay between zooplankton and phytoplankton. Journal of Plankton Research,
19, 1305-1330.
Sambrotto, R.N., Savidge, G., Robinson, C., Boyd, P., Takahashi, T., Karl, D.M., Langdon, C., Chipman, D., Marra,
J., Codispoti, L. (1993). Elevated consumption of carbon relative to nitrogen in the surface ocean. Nature 363:
248-250.

4.8.1 Review of Water Column Remineralisation
The coupling of micro-heterotrophs to phytoplankton production is very week (bacteria specially)
in the Ross Sea. Despite, the N-recycling is high (NH4 >1µMol) at some locations (e.g. islands,
APF) leading to 4 times turnover before export (sedimentation). We also see a diurnal N-signal
due to microzooplankton grazing and a strongly coupled system to production (phytoplankton
growth) at Island locations. Therefore, it remains open:
- which situation is valid for which region of SO: Is the degree of coupling defined by the size
fraction of the biota and can it be tested with a model?
- the fate of the DOM: DOM concentrations are annual dynamic but constantly low: Can DOM
be ignored in modeling?
- whether DOM from sea ice material is a minor component for water column?
- whether non-Redfield export is specially linked to Si flux, and
- whether N-remineralisation in upper water column is stronger so that the C:N ratio increases
below MLD?
- whether reduced N recycles back into euphotic zone and is contributing to new production?
- what causes the different Si and NO3 patterns (concentrations, fronts) on a north-south gradient
in the SO: Are there different assimilation and remineralisation rates for both elements along
that line?
As a preliminary conclusion it may be stated: Do not apply fixed Redfield ratio in 3D-GCM.
4.9

LOCAL AIR-SEA CO2 EXCHANGE

4.9.1 Overview
Paul Tréguer, UMS CNRS
Early ocean models have indicated that the Southern Ocean serves as a sink for atmospheric CO2,
whilst atmospheric models indicated a source of about the same magnitude (2nd Symposium of
Biogeochemistry in the Southern Ocean, Brest, 1995). Today the extrapolation of pCO2
measurements suggests the SO to be a sink of 0.2 - 0.4 GtC a-1 (Tilbrook, Takahashi see 3.1 for
more details). The question remains open whether a shift from a source to a sink region occurred
in the recent geological history of the SO and whether such a shift is a response to possible
global warming. Sarmiento et al. (1998) have published a model which indicate a balance
between the physical and biological pump; Wolf-Gladrow´s et al. (in press) model give 0.9 GtC
a-1 sink for the SO. Thus, here the workshop sees one of the major issues to be tackled during the
SO-JGOFS synthesis phase.
4.9.2 Seasonal and Spatial Variation of Surface Water CO2 in the U.S. JGOFS Study Areas
in the Ross Sea and in the Vicinity of the 180° Meridian in the Southern Ocean
Taro Takahashi, Stephany Rubin and Colm Sweeney, Lamont-Doherty Earth Observatory
Over a period starting in December 1994, and ending in March 1998, we have determined the
spatial and seasonal variabilities of surface water pCO2 in the U. S. JGOFS study areas located in
the Ross Sea and in the vicinity of the 180° meridian between about 50°S and 72°S in the Pacific
sector of the Southern Ocean. The data show the seasonal variability and regional differences in
the magnitude of pCO2 drawdowns (and the intensity of net primary productivity) in the study
area. Since changes in pCO2 are a measure of net photosynthesis, the data are useful for relating
changes in water chemistry with biological production. These data have been presented to the
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U.S. investigators during the AESOP/JGOFS workshop held in Knoxville, TN, in June 16-20,
1998, and we wish to share the data with the German and other European JGOFS colleagues, so
that our information may contribute to designing their future expeditions.
1) The surface water pCO2 values are close to the atmospheric pCO2 of about 360 µatm and
exhibit small variations in space and time in the open ocean areas north of the polar front located
at about 61°S (Figure 4.6). The seasonal amplitude of surface water pCO2 values is small (less
than 40 µatm) suggests that the effect of CO2 drawdown by primary production exceeds the
effect of warming on pCO2. The small seasonal amplitude of surface water pCO2 also suggests
that the convective mixing of deep waters is weak.
2) In contrast to the areas north of the polar front, the areas south of it exhibit large space and
time variabilities in surface water pCO2. The pCO2 values represented by November 1997 data
are about 60 µatm above the atmospheric value of 360 µatm, indicating that the surface waters
are 17% supersaturated with respect to the atmospheric CO2. This is a result of upwelling of deep
waters rich in respiratory CO2. The latitude at which pCO2 values start to increase coincides
roughly with that for the northern limit of sea ice fields. The seasonal amplitude of pCO2 is about
180 µatm (an equivalent of about 70 µmol/kg change in the total CO2 concentration), about 4.5
times as large as that observed in the areas north of the polar front. Spatial variability is also
large, and the variability observed within the Ross Sea gyre is different from that outside of it.

Figure 4.6 shows a series of surface water pCO2 data obtained along the 180° (+/- 10°) meridian between New
Zealand and Ross Sea during a period November 5, 1997, through March 16, 1998.

The November 1997, data are similar to those obtained in September 1996, between 45°S and
64°S (the northern limit of ice fields) along the 180° meridian. This suggests that the November
data represent pCO2 distribution during austral summer months. The following observations are
made.
34

3) Photosynthetic drawdowns of pCO2 started sometime after November 14, 1997, and the
maximum drawdown was observed during January 11-16, 1998, in the areas north of about 67°S.
The four transects made in January 1998, in the area between 60°S and 67°S indicate that the
pCO2 values increased to half way to the atmospheric value by the end of January. The FebruaryMarch transects show that pCO2 increased further to the atmospheric value by early March. Our
April 28-May 10, 1997, data (not shown in Figure 4.6) indicate that the surface water pCO2
values returned nearly to the winter values of about 420 µatm (Figure 4.7).

Figure 4.7 shows a summary of the surface water pCO2 data obtained along the Station Orca-Minke repeat survey
line, 76.5°S, between 169°E and 177°W in the southern Ross Sea. A "sine" curve is fitted to the data to illustrate the
mean trend of seasonal change in CO2 changes.

The maximum drawdowns of pCO2 were observed at Julian day of 20 (January 20), and the onset of CO2 drawdowns (or beginning of phytoplankton blooms) around Julian day 300
(November 1). Since surface water pCO2 represents a cumulative amount of CO2 utilized by
photosynthesis, the maximum slope of the pCO2 -time curve indicates the highest photosynthesis
rate. Accordingly, the maximum production period is estimated to have occurred between Julian
day 325 and 345 (late November and early December).
4.10 EXPORT PRODUCTION
Bob Anderson, Lamont & Uli Bathmann, AWI
Following is a summary of issues, observations, and questions pertaining to export that were
discussed during the first day and a half of the SO JGOFS meeting in Bremerhaven.
0) A zero-order observation by SO-JGOFS, confirming what has long been believed, is that the
magnitude and efficiency of export varies:
- in time and space;
- over a wide range of magnitude; and
- for many reasons.
In other words, there is no simple relationship between forcing by environmental conditions and
the response of export flux.
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1) QUESTIONS: What processes, conditions, or factors regulate export flux and efficiency?
Why do we find a strong degree of zonal variability in export flux within subsystems (e.g., the
APF, the SIZ, etc.), which appear superficially to be forced by common dominant environmental
conditions (e.g., seasonal advance and retreat of sea ice)? For example, some of the highest
(AESOPS) and lowest (ANTARES; Weddell Sea) fluxes observed within the Southern Ocean
have been recorded within the SIZ.
2) Observations show that at certain times and places export flux can be dominated by
aggregation and sinking of ungrazed phytoplankton, while at other times export is dominated by
grazing and sinking faeces. QUESTION: What processes, conditions, or factors regulate the
relative amount of phytoplankton biomass that sinks ungrazed? COROLLARY QUESTION:
What causes the "bloom and bust" behavior leading to massive sinking of ungrazed
phytoplankton, which has been observed under certain conditions -- storms? Nutrient depletion?
Sexual reproduction?
3) Observations suggest that export efficiency varies with zooplankton community structure; e.g.,
the relative abundance of salps, copepods, and euphausids. QUESTION: How do interactions
within the zooplankton community (e.g., carnivory vs. herbivory; coprophagy; etc.) influence
export efficiency?
4) QUESTION: How does the quality and quantity of material exported vary as a function of the
dominant phytoplankton species assemblage? COROLLARY QUESTIONS: What
environmental conditions determine the dominant phytoplankton assemblage (e.g., light, Fe, Si,
grazers, etc.)? What are the important "secondary" effects relating export efficiency to
phytoplankton assemblage; e.g., the dependence of silicification on Fe availability, together with
the relationship between Si/N and Si/C uptake ratios and Fe availability?
5) QUESTION: What is the relationship between export and the depth of the chlorophyll
maximum? Deep chlorophyll maxima have been observed in many sectors of the Southern
Ocean. Why is phytoplankton living at depth if nutrients are abundant in surface waters? Is this a
response to Fe limitation? Phytoplankton living under low-light conditions at depth is at a
disadvantage for taking up nitrate, which suggests that ammonia may be used preferentially.
COROLLARY QUESTION: If "deep" phytoplankton are predominantly using ammonia, but
the system experiences pronounced temporal variability such that ultimately the bloom crashes
and the biomass sinks, then how is conventionally defined "new" production based on nitrate
uptake related to export flux?
6) CAUTION: Because regeneration occurs rapidly, export is a strong function of depth. Export
must be defined relative to a reference depth level.
Export production
7) A further review should include information from other study sites in the SO, such as M3
mooring, Pyrdz Bay Ross Sea, Weddell Sea and LTER locations. In addition, more 234Th flux
data should be considered.
4.11 DEEP OCEAN FLUXES
Bob Anderson, Lamont & Michiel Rutgers van der Loeff, AWI
The efficiency of the "biological pump" as it pertains to sequestering atmospheric CO2 in the
deep sea is intimately related to deep-ocean fluxes through the complex interplay between export
production and remineralisation. Furthermore, deep-ocean fluxes represent the coupling between
export production and the paleo record from which we reconstruct past responses of export production and of related aspects of ocean biogeochemistry to climate change. As such, in
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considering the role of deep-ocean fluxes one must include the conditions and processes, which
regulate the preservation and burial of biogenic materials. Consequently, deep-ocean fluxes must
be addressed through the combined study of processes occurring in the deep water column
together with processes that regulate fluxes between sediments and the water column.
The role of deep-ocean fluxes can be considered in terms of three sub-themes:
1) The direct effect of the biological pump;
2) Indirect effects created by feedback processes associated with CaCO3 solubility; and
3) Processes influencing the sedimentary record from which past changes in the biological
pump can be reconstructed.
4.11.1 The direct effect of the biological pump
The ocean's biological pump has a direct effect on the CO2 content of the atmosphere through the
partitioning of carbon into the deep sea via the gravitational sinking of biogenic detritus. On time
scales of thousands to hundreds of thousands of years, burial of organic carbon in marine sediments has an insignificant effect on the amount of CO2 in the atmosphere. Rather, it is the partitioning of CO2 between the atmosphere and the reservoir of dissolved inorganic carbon (DIC, or
TCO2) in the deep sea, which can alter atmospheric CO2 levels by the magnitude and rate
observed in ice-core records. Consequently, the efficiency with which atmospheric CO2 is
sequestered in the ocean depends not only on the magnitude of the export flux of organic matter,
but as well on the rate (depth) of regeneration together with the rate at which ocean circulation
brings regenerated CO2 back to the sea surface. In other words, factors influencing deep-ocean
fluxes, which increase the time constant (that is, the residence time, which is related to the scale
length) for remineralisation, will inherently increase the efficiency of the biological pump by
increasing the fraction of exported material that is regenerated in the deepest, oldest waters which
have the longest time constant for return to the sea surface. Factors, which decrease the time
constant for remineralisation, will have the opposite effect. The JGOFS Synthesis and Modeling
programme must place as an important goal the assessment of those factors that regulate the rate
and depth of remineralisation.
4.11.2 Indirect effects created by feedback processes associated with CaCO3 solubility
In addition to the direct and obvious role of the biological pump in regulating atmospheric CO2
levels, an important indirect effect involves feedback processes associated with changes in the
alkalinity of the oceans, which, in turn, is linked directly to preservation, and burial of calcium
carbonate in marine sediments. Thermodynamic partitioning of CO2 between the atmosphere and
seawater depends on the alkalinity thus, on the carbonate ion concentration of seawater. Over
times scales in excess of a few thousand years, the alkalinity of the ocean is fixed by the need to
balance the products of chemical weathering on continents with the rate of burial of CaCO3 in
marine sediments. Preservation and burial of CaCO3 is determined by its solubility, which, in
turn, is a strong function of depth (CaCO3 solubility increases with increasing pressure) and of
the concentration of carbonate ion (the residence time of Ca2+ in the ocean is sufficiently long
that the concentration of Ca2+ can be considered invariant on time scales of interest to JGOFS).
The following "thought experiment" will illustrate how an increase in the time constant (scale
length) of organic matter regeneration will exert a positive feedback on the direct effect of the
biological pump (i.e., direct and indirect effects both serve to reduce atmospheric CO2 levels). As
organic matter is respired in the deep sea, metabolic CO2 reacts with carbonate ion to maintain
thermodynamic equilibrium within the TCO2 system:
CO2 + CO32- + H2O ÅÆ 2 HCO3-

