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Abstract. The First Aerosol Characterization Experiment (ACE 1) intensive experiment,
conducted between November 14 and December 15, 1995, covered an oceanographically
complex region, including the subtropical (ST), Subtropical Convergence Zone (STCZ),
Subantarctic (SA), and polar water masses. Oceanographic and atmospheric sampling to
identify the chemical and biological communities that might affect biologically produced,
aerosol precursors in these water masses was carried out from the RV Discoverer and FRV
Southern Surveyor. Sea surface temperature was not a good indicator of water mass during
ACE 1. The physical structure east of 147.5'E was more complex than west of this longi-
tude. Nutrient concentrations (nitrate, silicate) in the mixed layer increased, but ammonia
concentrations decreased from ST to polar waters. Ammonia concentranons in surface wa-
ters exceeded >5 uM, and ammonia fluxes peaked at 12 uM m” d" in ST water near Cape
Grim between November 27 and 30. Seawater dlmethyl sulfide (DMS;,) concentrations av-
eraged 1.7 £ 1.1 nM with maximum values near 6 nM in ST waters. The flux of d1methy1
sulfide to the atmosphere averaged 4.7 £ 5.0 uM m” d”', with peak fluxes (>40 uM m 2dh
in SA water. DMS,,, increased significantly only in SA waters during the experiment. Sur-
face chlorophyll-a concentrations measured from the FRV Southern Surveyor ranged be-
tween 0.3 and 0.6 mg m”. Surface chlorophyll-a concentratlons along the Discoverer cruise
track were similar, but 5 phytoplankton blooms (>1 mg m' %) were found. Integrated column
chlorophylls ranged from 29.4 mg m” in SA water to 53.2 mg m’ m ST water. Modeled
primary production rates were ranged between 409 mg carbon m *d" in the polar front to
3180 mg carbon m” d" in ST water near Cape Grim. Mixed layer phytoplankton growth
rates, estimated from net primary production, were 0.31 d" in the SAF to 1.07 d”" in STCZ
water east of Tasmania. Grazing dilution experiments showed rmcrozooplankton grazing
and phytoplankton growth rates were tightly coupled, with net growth rates ranging from -
0.13d t00.22 d". During the ACE 1 intensive period, the surface waters were in transition
from the deeply mixed, winter conditions to the shallowly stratified, spring conditions. The
spring phytoplankton bloom was just beginning in the northern water masses, and isolated
blooms were present at several locations in SA surface waters. The low standing stocks of
chlorophyll and tightly coupled grazing rates may have been responsible for the low con-
centrations of DMS and NHj in the region, and the generally low fluxes of these com-
pounds to the atmosphere during the ACE 1 intensive experiment.

1. Introduction

The oceanographic part of the First Aerosol Characteriza-
tion Experiment (ACE 1) can be divided into a long transit
from Seattle, Washington, to Hobart, Tasmania, conducted by
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the R/V Discoverer and the “ACE 1 intensive experiment”
[Bates et al., 1998a]. The ACE 1 intensive experiment took
place in the area around and to the south of Tasmania be-
tween ~ 40°S and 58°S and 135°E and 157°E (Plate 1). This
paper discusses only the ACE 1 intensive experiment, during
which both the RV Discoverer and FRV Southern Surveyor
were at sea, providing the oceanographic background to the
concurrent atmospheric investigations.

The specific goal of ACE 1 were to determine and under-
stand the properties-and controlling factors of aerosols in the
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remote marine environment that are relevant to radiative
forcing and climate. The area west and south of Tasmania
meets the requirements of a remote marine environment, par-
ticularly when west or southwest winds are blowing. Addi-
tional reasons for choosing the area are given by Bates et al.
[1998a]. The objectives of this paper are to (1) describe the
characteristics and locations of the near-surface water masses
that were traversed during the ACE 1 Intensive experiment,
(2) describe the nutrients (nitrate, silicate, phosphate, ammo-
nia) in the water masses, and how these varied in time during
the experiment, (3) describe the distribution of chlorophyll-a
in both the surface water and with depth and column primary
production, phytoplankton growth rates, and microzooplank-
ton grazing rates, and (4) describe the water masses traversed
and characterise the fluxes of DMS and ammonia from the
ocean to the atmosphere, particularly during the Lagrangian
experiments.