(1)

If the scale length for organic matter regeneration is increased, then a larger fraction of exported
POC will be respired in the deepest levels of the ocean, where the concentration of CO32- is
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poised close to the solubility of CaCO3. Increasing the supply of metabolic CO2 in the deep
ocean will decrease the concentration of carbonate ion through the reaction shown in equation
(1). A direct consequence of the reduced carbonate ion concentration is that a larger fraction of
CaCO3 raining into the deep sea will dissolve (less will be preserved and buried) and, with time,
the alkalinity of the ocean will rise because of increased CaCO3 dissolution. Increased
dissolution of pelagic CaCO3 will be maintained until the alkalinity of the entire ocean rises just
enough that a new steady state exists whereby the products of continental weathering are again in
balance with CaCO3 burial in marine sediments. Under this new steady-state regime, however,
the increased alkalinity of the ocean results in increased partitioning of CO2 from the atmosphere
into seawater, thereby lowering the level of atmospheric CO2 without any direct change in the
magnitude of export production (only the scale length of regeneration has been allowed to
change).
Of course, there are other scenarios by which feedback processes associated with preservation
and burial of CaCO3 can influence the concentration of atmospheric CO2. As a corollary to the
example above, a decrease in the time constant (scale length) of organic matter CO2 will lead to
increased preservation and burial of CaCO3, thereby raising atmospheric CO2 without any change
in export production. Alternatively, a change in the C-org/ CaCO3 rain ratio (e.g. a shift in the
relative abundance of coccolithophorids and of diatoms) can similarly affect atmospheric CO2
levels by altering the preservation and burial of CaCO3 in deep-sea sediments.
In general, any process or factor that influences the amount of metabolic CO2 produced in the
abyssal ocean will influence the level of CO2 in the atmosphere both due to direct sequestration
and via indirect feedback associated with CaCO3 burial. The "Role of Deep-Ocean Fluxes" of
relevance to JGOFS is that these processes and factors can vary in multiple complex and
interdependent manners, each of which may influence atmospheric CO2 levels.
4.11.3 Processes influencing the sedimentary record from which past changes in the
biological pump can be reconstructed.
It is that component of deep-ocean fluxes preserved and buried in marine sediments that provides
a record of past responses of ocean biogeochemistry to climate change. In general, only a tiny
fraction of biogenic material raining into the deep sea is preserved and buried. Furthermore,
preservation efficiency is believed to change significantly in response to changing environmental
conditions, and there is typically no a priori method to determine past changes in preservation
efficiency. Consequently, paleoceanographers have recently turned to multiple independent
proxy records in an effort to produce more robust reconstruction of past changes in export
production.
Studies of deep-ocean fluxes will lead to an improved understanding of the processes and factors
influencing the preservation and burial of biogenic material, as well as the formation and
preservation of inorganic proxies of export production. This improved understanding, in turn,
will lead to more accurate reconstruction of past changes in export production. These
paleoceanographic reconstructions are of importance not only because they offer direct evidence
of the nature of the response of ocean biogeochemistry to climate change, but as well, because
they offer the only independent record with which to test models used to predict changes export
production under altered climate boundary conditions.
A few examples from the Southern Ocean illustrate the research issues that need to be addressed
by JGOFS:
a) Throughout much of the Subantarctic subsystem of the Southern Ocean, rates of organic
carbon burial during the Last Glacial Maximum were several-fold greater than at present (Figure
4.8). Do these records reflect a substantial increase in export production under glacial boundary
conditions, or an equivalent increase in the preservation of organic matter? Regardless of
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whether the principal change involved export or preservation, what were the primary factors
responsible? If the records are largely the product of factors that increased the fraction of
exported organic matter reaching the deep sea (e.g., increasing the scale length of POC
regeneration), then to what extent did this change influence the preservation and burial of CaCO3
and, therefore, have an indirect effect on atmospheric CO2 (see Point II above)?
b) In the modern Southern Ocean, one finds a fairly tight coupling between fluxes of opal and of
POC collected by sediment traps. However, sediment records from the Southern Ocean spanning
glacial-interglacial cycles exhibit temporal variability in the opal/C-org ratio by as much as a
factor of five (Figure 4.9). Do these changes reflect primarily differential preservation of opal
and of POC under changing boundary conditions, or do they reflect changes in the composition
of material exported from the euphotic zone, possibly reflecting changes in ecosystem structure
in response to changing availability of iron?
c) Throughout the modern ocean, one finds a fairly tight coupling between fluxes of POC and of
excess barium collected by sediment traps. This correlation, combined with empirical algorithms
for preservation of excess Ba in marine sediments, has led to widespread application of excess
Ba as a proxy for reconstructing past changes in export production. However, sediment records
from the Southern Ocean spanning glacial-interglacial cycles exhibit temporal variability in the
"excess Ba"/C-org ratio by more than a factor of five (Figure 4.10). Do these changes reflect
primarily differential preservation of Ba and of POC under changing boundary conditions, or do
they reflect changes in the composition of material exported from the euphotic zone? Regardless
of whether the principal change involved export or preservation, what were the primary factors
responsible?
Sediment records from the Southern Ocean leave no doubt that the response there to past climate
changes was dramatic, apparently exceeding by far changes that occurred elsewhere in the ocean.
However, the exact nature of the changes remains unresolved, as competing hypotheses
concerning the relative role of export and of preservation continue to be debated. Systematic
studies being conducted by JGOFS of deep-ocean processes that regulate the preservation and
burial of biogenic material will contribute significantly to an improved understanding of the
ocean's response to climate change.
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Figure 4.8. Accumulation rates of organic
carbon in two cores from the Atlantic sector of
the Southern Ocean. Accumulation rates have
been normalized to 230Th, a tracer whose flux is
approximately constant and known, to correct
for sediment focusing. RC13-254 was recovered
from a site at approximately 48°S, while RC1593 is from approximately 46°S. Both sites lie
between the present position of the Antarctic
Polar Front and that of the Sub-Antarctic Front.
Accumulation rates of organic carbon are high
during the penultimate glacial maximum
(approximately 140 ka Before Present) and then
drop through the last interglacial period
(approximately 125 ka BP - 80 ka BP) before
rising again during the last glacial period
(approximately 70 ka BP - 20 ka BP) and then
falling during toward the present interglacial
period. Figure contributed by Robert Anderson,
Lamont-Doherty Earth Observatory.
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Figure 4.9. Molar ratio of opal to organic
carbon in a core from the Atlantic sector of the
Southern Ocean: RC13-259 from a site at
approximately 54°S, south of the present
position of the Antarctic Polar Front. Ratios are
low during the penultimate glacial maximum
(approximately 140 ka Before Present) and then
rise through the last interglacial period
(approximately 125 ka BP - 80 ka BP) before
falling again during the last glacial period
(approximately 70 ka BP - 20 ka BP) and then
rising again during the present interglacial
period. Figure contributed by Robert Anderson,
Lamont-Doherty Earth Observatory.
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Figure 4.10. Molar ratio of excess Ba
to organic carbon in cores from the
Atlantic sector of the Southern Ocean.
RC13-259 is from a site at
approximately 54°S, south of the
present position of the Antarctic Polar
Front. The other cores were recovered
from sites north of the present position
of the APF, within the Sub-Antarctic
sector of the Southern Ocean. Ratios
are low during the penultimate glacial
maximum (approximately 140 ka
Before Present) and then rise through
the
last
interglacial
period
(approximately 125 ka BP - 80 ka BP)
before falling again during the last
glacial period (approximately 70 ka BP
- 20 ka BP) and then rising again during
the present interglacial period. Figure
contributed by Robert Anderson,
Lamont-Doherty Earth Observatory.