These objectives were designed to assess the role of the
physical oceanographic structure, and mixed layer chemical
and biological processes in controlling the rates at which
biologically based aerosol precursors are produced.

In the ACE 1 region, water mass boundaries have previ-
ously been identified primarily based on the subsurface physi-
cal oceanographic structure, but this is not useful for work
concentrating on mixed layer processes. Water masses are de-
fined following Rintoul et al. [1997], Jones et al. [1998], and
Clementson et al. [1998]. The mixed-layer, salinity front defi-
nitions approximately correspond to these subsurface tem-
perature/depth combinations and are most useful for defining
the water mass boundaries. Temperature could not be used as
Rintoul et al. [1997] found significant warming and cooling
in the mixed layer between October (late winter) and March
(late summer) but little change in mixed layer salinity. Sub-
tropical water has a surface salinity of >35.2, and the Sub-
tropical Convergence Zone (STCZ) has salinities between
34.8 and 35.2. A salinity change at the surface to <34.8 ap-
proximates the position of the 11°C isotherm at 150 m. This
salinity separated the Subtropical Convergence Zone water
from the Subantarctic Zone (SAZ) and Subantarctic Front
(SAF) which have a salinity range of 34.8-34.2. The Polar
Front (PF) is adjacent to the SAF. A surface salinity of 34.0
approximates the 2°C temperature minimum layer at 200 m,
defining the surface polar water mass in this paper.

Nitrate and silicate concentrations in the mixed layer of the
ST water are generally <1 uM [Clementson et al., 1998; Jones
et al., 1998]. Nitrate and silicate concentrations and increase
in steps as the various water masses are encountered [Maeda
et al., 1985]. The STCZ, SA, and polar zones are high nitrate,
low silicate low chlorophyll with low dissolved iron concen-
trations in the mixed layer regions [Sedwick et al., 1997].
Chlorophyll-a concentrations in the mixed layer were in the
0.1-0.6 mg m” range and increased to >2 mg m" in phyto-
plankton blooms [Bradford-Grieve et al., 1997]. Primary
production in these waters can vary from <100 mg C m’d" to
>2000 mg m”d" and is very dependent on season and region
[Harris et al., 1987, 1991; Parslow et al., 1996; Bradford-
Grieve et al., 1997, Clementson et al., 1998].

The ocean is the source of non-sea-salt sulfate found in the
marine boundary layer. The sulfur is released from the ocean
in the form of dimethyl sulfide (DMS). Phytoplankton species
such as Phaeocystis pouchetti, Emiliania huxleyi, Rhizosole-
nia setigera, and Gymnodinium spp. are rich sources of the
DMS precursor, dimethylsulphoniopropionate (DMSP)
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[Keller et al., 1989; Malin et al., 1993]. Blooms of E. huxleyi
and Phaeocystis have been associated with high DMS con-
centrations [Gibson et al., 1990; Malin et al., 1993]. Gymno-
dinium spp was the only abundant, DMSP-rich species found
during the ACE 1 intensive experiment [Jones et al., 1998].
DMS in seawater can be produced from the conversion of
DMSP in intact phytoplankton cells [Stefels and van Boekel,
1993] by the release of DMSP from cells during grazing by
zooplankton [Dacey and Wakeham, 1986; Leck et al., 1990]
or during phases of stationary or declining growth [Turner et
al., 1988]. Levasseur et al. [1996] suggest that microzoo-
plankton grazing and bacterial action play a dominant role in
determining the timing and magnitude of DMS pulses fol-
lowing phytoplankton blooms. Kiene and Bates [1990] found
that microbial DMS consumption was generally 10 times
faster than the DMS flux to the atmosphere. However, mi-
crobial DMS consumption was similar in magnitude to air-sea
exchange in the midlatitude North Pacific [Bates et al., 1994].

Curran et al. [1998] have described the spatial and tempo-
ral variation in DMS and DMSP in seawater and air in the
Australian sector of the Southern Ocean between 1991 and
1995. They found significant correlations between DMSP
and chlorophyll-a on the World Ocean Circulation Experi-
ment (WOCE) SR3 transect between Tasmania and Antarctica
in January 1994 and on a second transect between 59°S and
67°S near 80'E. In January 1995, a significant correlation
along SR3 was found only when chlorophyll-a levels less
than 0.2ug I were included. Bates et al. [1998b] and De
Bruyn et al. [1998] have measured seawater and atmospheric
DMS, and atmospheric sulfur dioxide concentrations and re-
lated these to processes controlling the distribution of parti-
cles in the lower marine boundary layer. Jones et al. [1998]
have measured DMS and DMSP concentrations in relation to
water mass, phytoplankton species abundance, and microzoo-
plankton grazing during the ACE 1 intensive experiment.
They did not find a significant correlation between chloro-
phyll-a and DMSP although the particulate DMSP: chloro-
phyll-a ratio increased with increased numbers of dinoflagel-
lates.

The source of ammonia in the remote marine atmosphere is
also from biological processes taking place in the mixed layer
of the ocean. Ammonia concentration in the mixed layer is a
balance between the regeneration rate resulting primarily from
microheterotrophic grazers and bacteria [Harrison, 1992],
phytoplankton utilisation, and flux to the overlying atmos-
phere. Fluxes of ammonia from the atmosphere to the ocean
are thought to be extremely small. At the pH of seawater,
about 90% of the ammonia are present as dissolved ammo-
nium (NH:), which is not directly involved in air-sea ex-
change.

By measuring the nutrient concentrations, primary produc-
tion, and grazing rates, and knowing the phytoplankton spe-
cies present in the mixed layer, it is possible to begin to un-
derstand some of the variability in different oceanographic re-
gions and the overlying atmosphere.

2. Measurements

2.1. Cruise Tracks

The cruise tracks that the vessels followed are shown on
Plate 1, with the numbers indicating day of year (DOY)
(where noon on February 1 equals DOY 32.5) and the posi-
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Sea Surface Temperature — Degrees Centigrade

Plate 1. Composite sea surface temperature image for the period 24 November 24 to December 8, 1995, during
the ACE 1 intensive experiment with the cruise tracks for the NOAA R/V Discoverer and FRV Southern Sur-
veyor superimposed. The red circles and numbers represent Discoverer's position at the beginning of each day of
the year (DOY) at 0000 UTC, and the blue circles and numbers are the same for Southern Surveyor. The dotted
black line represents Discoverer's cruise track. The track made good by Discoverer during the Lagrangian A ex-
periment is shown by the black rectangles and during the Lagrangian B by the red rectangles. The solid white line
is Southern Surveyor's cruise track, and the track made good during Lagrangian A is shown by the white rectan-
gles. Discoverer left Hobart on November 15 (DOY 319) and returned on December 13, 1995 (DOY 347).
Southern Surveyor left Hobart on November 16 (DOY 320) and returned on December 7, 1995 (DOY 341). The
eastern and western regions are separated by a blue line along 147.5°E.
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Table 1. Date, DOY, and Position of RV Discoverer and FRV Southern Surveyor at 0000 UTC

During the ACE 1 Intensive Experiment

RV Discoverer FRV Southern Surveyor
UTC Date DOY Decimal Decimal Decimal Decimal
‘ Latitude Longitude Latitude Longitude