4.12 ROLE
OF
THE
SOUTHERN
OCEAN
IN
THE
PAST;
PALEOENVIRONMENTAL RECORD
An overview for the planning meeting towards a SO-JGOFS synthesis.
Michiel Rutgers van der Loeff, AWI & Bob Anderson, Lamont-Doherty Earth Observatory
4.12.1 Preface
The Southern Ocean exists as we know it now, since the opening of the Drake Passage (about 40
M years ago), and the establishment of the ACC, giving rise to sharp fronts and the isolation of
Antarctica, which caused a strong cooling and build-up of ice.
4.12.2 Problem
The main concern is in the changes in glacial-interglacial cycles, i.e. in the last 2 M years. Best
known are the last few climatic cycles of the last approx. 250,000 years, because of the
availability of ice cores (Vostok, Byrd) and high-resolution sediment cores.
4.12.3 Main paleoceanographic questions:
What was the Southern Ocean like in the past?
Last Glacial:
• distribution of sea ice, temperature, salinity shifted various degrees N
• position of oceanographic fronts shifted various degrees N but: how to define them?
• atmospheric circulation with stronger temperature gradients, stronger winds, higher dusts and
irons inputs
• productivity, export-production-shifted north with maximum north of present Polar Front
enhanced by additional iron inputs
• but: it is not settled whether the integrated production was higher than present or not
• stratification: It is not settled whether stratification was enhanced (based on high nutrient
utilization but low export) or not (as inferred from changes in stable isotopic composition of
organic carbon and silicon)
• ice cap was grounded on the continental shelf, preventing the present production mechanism of
Ice Shelf Water (ISW). NADW was shallowing and slowing down (as GNAIW), but
continued to ventilate UCDW in Southern Ocean.
• (perhaps) reduction of ventilation at greater depth (LCDW, AABW)
• uncertainties related to the contrasting signals of ? 13C and Cd
• indications of reduction of deep water O2 (but no anoxia) in the Southern Ocean, but the
absence of a corresponding signal in the Pacific record is not understood.
• it is unknown whether deep-water production (SCW: WSBW, WSDW, AABW) was different
from present. Less and shallower NADW allowed AABW inputs to reach further north in the
Atlantic, but it is not known whether the AABW production rate changed.
Last Inter-Glacial:
During warmer periods than present (full Eemian, stage 5e) the effects were reversed with a
southward shift of temperature and frontal positions. Even the shorter (approx. 3000y)
Dansgaard-Oeschger cycles found originally in the glacial record in the Northern Hemisphere,
have now been traced in the Southern Ocean record.
4.12.4 What caused the glacial-interglacial changes?
We can think of the Pleistocene record as a flip-flop between two stable ocean circulation
systems with a high and a low NADW production rate. NADW has a positive feedback: more
NADW draws more warm and salty surface water across the equator to the N-Atlantic producing
warming and more NADW formation. In addition, a change in conveyor belt circulation, the
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Southern Ocean serving as link between the oceans, has worldwide effects on upwelling, air-sea
interaction, with potential effects on atmospheric CO2 and climate.
It has long been thought that it is the Northern Hemisphere insulation (orbital forcing) that
controls the system by forcing the state of the flip-flop. There are various mechanisms by which
the changed circulation can be thought to influence productivity, CO2 budgets and climate. In
these mechanisms, there is a large role for the Southern Ocean, but the control is in the north.
The most compelling evidence of cause and effects is the timing of changes. Ice core records
from glacial terminations show that changes in Antarctic temperature and atmospheric CO2
preceded the sea level changes caused by melting of ice sheets in the northern hemisphere
(discussed in Broecker and Henderson, 1998). Recent evidence (ice cores, synchronized using
CH4 signal, Blunier et al., 1998) suggests that also during the Dansgaard-Oeschger cycles (that
were not associated with strong changes in atmospheric CO2) the Southern Ocean warming leads
northern hemisphere changes by over 1000 years. These results would imply that climate change
is not induced by a change in NADW input or sea level, but probably by changes in atmospheric
circulation and dust transport, with changes in Southern Ocean surface temperature (and
presumably frontal systems) preceding changes in the north and probably preceding changes in
the conveyor circulation. It should be emphasized that these results are very new, and that the
cause-and-effects relationships, and the nature of the forcing, are only beginning to be explored.
4.12.5 The role of the Southern Ocean in glacial-interglacial change in atmospheric CO2.
The Southern Ocean functions as the lungs of the deep ocean. Deep water with high CO2
contents and low O2 (UCDW) reaches the surface water. The opposing physical (upwelling) and
biological (export production) forces determine the net CO2 exchange with the atmosphere.
As the Southern Ocean is the single largest HNLC (high nutrient low chlorophyll) area in the
world ocean, it is tempting to consider what might have happened if in glacial times the
biological production had managed to convert all nutrients into organic material (Falkowski
1997). After the iron hypothesis has got firmer ground, this is not an unlikely scenario. Modeling
has shown that a full nutrient uptake could produce a large part of the observed glacial
atmospheric CO2 drawdown. (Sarmiento and Toggweiler, 1984).
The paleo-record south of the Polar Front is clear (anyway in Atlantic and W Indian): the glacial
export production was lower, not higher than present. North of the Polar Front there were
increases in productivity. The evidence is controversial whether these, probably iron-induced,
increases caused a net increase in Southern Ocean CO2 uptake. Some data (opal, authigenic U;
Kumar et al., 1995) suggest such a significant increase, other (Ba data, Francois et al., 1997,
Nürnberg et al., 1997) suggest lower increases.
A change in the physical forces has been suggested as an alternative control of the net CO2
exchange: Enhanced ice cover and stratification during the LGM may have prevented the
exhalation of deep water CO2 to the atmosphere south of the APF (Francois et al.1997).
4.12.6 Summary
• The Ocean circulation controls the earth’s response to external (Milankovich) and internal
(flip-flop oscillation) forcing.
• The Southern Ocean is the link between the major ocean basins
• Climate forcing may have affected the Southern Ocean and its ocean-atmosphere interaction
before it resulted in changes in ocean circulation
• In glacial times sea ice, cold temperatures and fronts were shifted north by several degrees (at
least in the Atlantic and Indian Ocean sector). Wind speeds and iron inputs to the surface
ocean were higher. Glaciers covered Antarctic shelves.
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• It is unknow whether glacial Southern Ocean CO2 drawdown was different.
• It is unknow whether glacial AABW formation was different.
• These are all currently active areas of research that have been afforded high priority by the
paleoceanographic community.
References
Blunier, T., J. Chappellaz, J. Schwander, A. Dallenbach, B. Stauffer, T.F. Stocker, D. Raynaud, J. Jouzel, H.B.
Clausen, C.U. Hammer, and S.J. Johnsen (1998) Asynchrony of Antarctic and Greenland climate change during the
last glacial period. Nature, 394, 739-743.
Broecker, W. S., and G. M. Henderson (1998) The sequence of events surrounding Termination II and their
implications for the cause of glacial-interglacial CO2 changes. Paleoceanography, 13, 352-364.
Falkowski, P. G. (1997) Evolution of the nitrogen cycle and its influence on the biological sequestration of CO2 in
the ocean. Nature, 387, 272-275.
Francois, R., M. A. Altabet, E. -F Yu, D. Sigman, M. Bacon, M. Frank, G. Bohrmann, G. Bareille, and L. D.
Labeyrie (1997) Contribution of Southern Ocean surface-water stratification to low atmospheric CO2
concentrations during the last glacial period. Nature, 389, 929-935.
Kumar, N., R. F. Anderson, R. A. Mortlock, P. N. Froelich, P. Kubik, B. Dittrich-Hannen, and M. Suter (1995)
Increased biological productivity and export production in the glacial Southern Ocean. Nature, 378, 675-680.
Nürnberg, C. C., G. Bohrmann, M. Schlüter, and M. Frank (1997) Barium accumulation in the Atlantic sector of the
Southern Ocean: Results from 190,000-year records. Paleoceanography, 12, 594-603.
Sarmiento, J. L., and R. Toggweiler (1984) A new method for the role of the oceans in determining atmospheric
pCO2. Nature, 308, 621-624.

4.13 SPATIAL AND TEMPORAL VARIABILITY
Julian Priddle, BAS and Paul Tréguer CNRS
Large-scale variability is a pervasive element of oceanic systems. The Southern Ocean exhibits
such variability at a range of scales. White and Peterson (1996) described an intrinsic pattern of
change based on data on SST, atmospheric pressure, wind stress and sea ice extent for a
relatively short data series. This pattern is quasi-periodic, giving rise to a four-year cycle, and
concurs with other more qualitative observations based on the configuration of sea ice cover
alone (Murphy et al. 1995). Murphy and co-workers had examined a long-term record of annual
sea ice duration in the South Orkney Islands, which they proposed as a proxy for northwards ice
extent in the Weddell and Scotia Seas. This record shows regions of periodicity, but also has a
more random pattern at other times.
Physical variability gives rise to marked ecosystem changes. These have mostly been studied in
the Antarctic Peninsula and Scotia Sea region; although work on three seal populations shows
that similar variability is likely to be circum-Antarctic. Impacts of physical change are complex;
e.g., there is a well-established relationship between the recruitment of the krill population in the
Antarctic Peninsula region and the extent and retreat pattern of ice (Siegel et al. 1996). This in
turn appears to impinge on the South Georgia pelagic ecosystem, giving rise to major changes in
both the ecosystem structure and biogeochemical processes.
There is strong evidence for teleconnection to lower latitude systems, such as El Nino. Such
external forcing will interact with the intrinsic properties of the Southern Ocean system to either
reinforce or damp the quasi-periodic pattern observed by White and Peterson (1996). This may
well explain the changes in behavior observed in the near-century of observations reported by
Murphy et al. (1995). Murphy and co-workers also note that there appeared to be a significant
decrease in regional ice-extent between about 1930 and 1950. Siegel (1997) examined the
distribution of catches in the Southern Ocean pelagic whale fishery, and proposed that there had
been a decrease in circum-Antarctic ice extent around 1950. Whatever the magnitude of these
changes, there does appear to have been major alteration in the pattern of ice cover in the
Southern Ocean during the present century.
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More recently, evidence has emerged of secular changes in environmental conditions. Again,
most of these data come from the Antarctic Peninsula and Scotia Sea. Deacon (1977) showed
that air temperature at South Georgia had risen steadily since the start of records in 1905. A more
rigorous analysis of annual mean air temperatures at two sites on the western side of the
Antarctic Peninsula shows a warming trend of 2.5 K between 1945 and the present. This
warming trend has been implicated in changes in sea ice extent in the region, and thus to
interannual changes in the composition of the zooplankton community (Loeb et al. 1997).
4.13.1 Review of Temporal and Spatial Variability
The sparse time series data in the SO have been shown that variability relates to
- intrinsic pattern of variability
- external forcing
- ENSO correlation, and also monsoon and other indices stronger in local regions
- long-term changes in ice distribution
- short-term secular pattern at Antarctic Peninsula
- air temperature and more recently sea ice (LTER)
- biological and nutrient chemistry impacts at South Georgia as case study
- spatial variability in the Ross Sea results in local pattern in phytoplankton biomass and also
in spatial variability of pCO2
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4.14

MODELLING

4.14.1 The 1D MODELLING
Paul Tréguer, CNRS, presented data from Diana Ruiz-Pino
Christian Lancelot, ULB, provided a manuscript of a modelling approach
The ANTARES time-series station provides monthly observations to initialize a 1-D model for
simulating CO2 flux. With these, the physical and biological pumps are modeled for the 1990-94
period, which results in conservative estimates of export sinking flux. Sixteen state variables are
used including two phytoplankton and two zooplankton classes, bacteria and DOM. The
simulation of the temperature field is based on observed meteorological data and a slow
horizontal advection south of Kerguelen Islands is modeled (APF steered N of island). The
modeling of surface nutrient fields gives vertical distributions, which is a little more
homogeneous than observations suggest. The modeled DIC, pCO2 alkalinity show that DIC and
alkalinity vary on similar scales and this implies significant CaCO3 formation; for these results,
observations and model show a similar trend. For CO2, a sink throughout the year is obvious that
means that the biological pump drives CO2 drawdown (delta-pCO2 equals -9.4 µatm for the
modeled system). The reverse trend is seen with a physical source (delta-pCO2 +9.4 µatm that
includes no biology). The interannual variation shows a potential ENSO correlation. The export
through sinking indicates a decoupling of Si and N.
Future work will include more grazing and the effect of Fe. However, as there are some
limitation on availability of observations due to the harsh environment and restricted ship time
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the planned extension to 3-D modeling has to be restricted to sensible variables. E.g. the Ks value for Si in the model is 8µMol, which is consistent with AESOPS and other observations and
it has to be evaluated why the present model functions well without including Fe-limitation.
4.14.2 The Biological Model for the Antarctic Polar Front (BIMAP)
Inga Hense, AWI
- BIMAP (Biological Model for the Antarctic Polar Front)
- hierarchy of biological models: vertically integrated, 1-D and 3-D (see Figure 4.11)
- simple model with one phytoplankton and one zooplankton components, nitrate, ammonium
and silicate
- testing differences between Polar Front (50°S, 0°E) and adjacent open ocean south of the Polar
Front (59°S, 0°E)
- south of PF vertically integrated model does not reproduce nutrient fields
- possible Fe limitation
- coupling 1-D model to 3-D linked Atlantic models
- entire Atlantic at 0.333° resolution (see Figure 4.12)
- fine-scale grids including Polar Front box 0.167° (approximately 19 km)
- extend to test different scenarios- different size classes now included
To study the processes stimulating and controlling phytoplankton blooms in the Southern Ocean
a Biological Model for the Antarctic Polar Front (BIMAP) was developed. Different versions
of the model are being constructed:
- a vertically integrated model so called 0-dimensional model (0D-model, operational)
- a 1D-model (operational)
- a coupled 3D-ocean-plankton-model to adequately take into account the influence of frontal
systems (planned)

Figure 4.11: BIMAP (AWI). Conceptual model development and interaction of various dimension models to test
biological scenarios at the Antarctic Polar Front.

The model is based on nitrogen fluxes and comprises the compartments of phytoplankton,
zooplankton and the nutrients: nitrate, ammonium and silicate. Currently, the model is upgraded
by introducing compartments of small phyto- and zooplankton as well as detritus considering
remineralisation and dissolution of biogenic silicate. Model runs indicate that these additional
compartments are necessary for the adequate description of the ecosystem.
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0D- and 1D-model runs are forced with annual cycles of the mixed layer depth at different
positions and are intended to accompany and prepare 3D model runs.

Figure 4.12. FLAME-group (AWI, IfM-Kiel). Spatial scales of 3-D nested models in the Atlantic Ocean (Atlantic
model 70°N to 70°S; North Atlantic model with Equat. Atlantic model and Subpolar NA model; Sub-Antarctic Polar
Front model).

4.14.3 THE 3D MODELLING
Ralph Timmermann, AWI
Three-dimensional models for the Southern Ocean may be split into six classes:
1. coupled seaice ocean models (e.g. Zhang + Semtner; Goose + Fichefet; Wolff et al.; BRIOS)
2. coupled shelf ice-ocean models (Holland; Jenkins; Grosfeld; BRIOS)
3. coupled ice-ocean-atmosphere models (e.g. CSM)
4. high-resolution ACC models (e.g. FRAM, GFDL-model)
5. high-resolution frontal models (e.g. Strass, Pollard et al.)
6. inverse models (e.g. Schlitzer, see 4.15.4)
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BRIOS (Bremerhaven Regional Ice Ocean Simulations; Beckmann, Hellmer, Birnbaum, Lichey,
Pereira, Rakowski, Schodlok, Timmermann) aims at an improved numerical simulation of the
ice-ocean system in the Southern Ocean. A coupled sea ice-ocean model as well as a standalone
ocean model is run on a circumpolar model grid, which is focused on the Weddell Sea with a
spatial resolution of 1.5°. The northern boundary is at 50° S. Scientific questions to address
include the general structure of the Weddell Gyre, the effect of sub-ice-shelf heat and salt fluxes
and the effect of sea-mounts and ridges on ocean circulation and sea ice distribution. A submodel
with 1/5° resolution in the western Weddell Sea is used to track bottom water pathways using
(artificial) Lagrangian floats. Computation time amounts to roughly 72 hours on 8 processors on
a Cray T3E for 10 years of integration. A version with 0.75° resolution in the entire Weddell
sector, a tidal model and a coupled ice-ocean-atmosphere model are under construction.
Simulated annual mean transport stream function in the Weddell sector of the BRIOS model,
with a pronounced double cell structure of the Weddell Gyre. The lines mark the location of
repeated oceanographic and current meter sections.

Figure 4.13. Simulated annual mean transport stream function in the Weddell sector of the BRIOS model, with a
pronounced double cell structure of the Weddell Gyre. The lines mark the location of repeated oceanographic and
current meter sections
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4.14.4 THE INVERSE MODELLING:
Global Ocean Export Production + Particle Fluxes Based on Oxygen, Nutrient + Carbon Data
Reiner Schlitzer, AWI
The
presentation
is
based
on
work
published
at
http://www.awibremerhaven.de/GEO/Flux/model.html.
4.14.4.1
Background
The distributions of dissolved oxygen, nutrients and carbon in the ocean are strongly affected by
production of biomass in the euphotic zone, by vertical particle fluxes and by remineralisation of
particles during sinking and after deposition at the ocean floor. These processes generally lead to
nutrient depletion of surface waters and to high nutrient/low oxygen values in intermediate, deep
and bottom waters. Differences in the vertical structure of various nutrients (phosphate, silicate,
total-carbon, and alkalinity) reveal differences in the penetration depths of organic material,
CaCO3 and opal.
4.14.4.2
Objectives
Goal of the present study is to use the large amount of available historical nutrient data (>20,000
stations) in the context of a global, 3D circulation and bio-geochemical model and to find export
production rates and remineralisation parameters that can reproduce the observed nutrient fields
as closely as possible.
4.14.4.3
Model Set-up
The model has realistic topography. Horizontal and vertical model resolution is variable in order
to better resolve boundary and topographically guided currents and bio-geochemical processes in
the upper water column. The particulate materials presently considered in the model are organic
tissue, CaCO3 and opal. Phosphorous, nitrogen, carbon and oxygen contents in organic material
are assumed to be in constant ratios P:N:C:O=1:16:106:-138 (Redfield et al., 1963). Particle
fluxes as functions of depth are assumed to follow PF (z)=a·zb laws, and flux amplitudes a as
well as remineralisation parameters b for each horizontal grid-cell of the model and each material
Corg, CaCO3 and opal are parameters determined by the model.
4.14.4.4
Computational Strategy
Optimal production rates and remineralisation parameters are calculated using an iterative
procedure. For a given set of parameters, a tracer model is applied to calculate model fields for
hydrographic and bio-geochemical variables (simulation). This "Forward Model" is
complemented by its associated "Adjunct Model" which automatically analyses the misfits in the
simulations and produces a new set of model parameters that yield better simulations in the next
forward run. The Adjunct Method is efficient: the computational cost is comparable with the cost
for the tracer model and it is guaranteed that each iteration yields an improved parameter set.
4.14.4.5
Results - Nutrient Distributions
Model calculations show that, indeed, a global 3D circulation field as well as export production
and remineralisation parameters for organic material, CaCO3 and opal can be found that closely
reproduce the observed global distributions of oxygen, phosphate, nitrate, silicate, sum CO2 and
alkalinity simultaneously. The model correctly produces low dissolved nutrient concentrations in
surface waters and high values below. The phosphate and nitrate maxima at intermediate depths
as well as the associated oxygen minima correspond closely with observations, both, in spatial
extent and amplitude. Model silica fields correctly exhibit low surface values (highest around
Antarctica) and concentration increases toward the bottom. As found in the measurements,
silicate concentrations are highest in the deep North Pacific and are considerably lower in the
Atlantic. ΣCO2 and alkalinity model fields also correspond closely with observations.
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4.14.4.6
Results - Export Production (see Figure 4.14)
Optimal model export production rates for organic material resemble maps of primary
productivity found in the literature. Organic carbon export from the euphotic zone occurs
predominantly in tropical and subtropical up-welling areas and in the Southern Ocean. Organic C
export north of 30°N is comparatively small. Globally integrated, the export of organic carbon
amounts to about 10 GtC a-1 and is in good agreement with other model results (Yamanaka &
Tajika, 1996) but about twice as large as estimates based on published primary productivity maps
and the Eppley & Peterson EP(PP) formula. The export of CaCO3 in the model roughly follows
organic C and amounts to about 16% Corg (mol-ratio). Opal export in the model is highest in a
zonal band around Antarctica and in the tropical and north Pacific. Opal production in the
Atlantic is small. Due to (shallow remineralisation, near-bottom particle fluxes are small for
organic carbon and typically amount to only about 2-4% of the export flux. For CaCO3 the deep
particle fluxes are about 33% of the shallow export and for opal they typically amount to about
60%. The deep opal flux pattern is in good agreement with maps of opal accumulation in the
sediment.
4.14.4.7
Review of Inverse Modeling
The model at moment has in average 10 000 iterations; of which each run takes about 1 min.
Some shortcomings of the model are at moment:
- no exchange with sediments and rivers
- no denitrification
- the model is simulating export flux not production
- the model has no benthos and no exchange with the sediments
The best results are produced when the global export flux amounts to 10 GtC annually, with an
export in the SO of 2.5-3 GtC a-1.
The power parameter (b) in the formula is above 1 meaning a steeper profile indicating shallow
remineralisation well above 500 m that in turn drives the shallow O2 minimum.
Recent primary production is calculated to be a factor of 2 high compared to the Berger
prediction.
4.14.4.8
Discussion during the workshop
Longhurst global primary production of 50 GtC a-1 has to be compared to Schlitzer’s 10 GtC a-1
global export whereby the Southern Ocean estimated primary production is 4.4 GtC a-1
(Longhurst) and the export is 2.5 GtC a-1 (Schlitzer). This rather high export fluxes in the SO
compared to its production needs to be explained.
The opal flux globally is 162.5 Tmol Si a-1 compared to global Tréguer value of 120 Tmol Si a-1.
For
the
various
regions
of
the
world
oceans
these
figures
are:
-1
-1
-1
Antarctic Oceans 91.6 Tmol Si a , Pacific 47.5 Tmol Si a , North Pacific 23.4 Tmol Si a . The
organic fluxes into the bottom layer in the Antarctic is only 5 % of the flux out of the upper layer,
but for opal the same figure would be 57 %. This also means that the upward flux of e.g. Si is
very high in the Antarctic (about 400 m a-1) to compensate for the downward flux. The question
to the model is, if all processes are represented adequately. The horizontal current field is
produced reasonably but future work should add de-nitrification and CO2 air-ocean flux.
A new technological strategy will be to run the ocean physics model independent to the
biological model (which in turn then includes nutrients, O2, and the carbonate system).
Deviations from observed fields indicate that the distribution of some processes is not included
in model (e.g. the surface concentrations and vertical flux of opal).
For further studies, the model could be focused on specific regions by increasing resolution in
some regions at the expense of others. This has advantage over making smaller, regional models
as the boundary conditions, which determine much of the character of the model, are then given,
by the coarser model (nesting).
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Figure 4.14. Export Production of organic carbon (upper graph) and opal (lower graph) as result of the inverse
modelling. (Reiner Schlitzer, Regina Usbeck, Marie-France Weirig)

4.14.5 General summary of the ongoing modeling
4.14.5.1

General comments on models

It was suggested to use time-series observations rather than snapshots and to address the potential
problems of mismatch of scales between ecosystem models and GCM. The ocean physical model
needs not be coupled to biology, since there should be negligible effect of the biology on the
ocean, whereas biological models depend on exact description of the boundary conditions.
• We model to learn something about a system we can not measure
• We want to predict the response to global change
• We want to test questions with the models (e.g. sensitivity analysis) and test how robust the
parameters are
• Change the sensitive parameters to learn what would be the result
• Use practical models (in terms of computation time) and use the amount of the adjustable
parameters as small as necessary
• Need for time series measurements or time series compilation of data
• There seems to be no significant feedback from the biosphere to the physics (density and
velocity structure) of the ocean. Thus, one could use a given physical run and thereafter
couple the output with various biological scenario runs.
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4.14.5.2
Key questions to be addressed by models:
• How does the non-Redfield uptake influence the biogeochemistry of a system?
• How does the export depend on the phytoplankton species composition? Thus, how is biogeochemical modeling effected by differential uptake of NO3, Si, NH4 and iron (including PIrelationships)?
• How does mesoscale ocean physics effect production and export in the SO or in parts of SO on
a 3-D basis?
4.14.5.3
Hierarchy of models
• What are the errors of the individual parameters in the model output (sensitivity error analysis)
and which are the most important parameters influencing the model output?
• Modelers and data people should have combined workshops, develop the models together, and
run combined symposia.
References
Redfield A.C., Ketchum B.A., Richards F.A, 1963. The influence of organisms on the composition of seawater. In:
Hill M.N. (ed.) The Sea - Ideas and observations on progress in the study of the seas. Vol. 2. Interscience Publ.,
New York, p. 26-77.
Yamanaka Y. and Tajika E. 1996. The role of the vertical fluxes of particulate organic matter and calcite in the
oceanic carbon cycle : studies using an ocean biogeochemical general circulation model. Global Biogeochemical
Cycles, 10(2), 361-382.
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WORKSHOP SYNTHESIS

The workshop addressed a series of important scientific results that were achieved during the mg
Southern Ocean JGOFS. Many of the relevant findings are reported here (Chapter 4), but
important open questions await still severe clarification. Among the workshop participants the
following points were raised which should attract further scientific attention:
• Reconciling conflicting estimates of SO primary production
• Balancing the contributions of short-chain food-webs and the microbial loop
• Defining conditions for consistent bloom formation in or at fronts
• Defining the conditions in which MIZ blooms arise, and how these may be linked to other
features such as fronts
• Assessing regional differences in the rates and importance of remineralisation
• Assessing the description of new and recycled production
• Assessing the likely effects of secular change on biogeochemical systems
The workshop has identified differences in the functioning within the original bio-geographical
provinces. We consequently suggest referring further to different functional units within and
among the geographical systems. Given that fieldwork at some locations still continues and that
many data sets are in the process of validation and final approval, we propose the following three
steps for the ongoing synthesis activities within SO-JGOFS:
1st step: regional publication of results and concepts
2nd step: comparison within a bio-geographical function unit of the SO among different research
groups
rd
3 step: identify processes which be of overruling stimulation for different biological systems in
the SO and identify processes influencing export production and export flux within SO.
Further extrapolate these processes for testing their relevance to influence these export fluxes
globally.
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6