Nov. 16, 1995 320 46.09 150.29 43.41 147.06
Nov. 17, 1995 321 51.46 155.33 42.63 144.66
Nov. 18, 1995 322 - 54.51 158.97 40.73 143.44
Nov. 19, 1995 323 52.10 155.95 41.08 142.71
Nov. 20, 1995 324 46.23 154.03 41.99 139.92
Nov. 21, 1995 325 47.67 145.75 42.19 140.14
Nov. 22, 1995 326 48.95 137.61 45.00 142.72
Nov. 23, 1995 327 50.00 138.29 44.94 142.79
Nov. 24, 1995 328 47.52 141.25 46.31 143.88
Nov. 25, 1995 329 47.80 145.31 47.97 145.55
Nov. 26, 1995 330 43.32 141.15 48.81 145.52
Nov. 27, 1995 331 41.83 140.01 52.31 145.47
Nov. 28, 1995 332 41.00 143.48 53.32 145.51
Nov. 29, 1995 333 40.86 144.07 51.39 145.44
Nov. 30, 1995 334 44.28 141.15 50.49 145.45
Dec. 1, 1995 335 45.28 142.57 49.99 146.04
Dec. 2, 1995 336 45.15 141.53 47.89 147.66
Dec. 3, 1995 337 46.99 146.26 47.00 152.17
Dec. 4, 1995 338 44.74 141.53 47.65 149.99
Dec. 5, 1995 339 41.30 140.16 46.72 149.99
Dec. 6, 1995 340 41.30 138.58 46.57 149.23
Dec. 7, 1995 341 45.00 141.03 45.56 148.97
Dec. 8, 1995 342 45.54 144.48
Dec. 9, 1995 343 45.57 144.36
Dec. 10, 1995 344 48.60 147.70
Dec. 11, 1995 345 45.06 145.05
Dec. 12, 1995 346 45.01

144.00

Latitude and longitude are given as degrees and decimal minutes.

tion of the vessel at midnight UTC. The sea surface tempera-
ture data shown in the image are from the National Oceano-
graphic and Atmospheric Administration (NOAA) 12 and
NOAA 14 satellites, and the image is a composite from im-
ages received between November 24 and December 8, 1995.
Actual latitude and longitude of each vessel at 0000 UTC on
each DOY is given in Table 1. The ACE 1 region has been
separated into a "western block” and an "eastern block" ap-
proximately along latitude 147.5°E because of the significant
influence of the East Australian Current on the physical
oceanographic structure east of Tasmania. RV Discoverer
left Hobart on DOY 319 and returned on DOY 346. Sam-
pling near Macquarie Island (54°S, 159°E) was carried out
between DOY 322-323. During the Lagrangian A experiment,
Discoverer sampled between 45°S, 141°E and 46°S, 148°E on
DOY 335-336, roughly under research flight 18 [Bates et al.,
1998a]. The region west and southwest of Cape Grim was
sampled between DOY 330-341. Sampling to support the
Lagrangian B experiment was done between 45.5°S, 144°E
and 47°S, 146.1°E, and then south to 49.1°S, 147.7°E on DOY
342-343.

Southern Surveyor left Hobart on DOY 320, and returned
on DOY 341. Work was concentrated along transects from
Cape Grim to 42°S, 140°E, and between 42°S, 140°E and
53.2°S, 145.5°E (DOY 322-335), with additional intensive
work in the region between 46-47.5°S, 149°-150°E on DOY

337-340. During the Lagrangian A experiment, Southern Sur-
veyor sampled between 46.5°S, 148°E and 47°S, 152.35°E on
DOY 336-337, approximately under research flight 19.

2.2. Sampling on RV Discoverer

Vertical profiles of temperature and salinity were made
from the surface to a depth of 300 m using a Seabird (SBE-9
Plus) conductivity/temperature/depth (CTD) instrument. The
CTD was calibrated by the NW Regional Calibration facility
immediately prior to ACE 1. Water samples were collected
on these CTD casts with a rosette sampler using 10 L Niskin
bottles with silicone O-rings and tubing. Eight CTD deploy-
ments were conducted from Discoverer during the ACE 1 in-
tensive.

Discrete samples for chlorophyll-a measurements were
collected every 4 hours while underway and at 10 depths from
the CTD casts. Samples (530 mL) were collected, immedi-
ately filtered, and the filters were put into 10 mL of 90%
acetone and stored in a freezer in the dark at -18°C. The sam-
ples were analyzed with a fluorometer aboard ship within 3-4
days of collection [Parsons et al., 1984]. The fluorometer
was calibrated after the cruise using standard chlorophyll-a.