SOUTHERN OCEAN - REGIONAL SYNTHESIS GROUP (SO-RSG) ISSUES

6.1 TERMS OF REFERENCE
The JGOFS SSC has redefined its Terms of Reference for the overall responsibility of JGOFS
synthesis. In the future, the SSC will be distinguished with critical representation to information
sources, to analysis, interpretation and modeling elements of IGBP, as well as to international
programmes on ocean color and global ocean observing systems. Likewise, the Southern Ocean
Planning Group has reconstitute as Southern Ocean Synthesis and Modeling Group SO-RSG and
has re-define its Terms of Reference: (proposal)
Main tasks of the SO-RSG are:
• To stimulate and contribute to the synthesis and modeling activities within the SObiogeochemical systems so that all themes of the JGOFS global synthesis are covered.
• To prepare a report of regional synthesis activities for the JGOFS - Global Synthesis and
Modeling Committee (JGOFS - GSMC) for a global. The SO-RSG report will be a synthesis
of the JGOFS science conducted within the region.
• To encourage that final results of the SO-science will be published in the open literature for
the science community and the public.
• To present a full report on the modeling and synthesis activities of the group at the JGOFS
Open Science Conference in early 2000.
• To encourage the science community in collaboration with the Data Management Task Team
(DMTT) for the submission of JGOFS data sets to a national ocean data centers with the
provision of easy access via the Internet, CD-ROMs and other media.
• To enhance synthesis activities, particularly by organizing open meetings.
6.2 NOMINATIONS FOR MEMBERSHIP OF THE SO-RSG:
Anderson, Robert shared with Smith, Walker (USA; APF production and paleo-productivity)
Bathmann, Ulrich (G; chair, GLOBEC, APF, mesozooplankton, ecosystem structure and
modeling)
Hall, Julie (NZ; CMTT and STC)
Monfray, Patrick (F, global modeling)
NN (NN; SO and regional modeling)
Pollard, Raymond (GB; physical oceanography and modeling)
Priddle, Julian (GB; GLOCHANT, higher predators and ecosystem modeling)
Tréguer, Paul (F; co-chair, CO2, silica cycles and 1-D modeling)
Trull, Tom (Aus; DOC)
Associated members
Anderson, T, or Pondaven, M. (Great Britain; modeling)
Lucas, Mike (South Africa; STC and production)
Contact persons to national programmes
Catalano, Julio (I; Ross Sea, production)
Fukushi, Mitso (J; JARE and GLOBEC)
Lancelot, Christiane (B; modeling)
Veth, Kees (Neth; physical oceanography and modeling)
6.3 IRON INTER-CALIBRATION:
Some iron measurements have already been carried out in the SO and further iron measurements
are planned. Published data are available from e.g. the Polarstern 92/93 expedition with
enhanced Fe-concentrations in the APF, which are reduced during a diatom bloom to normal,
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low values (0.1 -0.2 nM). Also although only preliminary results are available from the U.S.
JGOFS field programme, surface-water Fe concentrations measured by Chris Measures have
been reported to be in the range of 0.1 to 0.2 nM within the ACC/ APFZ. These values are low,
and are lower than Fe concentrations reported by other groups working in other sectors of the
ACC. Whether these differences reflect spatial variability of Fe concentration or analytical
artifacts must be resolved before investing large sums of money in in situ experiments.
Some experiments are planned e.g. by US scientists (postponed until 1999/2000), for ANTARES
4 (austral summer 1998-1999, Indian sector) by Stéphane Blain and by Peter Sedwick and for
POLARSTERN ANT XIII/2 (by Hein deBaar in early 1999) in the Atlantic sector of the SO. The
scientists need to get in contact and discuss intercalibration between the labs involved. Last
November S. Blain organized in Brest a meeting devoted to new methods in marine analytical
chemistry and discussed the iron intercalibration issue. Numerous labs involved in iron measurement were present: Ed Boyle (MIT, USA), E. Achterberg (PML, UK), P. Statham (SOC, UK),
De Jong (NIOZ, NL), Bowie (Plymouth Univ., UK), P. Worsfold (Plymouth Univ. UK), K.
Johnson (MLML, USA), Hobata (Shiga, JP) S. Van den Berg (Liverpool Univ. UK), O. Donard
(Pau FR), Blain S. (IUEM FR), Tréguer P. (IUEM FR). The main conclusion of the meeting was
that it is still an urgent need for intercalibration.
The iron group decided to write a joint European- North American proposal to apply to the EU
for funds to work toward a low level Fe seawater certified reference material. However, for a
good intercalibration each group must do a full sampling effort. This part of the exercise will be
very expensive and very difficult to schedule if we try to put all the groups on one ship during the
same cruise. Blain thinks that it is more realistic to organize small exercises with two or three
groups. For example, the French have invited P. Sedwick (Australia) to take part in the next
ANTARES cruise.
Some important groups (C. Measure Hawaii US, K. Bruland Santa Cruz US, and P. Sedwick
Australia) were not present in Brest last November. Therefore, It would be very useful to
organize a meeting really devoted to this issue as soon as possible.
This meeting now will be held 1-6 Nov 98 Amsterdam (sponsored by SCOR WG 109) parallel to
a symposium of Biogeochemistry in the Ocean. The iron group should meet (under the chairs of
Turner and Hunter) to discuss iron intercalibration (see attached e-mail by deBaar). Several steps
are envisaged:
- 1st approach is to build a reference standards for iron measurements: P. Worsfold (together with
K. Coale) applied for EU money to build a standard stock of 0.1 nMol.
- 2nd approach would be to have more groups on one single cruise like ANTARES IV with P.
Sedwick (Australia) and S. Blain (France) or like the New Zealand cruise with iron groups from
Holland, New Zealand, UK and Australia.
Bob Anderson will contact the US iron lab to ensure transfer of this knowledge among the US
iron groups.
• The SO-RSG recommends a shipboard iron intercalibration exercise at an easily accessible,
low iron site as off California and this should be coordinated through SCOR. It is suggested to
approach IOC (Summerhayes at GOOS office) for funds to run such an exercise.
6.4 RELATIONSHIP TO OTHER GROUPS
6.4.1 SCAR-GLOCHANT:
Within GLOCHANT the chairs of (9) global change programmes working in the SO contribute
among which (7) SCAR programmes are involved. The latter include ASPECTS and EASIZ; the
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(2) non-SCAR programmes represented within GLOCHANT are the two SCOR programmes:
SO-JGOFS and SO-GLOBEC.
GLOCHANT brings together these programmes in cross programme workshops the next being
held 2-7 Aug 1999 in Cambridge, UK (organized by J. Priddle) entitled ”Inter-annual variability
in the SO (physics and biology)”. SCOR, SCAR, WCRP sponsor this workshop.Another
workshop is planned for 2000 to bring together sea-ice physical oceanographers and sea-ice
biologists.
The chair of GLOCHANT (J. Priddle) will be invited to SO-RSG meetings and simultaneously
will also represent JGOFS related activities from UK. GLOCHANT plans a combined workshop
of modelers and physiologists in late Jan 99 in Southampton.
SO-JGOFS in turn will send a representative to GLOCHANT (next meeting in Hanover, NH,
April 1999)
6.4.2 SO-GLOBEC:
The SO-JGOFS RSG has discussed the relationship to SO-GLOBEC and sees strong links
between the two programmes. Naturally, the fieldwork in SO-GLOBEC will begin during the
synthesis phase of SO-JGOFS, thus valuable information is available before GLOBEC will be in
its high phase. The workshop has stressed the fact that zooplankton feeding can regulate phytoplankton biomass and at some situations also primary production (see STC report for details). In
the Atlantic sector of the SO cyclopoid copepods, small calanoids, krill and salps were reported
to have strong impact on phytoplankton and export fluxes. At the science level SO-JGOFS and
SO-GLOBEC co-operate already in some nations. It is suggested that cross-programme exchange
of knowledge shall continue.
6.4.3 Continental Margins (CMTT):
To date the Continental Margins of the Southern Ocean have not been considered as a separate
and consistent entity within the Southern Ocean. The Continental Margins are however areas of
high productivity in relation to the majority of the Southern Ocean, for example in the Ross Sea
Region (see Ice Edge and Coastal System: Pacific Sector).
There are several key issues relating to the importance of the continental margins in the Southern
Ocean that require further attention to assist with the synthesis of carbon fluxes in the Southern
Ocean. This will need to be completed when data are available from a number of programmes in
the region including AESOPS and EASIZ. These issues are the;
1. potential for significant export fluxes off the shelf into the deep ocean,
2. impact of cold water formation on export from the shelf regions,
3. influence of food web structure in these regions on carbon export as they tend to be dominated
by krill populations and also can have significant numbers of top predators present,
4. potential of Continental Margin regions to provide a seed population for planktonic
populations further off shore.
6.5 DATA INVENTORY
The SO-RSG stresses the need for the regional and national programmes to build a data
inventory and a data pool and report both to the JGOFS data center. The national representatives
are encouraged to contact directly the data management office in Bergen to ensure proper listing
of all data.
US Data Status:
a) Hydrographic bottle and CTD data for all of the Ross Sea cruises are now posted on the
US.JGOFS Data Management Office web site http://usjgofs.whoi.edu
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b) Corresponding data for the Polar Front cruises will be posted by the end of the year.
c) Data generated by individual PIs are slowly being posted. Many have been required to wait to
post their individual data until after the bottle hydrographic data became available.
d) Access to AESOPS data is restricted for a period of 2 years.
e) BUT - anyone can access a list of investigators and funded proposals, as well as a list of
manuscripts planned for submission to DSR, via the web site at WHOI. Individuals who may
be interested in collaborating with AESOPS investigators can locate potential collaborators
through these lists, and are encouraged to contact them directly.
f) Contact persons at the WHOI office are: Christine Hammond <morgan@dataone.whoi.edu>
and Dave Schneider <dave@dataone.whoi.edu>
6.6 CRUISE INVENTORY AND FURTHER PLANNING
The SO-RSG checked the cruise inventory on the JGOFS office homepage and here provides
additional information:
France: ANTARES IV (01/99): 4 January-16 February 1999: Marion-Dufresne 2, Mesoscale
process studies in the STC—Sub-Antarctic Frontal zone (Crozet-Kerguelen).
Germany: RV POLARSTERN cruise ANT XIII/2 (03/99-05/99) & RV POLARSTERN cruise
in 2000/2001; both will carry out JGOFS related research
Italy:
1994-95 R/V ITALICA Cruise 1st leg
(14/11/94 - 27/12/94)
1994-95 R/V ITALICA Cruise 2nd leg
(19/01/95 - 02/03/95)
1995-96 R/V ITALICA Cruise
(7/01/96 - 10/02/96)
1996-97 R/V ITALICA Cruise
(28/11/97 - 03/03/98)
please see details in the national report
New Zealand: JGOFS related cruise in 01/99 to 60°S on iron fertilization.
Please note that all data is available subject to PI release from the NZ Biological Oceanography
Database. Please contact Julie Hall, j.hall@niwa.cri.nz, Phone 64 7 856 1709, Fax 64 7 856
0151.
New Zealand Southern Ocean Cruises
Start and end
Ship
Project
dates
12/6 to 4/7 1993
1/10 to 21/10 1993
19/2 to 5/3 1995
28/4 to 8/4 1996
20/5 to 7/6 1996
28/4 to 09/5/ 1997
25/9 to 13/10 1997
16/10 to 5/11 1997
14/8 to 1/9 1998

Cruise
Chief Scientist
number

Akademik
Carbon Fluxes
Cr 3009
Laventyev
Akademik
Carbon Fluxes
Cr3014
Laventyev
Giljanes
Pelagic Processes
Cr 3024
Chatham
Rise
Cr3029
Tangaroa
benthics
Chatham
Rise
CR3030
Tangaroa
Northern Inflow 1
Chatham
Rise
Cr 3036
Tangaroa
Benthics
Chatham
Rise
Cr3039
Tangaroa
Northern Inflow 2
Carbon
Flux
Cr 3040
Tangaroa
Processes
Biological
Tangaroa Oceanography
Cr 4047
Winter
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Where

Rob Murdoch

STF Chatham Rise,

Julie Hall

STF Chatham Rise,

Julie Hall

STF Chatham Rise,

Scott Nodder

STF Chatham Rise,

Steve Chiswell

STF Chatham Rise,

Scott Nodder

STF Chatham Rise,

Steve
Chiswell/
STF Chatham Rise,
Sam McClatchie
Julie Hall

STF Chatham Rise,

Philip Boyd

STF Chatham Rise,

NZ Continental Margins Cruises
9/18/1996-9/25/96

Kaharoa

Cross-shelf transfer

10/18/199610/29/96

Tangaroa

Cross-shelf transfer

11/26/1996-12/7/96 Kaharoa

Cross-shelf transfer

1/25/1997-2/8/97

Cross-shelf transfer

Tangaroa

Northeast
Gulf
Northeast
TAN9612 John Zeldis
Gulf
Northeast
KAH9617 John Zeldis
Gulf
Northeast
TAN9702 John Zeldis
Gulf
KAH9614 John Zeldis

Great Britain SO-JGOFS cruises
Start
End
Ship

Project

Cruise
Chief Scientist Where?
identifier

04/12/89
11/01/91
14/01/96
14/01/96
12/12/96
21/10/97
14/01/98

BAS-PES
BAS-PES
BAS-PES
BAS-PES
BAS-PES
BAS-PES
BAS-PES

JB10
JB11
JR03
JR11
JR17
JR25
JR28

22/02/90
17/02/91
28/01/93
07/02/96
05/01/97
14/11/97
07/02/98

John Biscoe
John Biscoe
James Clark Ross
James Clark Ross
James Clark Ross
James Clark Ross
James Clark Ross

Julian Priddle
Jon Watkins
Peter Ward
Julian Priddle
Julian Priddle
Julian Priddle
Eugene Murphy

Shelf, Hauraki
Shelf, Hauraki
Shelf, Hauraki
Shelf, Hauraki

South Georgia Zone
South Georgia Zone
South Georgia Zone
South Georgia Zone
South Georgia Zone
South Georgia Zone
South Georgia Zone

Japan: JARE 40 11/98 to 03/99 with overwintering of personal until 03/00.
USA: All of the AESOPS cruises except for the last one are posted on the IJGOFS web site; that
is, 10 of 11 cruises are posted
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SCIENTIFIC CONTRIBUTIONS FROM SO-RSG TO JGOFS - SYNTHESIS

7.1

GLOSSY BROCHURE

The SO-RSG plans a 2-page contribution to the JGOFS glossy brochure being produced by
autumn 1998. The contribution will have in its center the global image of SO – chlorophyll
distribution (SeaWiFS) for January 1998 for the Southern Ocean to as far north as 40°S. At each
corner, we propose to post an insert. This insert is associated with an additional graph or photo
about the following topics:
1) pCO2 at ocean surface waters vs. latitude from AESOPS data;
2) Phaeocystis and diatom photos illustrating different biological regimes with drastic
consequences for export flux;
3) plankton pigments around Kerguelen island to illustrate the iron effect;
4) salp vs. krill regimes at the Antarctic Peninsula to demonstrate the effect of sea-ice reduction
due to regional warming.
JGOFS needs now to identify a page layout editor and a language editor for the glossy brochure
and also needs to define its format.
7.2

WORKSHOPS AND SYMPOSIA

7.2.1 First AESOPS Data Workshop Held in Knoxville
Walker Smith, VIMS & Robert Anderson, Lamont-Doherty Earth Observatory
The first data workshop of the US JGOFS Southern Ocean program (AESOPS) was held in
Knoxville, TN from June 17-24, 1998. A total of 78 people participated, including principal
investigators, post-doctoral assistants, graduate students, JGOFS planning and data management
office personnel and JGOFS guests. In addition, four international experts on Antarctic
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biogeochemistry attended and presented overviews of their countries past and ongoing research
efforts.
The meeting began with a discussion of the physical processes of the Ross Sea and the Antarctic
Polar Front (including ice distributions and teleconnections to the world’s oceans) at a variety of
scales. This was followed by overviews of the British, German, French, and Australian
programmes (kindly provided by J. Priddle, U. Bathmann, P. Tréguer, and W. Howard). That
evening a forum was held on publications that are expected to arise from AESOPS, and from this
a list of intended publications was generated. In the following days, talks were given on the
seasonal evolution of nutrients, phytoplankton biomass and productivity, export and flux, and
heterotrophic processes. Interspersed between talks were working group meetings in which
detailed descriptions of individual PIs data were presented. Posters by a number of groups were
posted and maintained throughout the entire meeting, and these posters served as foci for
extensive discussions of details of individual studies. Half way through the meeting, the topics of
working groups were changed, so that synthetic issues were addressed. These issues included the
role of iron in the Southern Ocean, the influence of ecosystems and food web structure on the
regulation of quantity and quality of export, limits and controls on export production, time and
depth scales of regeneration, elemental variability, carbon balances, and sensitivity of Antarctic
circulation and carbon fluxes to global change. The meeting concluded with a discussion of the
relationship of AESOPS PIs (data gatherers) to the SMP PIs (data users), as well as future goals
and needs.
The data presented and the discussions of those data at the workshop reinforced the excitement
of the AESOPS participants. For example, the role of iron in both the polar front and Ross Sea
was discussed at length, since it is clear that not only does iron limit phytoplankton growth at
certain times and sites, but that it greater influences the biogeochemical signal of the organic
matter produced, and hence influences the elemental composition of the material exported to the
deep sea and sediments. Similarly, the SeaWiFS images collected from both regions, particularly
in conjunction with SeaSoar data, provided tantalizing glimpses into the mesoscale variations of
phytoplankton in both areas, and extended discussions about the mechanisms of formation for
these features took place. It was clear that a single mechanism would not explain all of the
distributions observed during AESOPS and that multiple forcing functions must be invoked for a
full understanding. The seasonal cycle of nutrients and phytoplankton biomass in the Ross Sea
and polar front also were discussed, as were the implications of these temporal patterns. Finally,
the temporal patterns and magnitude in vertical flux rates determined from moored, sediment
traps generated considerable interest, as the patterns initially appeared to be substantially
different from any previously recorded from the regions. A major conclusion from the meeting
was an agreement that AESOPS had generated an exceedingly valuable data set that will require
some time for a full understanding to be obtained.
7.2.2 Second AESOPS workshop in Keystone
A second (and final) workshop for the AESOPS investigators will be held in Keystone, CO from
August 2-9, 1999. Since this is the last official data workshop for the programme, all participants
are expected to attend and fully participate. Publication plans are proceeding well, and the
deadline for the first research publications is December 10, 1998. Walker Smith and Bob
Anderson will act as guest editors for this issue and a full list of proposed papers are now on-line
at http://www.elsevier.nl/gej-ng/10/16/51/41/33/show/Products/DSRII/index.htt. The ASLO
winter meeting will be one of the first venues for presentation of AESOPS results, as a full
session dealing with Southern Ocean biogeochemistry is expected to be held. The results of the
Knoxville workshop (mini-reports from all groups along with plots presented during the
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workshop) are being printed by the WHOI planning office and will be distributed to all
participants in September.
The workshop ended quietly, as most participants were both tired and anxious to continue data
analysis and synthesis at their own pace in their own environment. Much remains to be done, as
the final JGOFS cruise had only been completed some two months earlier. Given the importance
of the Southern Ocean to global elemental cycles, the data set will undoubtedly be of tremendous
interest not only to other oceanographers but also to those involved in modeling the ocean’s
biogeochemistry at many scales. Although the fieldwork of JGOFS is now complete, much of the
hard work to bring the project to a successful conclusion has only now begun.
7.2.3 Bio-geochemistry in the Southern Ocean, 9 to 13 July 2000 Brest
Southern Ocean JGOFS 3rd Symposium
Paul Tréguer, CNRS
The regional synthesis group will be the core of the Scientific Committee for the Symposium.
The outline will be centered on the six major scientific questions addressed by SO-JGOPFS.
These will have breakdown points under each question to stimulate input from biological
oceanographers, bio-geochemists, physical oceanographers and modelers.
8

STATUS OF THE NATIONAL PROGRAMMES

8.1
BELGIUM
The status of the Belgian JGOFS Southern Ocean (Christian Lancelot)
I made an enquiry about Belgian JGOFS. I can confirm that there is no real national JGOFS
programme. Belgian is contributing to JGOFS by taking part to JGOFS cruise and making
available their data to the JGOFS database.
The Belgian groups have been working on the ecological model trying to use the data set of
ANTX/6 for model implementation and validation. Iron has been directly introduced in the
model (i.e. as explicit state variable) in such a way that the model simulates quite well the diatom
bloom and the export production (good agreement between 234Th calculations by van der Loeff
and model budget) observed at the polar front. Since this summer, we have added a chemical
module to calculate CO2 fluxes and this is also working pretty well. Unfortunately, all this is not
yet published. One modeling manuscript (the first one with iron) is ready and will be sent today
for submission to deep-sea. The second one is in preparation but figures could be available.
8.2
FRANCE
The status of the French JGOFS Southern Ocean (Paul Tréguer)
The scientific outcome of the French contribution to SO-JGOFS is presented in the introductory
chapter by Paul Tréguer and in chapter 4.1.1
Jacques Lefèvre, Univ. Brest has now taken the lead of the ANTARES/F-JGOFS programme
8.3
GERMANY
The status of the German JGOFS Southern Ocean Process Study (Uli Bathmann)
Investigations of phytoplankton spring bloom development and its biogeochemical impacts in
different water masses of the Atlantic sector of the Antarctic Circumpolar Current were carried
out during two RV "Polarstern" cruises ANT X/6 and ANT XIII/2. Major findings of the cruise
ANT X/6 are published in DSR edited by Smetacek et al. (1997). For ANT XIII/2 a special issue
of DSR is currently in preparation.
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The question - Why is the phytoplankton biomass higher in the Polar Front than in the ambient
area? - might have various answers as for the controlling of phytoplankton blooms:
• Frontal dynamics lead to areas of intense upwelling linked to a shallow mixed layer and a
higher supply of nutrients in the euphotic zone.
• Swarm organisms like salps and krill, which are not present in the Antarctic Polar Front, may
limit the development of phytoplankton biomass in the southern area.
• Lower iron concentration in the southern area may limit the development of a phytoplankton
bloom.
An iron enrichment experiment as follow-up field activity after SO-JGOFS is discussed at
moment. We believe that it not the community with the highest turnover rates (microbial
network) but the species which yielded most biomass (diatoms) had the greatest impact on export
of C, N and Si in this part of the Southern Ocean. This shall be considered in modeling of
biogeochemical cycling in the SO. Thus, publication of the second JGOFS cruise data, synthesis
and modeling are envisaged as final steps in German Southern Ocean JGOFS during the next
years.
8.4

GREAT BRITAIN

The UK JGOFS programme no longer has a field programme in the Southern Ocean, but work
carried out by the British Antarctic Survey around South Georgia contributes to JGOFS
objectives. A series of annually repeated cruises have been undertaken to investigate the effects
of interannual variability on the pelagic ecosystem. The major impact is through changes in
recruitment of krill to the region. In years of unusually low krill biomass, impacts on Nregeneration and C-flux to metazoan grazers have been identified. This suggests that the
composition of the zooplankton community can have significant biogeochemical impact in the
system.
A further cruise was undertaken around South Georgia in the austral spring of 1997. This focused
on the response of the spring bloom to zooplankton and microbial grazing, and also examined
nutrient recycling.
8.5

ITALY

The status of the Italian JGOFS Southern Ocean (Giulio Catalano)
The Italian SO-JGOFS has started with 1994-95 Antarctic cruise and many field activities are
still in work; their end is scheduled for 2001, therefore I think that it is early for us already to
draw a synthesis. The same national Italian SO-JGOFS Committee has been formalized only at
the end of 1996, and at the moment it has been able to define the objectives and the programmes
related to the Italian SO-JGOFS (see attachment I-SOJGOFS). In order to reach a first synthesis
among Italians, this Committee plans to organize some national workshops, from now to 2000,
with the publication of the proceedings. We are organizing also the data bank; at the moment we
have the SOUTH POLE data bank, which includes all data, obtained in the frame of the National
Italian Antarctic Researches, we intend to retrieve from it all the data regarding the SO-JGOFS
and to generate a specific data set.
In the frame of the Italian SO-JGOFS, besides a land-based activity on the oceanography and the
ecology of the coastal zone of Terra Nova Bay, five cruises have been carried out, covering areas
of the Ross Sea and of the Pacific Sector of the Southern Ocean.
1994-95 - R/V ITALICA Cruise 1st leg (14/11/94 - 27/12/94) Activity: Studies on marginal ice
zones: oceanology (CTD, XBT, water samplings), ecology (primary productivity, suspended
matter, floating sediment traps, BIONESS, Hamburg net, krill echo survey), biogeochemistry
(benthos and sediment coring)
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1994-95 - R/V ITALICA Cruise 2nd leg (19/01/95 - 02/03/95) Activity: Studies on oceanology
of the Ross Sea (CTD, XBT, water samplings, sediment trap and current-meter moorings) and on
paleo-climatology and paleo-oceanography (sub bottom profiler survey and sediment coring and
sediment trap moorings).
1995-96 - R/V ITALICA Cruise (7/01/96 - 10/02/96) Activity: Studies on oceanology of the
Ross Sea (CTD, XBT, water samplings, sediment trap and current-meter moorings), on ecology
(primary productivity, suspended matter, BIONESS Hamburg net) and on paleo-climatology and
paleo-oceanography (sediment traps, sub bottom profiler survey and sediment coring)
1996-97 - R/V ITALICA Cruise (28/11/97 - 03/03/98) Activity: Studies on oceanology of the
Ross Sea (CTD, XBT, water samplings, sediment trap and current-meter moorings), on ecology
(primary productivity, suspended matter) biogeochemistry, paleo-climatology and paleooceanography (sediment coring, sediment traps, sub bottom profiler)
Land-based oceanography and ecology Activity: Studies on the oceanology, the pack-ice ecology
and on the biological communities of Terra Nova Bay.
With the data obtained during these activities, the attached publications (see Publication) have
been produced. It should be noted that, if pertinent, also data coming from previous programmes
and cruises have bee used in these publications.
Returning to your message, if it shall be possible in spite of the delay to the Italian programme, I
think that our contributions could be addressed to the themes: 1, 2, 3, 4, 6, 7, 8 and 9, listed in
your message. In any case I shall be grateful to you if you will send me the conclusions of the
meeting of Bremerhaven as well the future challenges, hoping to start in time in this case. For our
part, we have found many common points with the EASIZ Programme.
8.6