2.2.1 Underway measurements. Seawater was sampled
from the ship’s clean seawater inlet at the bow of the NOAA
R/V Discoverer, nominally 5 m below the sea surface [Bates
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et al., 1998a]. Seawater temperature and salinity were meas-
ured with a Seabird SBE-21 thermosalinograph mounted in
the clean seawater inlet in the ship’s seachest at the bow of
the ship. The thermosalinograph was calibrated by the
Northwest Regional Calibration Centre immediately before
the cruise. Temperatures were measured with an accuracy of
0.001°C, and salinity was measured in practical salinity units
(psu) with an accuracy of 0.005. The data were stored as in-
stantaneous l-minute values. All salinities in this paper are
reported using the Practical Salinity Scale 1978 (PSS 78),
hence no units are included. Water from the seachest was
pumped at a flow rate of 100 liters per minute (L min") to the
ship’s laboratory for nitrate, ammonium, and DMS analysis.

The total nitrate and nitrite concentration was determined
by standard autoanalyzer techniques [Parsons et al., 1984].
At 10-minute intervals, the instrument sampled seawater,
blank, seawater, blank, standard, blank, and this sequence was
repeated each hour. The lower limit of detection ranged from
0.02 to 0.05 uM. Seawater from the ocean gyres was used
both as the instrument blank and to prepare standards.

2.2.2 Seawater and atmospheric ammonia measure-
ments. The total seawater ammonia concentration [NH,T o+
NH;], shown as [NHx].., was determined by the method of
Genfa and Dasgupta [1989]. A continuous flow of seawater
was injected into a manifold at regular intervals. In between
each sample injection, a baseline was established by injecting
blank seawater collected in the ocean gyres. NH,* standards,
made by standard addition to the gyre water also were peri-
odically injected. The detection limit was 0.005 uM. The pH
measurements were made in conjunction with the concentra-
tion [NH,*o+ NH,,] measurements in order to calculate
NHj, for the flux calculations. The pH was determined using
the spectrophotometric technique of Dickson [1993], and the
accuracy is estimated to be +0.005.

Atmospheric ammonia samples ([NH;]..,) were collected
on oxalic coated filters mounted at the top of the aerosol sam-
pling mast [Bates et al., 1998a] using a tandem sampling
system [Quinn and Bates, 1989; Quinn et al., 1990]. A cy-
clone separator removed large sea-salt particles. The cyclone
was followed by a 47 mm Millipore Fluoropore filter for the
collection of the remaining particles and 4 Whatman 41 paper
filters in series coated with 0.01 M oxalic acid for the collec-
tion of NH;(g). Samples were analyzed by ion chromatogra-
phy [Quinn et al., 1998]. All sample handling was carried out
in an NH;-free glove box. On average, the blank concentra-
tion was 18% of the samyle concentration. Values reported
here are in units of nM m" at standard temperature (25°C) and
pressure (1013 mbar) such that 1 nM m’ equals 24.5 ppt.

2.2.3. Seawater and atmospheric DMS measurements.
Seawater DMS concentrations were determined with a purge
and trap system. Approximately every 30 min, 5.1 mL of
seawater was valved into a Teflon gas stripper. The sample
was purged with hydrogen at 80 mL min” for 5 min. Water
vapor in the purged seawater sample stream was removed by
passing the flow through a - 25°C Teflon tube filled with si-
lanized glass wool. DMS was then trapped in a - 25°C Teflon
tube filled with Tenax. During the sample trapping period,
6.2 pmol of methylethyl sulfide was valved into the hydrogen
stream as an internal standard. At the end of the sam-
pling/purge period, the coolant was pushed away from the
trap and the trap, and the trap was electrically heated. The
trapped sample was desorbed onto a DB-1 mega-bore fused
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silica column where the sulfur compounds were separated
isothermally at 50°C and quantified with a sulfur chemilumi-
nescence detector. The system was calibrated using gra-
vimetrically calibrated permeation tubes. The precision of the
analysis was typically +8%. The detection limit during ACE 1
was approximately 0.8 pM. The performance of the system
was monitored regularly by running blanks and standards
through the entire system. Values reported here have been
corrected for recovery losses. System blanks were below de-
tection limit. Data are reported here in units of nM.

Air samples (4 L min'l) for DMS analysis were collected
through a Teflon line which ran approximately 60 m from the
top of the aerosol sampling mast [Bates et al., 1998a] to the
analytical system. One hundred mL min" of this air was
pulled through a KI solution at the analytical system to elimi-
nate oxidant interferences [Cooper and Saltzman, 1993]. The
air sample volume ranged from 0.5 to 1.5 L depending on the
DMS concentration. Air samples were analyzed using the
same trap/detector system that was used for seawater DMS
analysis. Values reported here have been corrected for recov-
ery losses. System blanks were below detection limit. At-
mospheric DMS concentrations (DMS,.) are reported in parts
per trillion (ppt).

2.2.4. Calculation of fluxes. For the ACE 1 data set,
DMS fluxes were calculated for each seawater measurement,
using

F =k (DMS).. @

where k; is the transfer coefficient and is based on the in situ
wind speed and the wind speed transfer velocity relationships
of Liss and Merlivat [1986].

The air/sea flux of ammonia was calculated for each at-
mospheric ammonia measurement using

F=k, [Ky(NH3); - (NH3),] @

where k, is the transport coefficient. (NH;). was calculated
from the measured total seawater ammonia concentration
[NH,* o+ NHy,]and measured pH. A transport coefficient of
3000 cm h' was used [Liss and Slater, 1974]. All equilibrium
constants were corrected for temperature and the ionic
strength of seawater [Stumm and Morgan, 1981; Danckwerts,
1970].

2.2.5. Additional measurements. Additional measure-
ments made aboard the ship [Bates er al., 1998a] included
atmospheric temperature, pressure, and humidity, wind speed
and direction, rainfall rates, solar radiation, and atmospheric
radon [Whittlestone and Zahorowski, 1998]. Atmospheric
vertical profiles of temperature, dew point temperature, and
wind speed and direction from radiosondes were also made
[Bates et al., 1998a]. The "smart" balloons used to mark and
trace the air parcels repeatedly sampled by the C-130 aircraft
during the Lagrangian experiments [Businger et al., 1999]
were released by the Discoverer. All references to time are
reported here in UTC.

2.3. Sampling on FRV Southern Surveyor

Detailed physical, chemical, and biological measurements
were made from the FRV Southern Surveyor between
November 15 and December 7, 1995, during the ACE 1 in-
tensive period. One hundred and five CTD casts to depths of
between 100 m and 1000 m were made with a Neil Brown
Mark 3B WOCE standard CTD and 12 bottle rosette. Samples
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were taken from 10 L Niskin bottles on the rosette for salinity,
oxygen, and nutrients. Prior to the cruise, the thermistor on
the CTD was calibrated at the Calibration Facility of CSIRO
Marine Research. The Calibration Facility is National Associa-
tion of Testing Authorities (NATA) registered, and the results
of the calibration are traceable to the ITS 90 temperature scale.
Salinity data from the CTD were calibrated using results ob-
tained from the analysis of in situ samples collected from
Niskin bottles on the CTD rosette. Samples were collected dur-
ing the upcast of the CTD, and the salinities were measured
using an inductively coupled salinometer (YeoKal) standardized
with International Association for Physical Science of the
Ocean (IAPSO) standard seawater. Discrete measurements of
dissolved oxygen were made by the Winkler method on samples
collected from Niskin bottles. Oxygen profiles were made using
an oxygen probe on the CTD. The oxygen sensor data were
calibrated postcruise based on the bottle sampling results and an
algorithm described by Owens and Millard [1985] with coeffi-
cients estimated by non linear least squares regression using the
Levenberg-Marquardt method. Nutrients (NO;, PO, SiO,)
were analysed using a Technicon AA2 autoanalyzer [Airey
and Sandars, 1987]. The nitrate method was modified with
an Imidazole buffer used instead of the Grasshoff buffer, and
the cadmium granules in the reducing column were not coated
with copper. Lower limits of detection were 0.2 uM, 0.05 uM,
and 0.5 uM for nitrate+nitrite, phosphate, and silicate, re-
spectively. Ammonia was measured using an improved flow
injection analysis procedure [R. J. Watson et al., manuscript in
preparation, 1999] based on Jones [1991]. Detection limits of
this improved method were 20 nM, and repeatability was <10
nM. DMS and DMSP were measured as described by Jones et
al. [1998].