JAPAN

The recent JGOFS and EASIZ related activities carried out by the Japanese JARE members
(Mitsuo Fukuchi)
The recent JARE activities related to the JGOFS and EASIZ programmes are summarized as
followed. Japanese biology programmes were consisted of the winter programme through 1997
winter and the summer programme of 1997/98 season. Main theme of the winter programme was
the terrestrial study in and around the Syowa Station (69-00S, 39-35E), while the JGOFS and
EASIZ related investigations were also made. The summer programme covered the marine
biological study on board the icebreaker Shirase as well as the JGOFS and EASIZ oriented study
on the coastal fast ice near Syowa Station. Samples and data collected are now being processed
and the brief summary of our activities is given below.
1. JARE 38 Winter programme from February 1997 to January 1998 by Koji Seto (Shimane
University) (1) Benthic foraminifera samples were collected from 164 sites in the Lutzow-Holm
Bay. Sampling sites were distributed along the north-south section in the Bay and the sea depths
of sites were shallower than 300 m. (2) Bottom sediment from the terrestrial lakes were collected
at 35 sites from 19 lakes. (3) Marine sediments exposed on land were investigated at beared rock
areas along the western side of the Lutzow-Holm Bay. Fossil bones of Weddell seal (parts of
head, neck and leg) were discovered from the northeastern coast of Lake Funazoko in Skarvsnes
area. Age of sediment layer where the bones were found is though to be 5000-6000 years old. (4)
Monitoring programme of seals and penguins were continued and a part of the programme is the
CCAMLR related study. Population census of Adélie penguin and its feeding and breeding
success were investigated.
2. JARE 39 programme from November 1997 to March 1998 by Akira Ishikawa (Mie University)
and Naoki Washiyama (Ryokuseisya Co. Ltd)
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(1) Surface chlorophyll concentrations were measured manually and seawater samples for
phytoplankton community analysis were collected at 148 stations along the cruise track of the
icebreaker Shirase. Stations are shown by open circles in Figure 8.1. Chlorophyll and
phaeopigment data from these station are plotted in Figure 8.2. Size-fractionated concentrations
were also measured. Nano- and picophytoplankton were counted using epifluorescence
microscope on board. Microphytoplankton species composition and cell density are analyzing in
the land laboratory. Chlorophyll data are used for the comparison to the fluorometric and
spectrophotometric data obtained from the surface monitoring system (below) as well as to the
ocean color information from the SeaWiFS sensor on the SeaSTAR satellite. Hatched part on
chlorophyll data (FS-1 to FS-8) in Figure 8.2 correspond to the SeaWiFS chlorophyll map
shown in Figure 8.3.

Figure 8.1. Stations and sites of marine biological investigations carried out on board the icebreaker Shirase during
the JARE 39 summer cruise. TF-, FS-, and SS- indicate station number of surface chlorophyll measurement.
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(2) Receiving system from the SeaSTAR satellite was installed on board the Shirase and a total
of 260 paths of SeaWiFS data were acquired on board. An example of surface chlorophyll map is
shown in Figure 8.3. NOAA satellite information was also received and a total of 1067 data
were acquired, which are used for observing water temperature and sea ice distribution.
(3) Surface monitoring system was employed on board and the fluorometric/spectrophotometric
measurements of chlorophyll were automatically made at 1-minute interval. Other than
chlorophyll data, water temperature, salinity, number of particles, nutrient salts (nitrate+nitrite
and silicate) were also measured concurrently.
(4) Zooplankton samples were collected from surface water, which flows, into the surface
monitoring system. Data of size and individual number of zooplankton will be compared with the
data of particles numbers measured with the optical sensor of the surface monitoring system. A
total of 167 samples were collected.
(5) Other than the observations (1)-(4) listed above, which were carried our while the icebreaker
was steaming, several observations were made at the CTD stations. There were 14 stations in
total and they are shown by open squares in Figure 8.1. Water samplings from different depths
for primary production study as well as zooplankton samplings with different nets were carried
out. Upward radiance and downward irradiance were measured with an underwater spectral
radiometer. The radiometer data are used for development of in water algorithm of SeaWiFS as
well as calibration and validation of SeaWiFS.

Figure 8.2. Chlorophyll and phaeopigment data obtained from the surface chlorophyll measurement as shown in
Figure 8.1. Station number as in Figure 8.1. Hatched area on Stations FS-1 to FS-8 corresponds the area covered by
the SeaWiFS information as shown in Figure 8.3.
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(6) Sediment trap moorings were carried out at two stations shown by cross in Figure 8.1. The
mooring experiments are being continued as a framework of the Southern Ocean JGOFS
programme, in particular in collaboration among France, Australia and Japan in the Indian sector
of the Southern Ocean. A time series sediment trap together with a current meter was deployed at
62-32.86S, 72-09.20E (where the French mooring had been carried out as M-3 station) in
December 1996. The mooring was planned to recover in March 1997 by the JARE-38, however;
the recovery operation was postponed. On 3 March 1998, one year later than the original plan,
the mooring was recovered and the trap and current meter showed their successful sample/data
collection. The same mooring was deployed at 61-18.20S, 80-01.27E on 4 March 1998 and it
will be recovered in December 1998 by the JARE-40.

Figure 8.3. Seafowl chlorophyll map obtained by the receiving system installed on board the icebreaker Shirase.
Strait line and cross indicate a cruise track of Shirase and station of surface chlorophyll measurement (FS-1 to FS-8),
respectively. The receiving system is one of the NASA authorized ground stations and T. Hirawake drew the map at
Center for Antarctic Environment Monitoring, National Institute of Polar Research, Tokyo.
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(7) EASIZ related observations were carried out from 27 December 1997 to 3 February 1998 at
one station on the coastal fast ice near Syowa Station. Thickness of sea ice was about 2.5 meters
(multiyear sea ice) and sea depth was 40 meters. Water sampling just below sea ice was made
almost everyday during the period and total and size-fractionated chlorophyll concentrations
were measured. Water samples are used for phytoplankton species identification as well as size
and number measurements. Concurrently, CTD observation and underwater PAR measurement
were made. Sediment trap samplings were repeated five times.
3. Plans for the JARE 40 summer/winter programme The JARE 40 will leave for the Antarctic in
mid November 1998 and the summer party will return to Tokyo in late March 1999. The winter
party will return to Tokyo in late March of 2000 after one year of wintering in 1999. Tow marine
biologists will participate in the summer programme and will focus on the remote sensing study
in primary production. Two marine biologists will participate in the winter programme and work
on primary production area as well as penguin and seal study. The more JGOFS and EASIZ
related investigations will be expected in the JARE-40 programme.
8.7

NEW ZEALAND

The status of the New Zealand Southern Ocean JGOFS Programme by Julie Hall.
The past 12 months has been a very busy time for the New Zealand JGOFS programme. We have
had a programme review and there have been three cruises in the Subtropical Front region. Two
back-to-back cruises were held in September-October with the hope of catching the spring
bloom. The first of these was in mid September. The aim of this cruise was to obtain
hydrographic, acoustic and ν–shuttle sections from Subtropical Water to Sub-Antarctic Water
across the frontal zone. Spatial variability in algal biomass, macronutrient levels, algal Fe stress
and the photochemical efficiency of PSII in the phytoplankton along the 178°30´E meridian
(from 47-41°S) were also measured.
The second of these two cruises was focused on quantifying the biological component of carbon
fluxes in sub-Antarctic and sub-tropical waters and to evaluate the variability of basic biological
variables in the frontal region of the subtropical front. These cruises were very successful and the
samples collected are currently being processed. The third cruise was in August this year and was
focused on quantifying the ‘baseline’ biological component of carbon fluxes in sub-Antarctic and
sub-tropical waters during winter and to evaluate the variability of basic biological variables in
the frontal region of the subtropical front. This data is critical to the food web modeling efforts
that are being under taken in this programme.
There have also been monthly transects of T/S, PAR, chlorophyll, pCO2, pH, macronutrients, and
stable isotopes made across the STF to the east of Dunedin.
8.8

SOUTH AFRICA

Scandinavian/South African Antarctic Research Cruise by Eckart H Schumann
During the period 4 December 1998 to February 6 1998, the first collaborative Scandinavian/
South African Antarctic expedition was conducted to the region of the Lazarev Sea. The
Scandinavian delegation consisted of scientists from Sweden (SWEDARP, Swedish Antarctic
Programme), Norway (NARE, Norwegian Antarctic Programme) and Finland (FINNARP,
Finnish Antarctic Programme). The data collected during the cruise formed part of a contribution
to both JGOFS and the Antarctic treaty, which stipulates that the signatory countries conduct
research within the region south of 40°S. Two main aims had been set for the cruise. The first
was to determine the relative importance of physical, chemical and biological factors, which
control primary production, and the second to assess the consequences of these factors for the
carbon cycle. The scientific programme which lasted for 34 days, consisted of three main
elements, a study of the marginal ice zone (MIZ), the inter frontal zone (IF), and finally the Polar
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Front (PF). The study was conducted along 6°E meridian in the region between 62 and 48°S.
Continuous underway sampling of pigments, nutrients, bacterial abundance and productivity, and
pCO2 were undertaken between each of the regions. In each of the regional studies, an initial
study was conducted with a "Scanfish" undulating CTD to establish the hydrological context.
This was followed by a CTD transect during which physical-chemical characteristics of the
region were determined. This included the measurement of nutrients (macronutrients and trace
metals), oxygen, total alkalinity, salinity and light environment. In total six 36-hour biostations
were occupied, three in the vicinity of the MIZ, two in the region of the PF while a single station
was occupied in the inter frontal region. At the biostations bacterial production, size-fractionated
chlorophyll, primary production studies and grazing (protozoan and metazoan) experiments were
conducted. In addition to the survey, mesocosm experiments were conducted with water
collected from the MIZ and from the PF zone. These studies were undertaken with the aim of
investigating the role of the short wave radiation (UV a/h) and iron (Fe) in limiting/promoting
phytoplankton production in the Southern Ocean. The duration of these experiments was 14 and
10 days, respectively.
Physical Oceanography: The three regions surveyed during the investigation could be divided
into two distinct regimes. Stations occupied in the vicinity of the MIZ and PF were characterized
by relatively high water column stability and a shallow mixed-layer depth. The water column
stability in the MIZ appeared to be related to sea-ice melt that imparts stability within the vicinity
of the retreating ice. In the region of the PF, water column stability appeared to be related to
physical attributes between the interacting water masses in the region of the front. In contrast, the
biostation occupied in the inter frontal zone was characterized by low water column stability with
a relatively deep mixed layer depth.
Biological studies: Total chlorophyll-a concentrations were always >0.5 g l-1 and were
dominated by microphytoplankton (> 20 µm). Here microphytoplankton comprised up to 70% of
the total. Among the microphytoplankton, diatoms generally dominated. An exception was found
at stations in the MIZ where the colonial haptophyte, Phaeocystis spp. dominated. In the region
of the PF and in the inter frontal region, diatoms of the genera Chaetoceros, Fragilariopsis and
Proboscia numerically dominated. Size fractionated primary production studies showed that total
phytoplankton production demonstrated a similar pattern to total chlorophyll concentration with
the highest rates recorded in the MIZ and PF. At both the MIZ and PF, microphytoplankton
represented the most important contributor to the total production in that area. The increase in
production in the regions appears to be correlated to relatively high water column stability. In
addition, in the vicinity of the MIZ, phytoplankton production may have been enhanced through
the availability of iron. At these stations, iron concentrations were among the highest recorded
during the entire cruise. Indeed, mesocosm experiments conducted with water from the MIZ
showed that iron enrichment resulted in the elevated phytoplankton growth rates. It is suggested
that the iron may have been released into the water column during ice melt. In conjunction with
the higher phytoplankton production rates recorded in the vicinity of the MIZ and PF, increased
biological rates including bacterial production, halocarbon synthesis, and humic fluorescence
were recorded. Total zooplankton abundance throughout the investigation was numerically
dominated by mesozooplankton comprising copepods. Among the copepods Rhincalanus gigas,
Metridia gerlachei, Calanoides acutus, Calanus propinquus and Oithona spp. were particularly
well represented. The larger macrozooplankton were almost entirely dominated by the tunicate
Salpa thompsoni. An exception was found at stations within the inter frontal zone where two
species of Euphausiids, the Antarctic krill Euphausia superba and Thysanoessa macrura
numerically dominated the macrozooplankton counts. The absence of krill in the vicinity of the
PF was unexpected as this region is generally characterized as a region of high krill abundance.
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The results of protozooplankton (heterotrophic organisms in size range 20-200µm) grazing
studies conducted during the survey suggested that the grazing impact of these organisms were
largely correlated to the size composition of the phytoplankton assemblages. Generally, the
highest grazing impact (up to 30% of the standing stock) was recorded at stations within the inter
frontal zone where the contribution of the small nano- and picophytoplankton (>20µm) to total
chlorophyll was highest. Outside this region, total grazing impact of the protozooplankton was
equivalent to >10% of the standing stock. Similarly, the preliminary results of grazing studies
suggest that the grazing impact of the meso- and macrozooplankton in the MIZ and PF was
minimal. However, within the inter-frontal zone the grazing impact of the zooplankton
corresponded to 10% of the daily phytoplankton production.
The results of this survey suggest that the physical and biological processes are tightly coupled in
the region of investigation. In particular, water column stability appears to be a major controlling
factor in primary production within the Southern Ocean. This result is consistent with previous
studies conducted in other sectors of the Southern Ocean. The availability of trace metals, in
particular iron, in enhancing productivity in the Southern Ocean cannot be discounted. The
importance of the MIZ production in the carbon cycle of the Southern Ocean was evident from
the pCO2 levels within the region. The results clearly show that there is a strong drawdown of
atmospheric CO2 within the region that appears to be related to high phytoplankton productivity
recorded in the vicinity of the MIZ. Furthermore, the studies also suggest that the partitioning of
phytogenic carbon between the various size classes of grazers is strongly determined by the size
structure of the phytoplankton assemblages. This has important implications for the localized
efficiency of the biological pump.
8.9