2.3.1. Underway measurements. The water inlet for un-
derway salinity, temperature, fluorescence, and nutrient
measurements was located at 5 m depth below the ship’s wa-
ter line, and travel time within the vessel was <1 min. Salinity
and temperature were measured using a SeaBird thermosali-
nograph, which had a stated accuracy of +0.001 psu and
+0.01°C. The salinity sensor was out of calibration by about
0.2 psu during this cruise. The underway salinity data have
been corrected by regressing the salinity measured by the
thermosalinograph against the salinity in the surface niskin
bottle taken at 65 CTD stations during the cruise. No tem-
perature correction was applied to the data presented here.

A WETStar fluorometer was used to measure fluorescence
in the thermosalinograph outflow water, which was kept
nearly constant at 1 L min". The fluorometer had a measure-
ment range of 0.03-3 mg m” and a sensitivity of 0.03 mg m”
chlorophyll-a. The instrument was cleaned with methanol,
and the zero was checked with Milli-Q water approximately
daily during the cruise. Chlorophyll-a samples, used to cali-
brate the fluorometer, were taken at night from the fluorome-
ter overflow, filtered through GF/F filters and immediately
stored in liquid nitrogen until analyzed ashore by high-
performance liquid chromatography (HPLC) as described
below. The underway fluorescence data were converted to
chlorophyll-a using the following regression: chlorophyll-a
equal to 0.00127 x underway fluorescence - 0.0769 (i* =
0.702, n = 13, and p< .001).

Prior to DOY 336, the surface samples from CTD casts
were used to give a surface distribution of nutrients along the
cruise track. After DOY 336, samples for nutrient analysis
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were taken at approximately hourly intervals and frozen until
analyzed as described above.

2.3.2. Primary production estimates. At the 19 sites,
where primary production was measured (Table 2), profiles of
downwelling irradiance (PAR) and in situ fluorescence were
obtained using a LI-COR LI-192SB underwater 21 quantum
sensor and a Sea-Tech fluorometer, respectively. Both instru-
ments were mounted on the frame of the CTD. Primary pro-
duction estimates and photosynthetic parameters were deter-
mined using a small-bottle “C technique modified from
Lewis and Smith [1983] and described by Mackey et al
[1995]. Usually, six depths per station between the surface
and 100 m were sampled using Niskin bottles fitted with sili-
con rubber O-rings and tubing. Water samples (4-6 L) for
chlorophyll-a and pigment determinations were taken from
the same niskin as the primary production samples. The sam-
ples for chlorophyll-a were filtered through Whatman 47 mm
diameter, GF/F filters under low vacuum, and the filters were
stored in liquid nitrogen until analyzed by HPLC. Chloro-
phyll-a and other pigments were initially extracted in 100%
acetone with the final extract mixture being 90:10 acetone:
water (vol: vol). The extracts were centrifuged and then fil-
tered through a 0.2 um membrane filter (Whatman, anatope)
prior to analysis. The HPLC was a Waters high-performance
liquid chromatograph, comprising a 600 controller, 717 plus
refrigerated autosampler, and a 996 photo-diode array detec-
tor. Pigments were separated using a stainless steel 25 cm by
4.6 mm ID column packed with ODS2 of 5 um particle size
(SGE) with gradient elution as described by Wright et al.
[1991]. The separated pigments were detected at 436 nm and
identified against standard spectra using Waters Millennium
software. Concentrations of chlorophyll-a in sample chro-
matograms were determined from calibration curves of pre-
pared standards of chlorophyll-a (Sigma Chemicals). Fluo-
rescence profiles with depth were converted to chlorophyll-a
profiles using a regression between HPLC chlorophyll-a and
fluorescence at the sampling depth on a cast by cast basis.
The bottom of the mixed layer was defined as the first depth
at which there was a change of 0.05°C, or 0.05 in salinity over
a 10 m depth interval. After standardizing the primary produc-
tion rates to chlorophyll-a, a non-linear parameter estimation
routine was used to fit the P-I models of Platt et al. [1980] to
the data following the procedures given by Mackey et al.
[1995].