UNITED STATES OF AMERICA

The status of the U.S. JGOFS Southern Ocean Process Study (AESOPS) (Bob Anderson)
The program had carried out 11 cruises aboard two ships (7 aboard the PALMER; 4 aboard the
REVELLE) covering the period 8/96 - 4/98. The 11 cruises included a site survey within the APFZ
to select sites for mooring deployment; a mooring deployment cruise; 4 cruises focusing on
biogeochemical processes in the Ross Sea; 4 cruises focusing on biogeochemical processes in the
Polar Front Zone; and a mooring recovery cruise during which benthic fluxes were measured and
sediment cores were collected. Our field program was completed in 4/98 with the successful
recovery of sediment trap moorings.
The suite of cruises provided coverage of the seasonal cycle of biogeochemical processes, both in
the Ross Sea and in the Polar Front Zone, beginning in late winter/early spring and working
through late fall/early winter (Ross Sea) or early fall (APFZ).
Information concerning 10 of the 11 U.S. cruises has been posted on the International JGOFS
web page managed by the Bergen office. I anticipate that information concerning the final cruise
will be posted soon.
The first PI meeting (data workshop) was held in June 1998. The second is planned for 2-9
August 1999. We have requested that the U.S. JGOFS Synthesis and Modeling Program hold a
workshop on synthesis of Southern Ocean data during the summer of 2000. Our request has been
favorably received by the Chairs of the U.S. JGOFS SMP (Sarmiento and Doney), but no final
decision has yet been reached concerning our request.
Cruise data are being placed in the U.S. JGOFS database, which can be accessed through the
U.S. JGOFS web page. General cruise information can be accessed through the web page by
anyone. Access to cruise data is restricted during a 2-year moratorium, during which only U.S.
JGOFS PIs have access to the data.
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Appendix I - AGENDA OF THE BREMERHAVEN WORKSHOP
• Day 1, Thursday, 3rd Sept.; 08:30. Welcome, local logistics followed by presentations approximately 20-30
minutes each
1. Overview
1.1 Southern Ocean biogeochemical provinces - overview (Tréguer)
1.2 Carbon dioxide sink and source regions - spatial and temporal
2. Open ocean and island systems
2.1 Atlantic Ocean Sector (Priddle)
2.2 Indian Ocean Sector (Tréguer)
2.3 Review session, further contributions
3. Frontal systems
3.1 Pacific Ocean Sector (Hall, Anderson)
3.2 Indian Ocean Sector (Tréguer)
3.3 Atlantic Ocean Sector (Lucas, Bathmann)
3.4 Review session, opportunity for further contributions from other participants
4. Ice edge and coastal systems
4.1 Indian Ocean Sector (Tréguer)
4.2 Atlantic Ocean Sector (Bathmann)
4.3 Pacific Ocean Sector (Smith, Priddle)
4.4 Review session, further contributions
5. Summary
5.1 Summary discussion and output to JGOFS themes 1 and 5 (regional focus).
5.2 Rapporteurs prepare reports for the next day
• Day 2. Friday 4 Sept.; 08:30 Presentations approximately 20 minutes, plus discussion
6. Remaining JGOFS themes and additional focus areas: Names of rapporteurs are underlined
6.1 Regional primary and new production (Lucas, Smith) (JGOFS 2)
6.2 Role of community structure and function (Bathmann, Priddle) (JGOFS 3)
6.3 Water column remineralisation (Priddle, Hall, Tréguer, Priddle) (JGOFS 4)
6.4 Air-sea carbon dioxide exchange and ocean DIC distribution (local focus - Tréguer,) (JGOFS 5)
6.5 Feedback processes in regulating production and exchange (Priddle) (JGOFS 6)
6.6 Export production (Bathmann, Anderson) (JGOFS 7)
6.7 Role of continental margins (Hall, Smith) (JGOFS 8)
6.8 Role of deep-ocean fluxes (Anderson) (JGOFS 9)
6.9 Sea ice (Dieckmann, Priddle)
6.10 Spatial and temporal variability (Priddle, Tréguer)
6.11 Role of the Southern Ocean in the past - the paleo-environmental record (Rutgers v.d. Loeff)
7. Summary discussion and writing tasks
• Day 3. Saturday 5 Sept.; 08:30 Plenary session on future synthesis, including workshop and symposium plans
8. Current status of Southern Ocean modeling studies
8.1 The 1-D modeling (Hense, Tréguer)
8.2 The 3-D modeling and global integration (Timmermann, Wolf-Gladrow)
8.3 Inverse modeling (Schlitzer)
8.4 Review session, further contributions
9. Plans for workshops and symposia
10. Summary and regional input to JGOFS themes 11 and 12
11. Close workshop, and move to Synthesis Group business
11.0 The status of the national programmes
11.1 Iron intercalibration
11.2 Transition to Regional Synthesis Group, including Terms of Reference
11.3 Membership of the SO-RSG
11.4 Cruise inventory
11.5 Data inventory
17:00 meeting closes
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Appendix II - WORKSHOP PARTICIPANTS
Anderson, Bob, Geochemistry Department, Lamont-Doherty Geo. Obs., Palisades NY 10964,
USA, boba@lamont.ldgo.columbia.edu
Bathmann, Ulrich,
bremerhaven.de
Dieckmann, Gerhard,
bremerhaven.de

AWI,
AWI,

D-27515
D-27515

Bremerhaven,

GERMANY,

ubathmann@awi-

Bremerhaven,

GERMANY,

gdieckmann@awi-

Hall, Julie, NIWA, Box 11-115, Hamilton, NEW-ZEALAND, j.hall@niwa.cri.nz
Hense, Inga, AWI, D-27515 Bremerhaven, GERMANY, ihense@awi-bremerhaven.de
Lucas, Mike, University of Cape Town, Private Bag Rondebosch 7700 SOUTH AFRICA,
mlucas@ucthpx.uct.ac.za
Priddle, Julian, BAS, Cambridge CB3 OET, GREAT BRITAIN, j.priddle@bas.ac.uk
Rutgers van der Loeff, Michiel, AWI, D-27515 Bremerhaven, GERMANY, loeff@awibremerhaven.de
Schlitzer, Reiner, AWI, D-27515 Bremerhaven, GERMANY, rschlitzer@awi-bremerhaven.de
Smith, Walker O., Virginia Inst. Marine Science, College of William Mary, Gloucester Pt, VA,
23062; 804 684 7709, USA, wos@vims.edu
Socal, Giorgio, Inst. di Biologial del Mare, Costello 1364/A, I-30122 Venezia FAX 0039 41
5204126, ITALY, socal@ibm.ve.cnr.it
Timmermann, Ralph, AWI, D-27515 Bremerhaven, GERMANY, rtimmermann@awibremerhaven.de
Tréguer, Paul, URA CNRS 1513, Inst. Univ. Européen de la Mer, Univ. de Bretagne Occid,
BP809, F-29285 Brest, Cédex, FRANCE, Paul.Treguer@univ-brest.fr
Wolf-Gladrow, Dieter, AWI, D-27515 Bremerhaven, GERMANY, wolf@awi-bremerhaven.de
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Appendix III - Fe CERTIFICATION TASK GROUP Meeting in Amsterdam
e-mail: Date: Tue, 22 Sep 1998 13:19:07 +0200 (MET DST)
From: de baar <debaar@nioz.nl>
To: ubathmann@awi-bremerhaven.de
Dear Uli; Upon your question I have now taken initiative as you may read below. From this I will
prepare a one-page statement on the task group meeting in Amsterdam. This statement is what
you then can use at the JGOFS meeting end of October. Hein
The upcoming Fe symposium at Amsterdam will also be used to make some progress on defining
and implementing what has to be done for certified standards of Fe in seawater. The objective is
to get together either at Sunday 1 November in the morning from 10.00-12.00 h or at Thursday
afternoon 5 November from 14.00-16.00 hour. Here I am now preparing a background document
in the line of what I had sent to you by email last March 25 and June 19 respectively, yet phrased
in a more official style. In my recollection, you had at the time volunteered to look into options
of EU funding such projects, which would involve a cruise. Has there been any progress on this
important financial part of the exercise, i.e. what are the prospectives of EU funding ??? In order
for the project to be of worldwide use it appears likely that we would have to set up a parallel
funding plan with money both from the EU, the US-NSF as well as the Japan funding agency.
For US-NSF, I have contacts on this already. Because Andrew Bowie will be in the Amsterdam
meeting, it is hoped he will be able to represent the Plymouth group and update us on ideas and
progress on this matter at Plymouth. Obviously when you would like to come yourself you are
most welcome, in which case we would need to make arrangements quickly for your hotel. In
order to arrive at a plan for the sensitive issue of standards and intercalibration to become
supported by the whole Fe community, it is imperative to involve representatives of major labs at
least in the discussions and planning, if not in the implementation. For this purpose I have made
below provisional list of people who will be at the Amsterdam meeting anyway, as the core for
such task group:
Obata, Japan; Takeda, Japan; Blain, Brest, France; deBaar, NIOZ, NL; Croot, NIOZ, NL; Bowie,
Plymouth, UK; vandenBerg, Liverpool, UK; Coale, MLML, US; Bruland, UCSC, US; Landing,
Florida, US; (Wu), MIT, US (not yet confirmed for symposium)
Missing laboratories are that of Luther and Measures who could not come to the symposium.
Same for Wu (MIT) in the case he does after all not show up. However there has been active
emailing with all those parties and we will inform them about this task group. Please let me
know what laboratory I have overlooked. Otherwise in the spirit of achieving community support
it would be an open meeting, i.e. any other of about 45 participants of the symposium would be
welcome to attend and support the task group by making suggestions. Certainly, I would expect
the co-chairs Turner and Hunter of the SCOR Working Group 109 to take part as well.
Looking forward to your answer.
Hein de Baar
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