2.3.3. Production modeling. The gross, daily depth-
integrated column production was calculated by integrating
production at 1 m depth intervals from the surface to 110 m,
and at 10 min time steps. A simple model incorporating the
photosynthetic parameters (P2, o, ), attenuation coeffi-
cients, chlorophyll-a profiles, and surface irradiance was
used. Photosynthetic parameters were linearly extrapolated
between sample depths. This model was generally the same as
that described by Mackey et al. [1995] and integrated produc-
tion over depth and time of day. Depth-integrated production
was calculated in two ranges: from the surface to the bottom
of the mixed layer, and from the bottom of the mixed layer to
the maximum depth sampled (usually 110 m). We will refer to
these estimates as modeled production.

Growth rates (U, d") from the modeled primary production
results were calculated following Parsons and Takahashi,
[1975]

w= 1/t x In(C + AC)/C 3)



Table 2. Summary of Production and Grazing Dilution Results Done on Southern Surveyor

Latitude, Longitude, DOY  Water 1% Light MLD Chl-ain Chl-a Be- Gross Gross Total Specific Specific GD Grazing Net rate of
‘S °E Mass Depth the Mixed low the” Production Production Column Growth Growth Growth Rates  population
Layer Mixed in Mixed Below  Production  Ratein  Rate Below Rates (NHy4 change
Layer Layer Mixed Mg Carbon Mixed Mixed Added)

Layer m=>d’ Layer Layer,
-40.8 143.4 322 ST 60 50 314 21.8 3045 142 3187 0.78 -0.30
-42.0 140.0 324 ST 61 61 38.5 11.2 1711 25 1736 0.42 -0.09 0.47 0.40 0.07
-42.0 139.8 325 ST 63 52 31.2 134 2253 . 86 2339 0.69 -0.08
-45.0 142.7 326 SA 67 9 24 34.0 182 930 1112 0.83 0.24 0.57 0.37 0.20
-45.0 142.8 327 SA 61 9 3.6 46.4 165 797 962 0.49 0.11
-46.0 143.6 328 SA 68 8 2.5 31.8 91 684 776 0.65 0.35
-48.0 145.5 329 SA 75 37 6.5 17.6 299 288 587 0.55 0.12 041 0.23 0.18
-48.0 145.7 330 SA 72 8 1.6 26.8 81 539 620 0.58 0.23
-50.0 145.8 335 SAF 70 88 27.7 3.6 782 7 789 0.31 -0.07 0.52 0.30 0.22
-50.0 146.0 335 SAF 68 89 304 4.6 1164 14 1178 0.38 -0.09
-51.0 1454 334 PF 67 7 2.0 349 50 359 409 0.31 0.11
-51.4 145.5 333 PF 74 51 11.2 14.2 327 119 446 0.35 0.03
-53.3 145.5 331 P 63 36 12.2 322 325 211 536 0.34 0.01 0.64 0.77 -0.13
-53.3 145.5 332 P 71 42 9.0 20.8 594 233 828 0.69 0.04

Eastern Block

-46.0 150.0 339 STCZ 66 41 19.8 19.6 1538 201 1740 0.75 -0.05
-47.7 150.0 338 SA 78 35 54 14.4 544 435 978 0.96 0.27
-48.0 150.0 338 SA 71 45 11.2 18.3 1134 284 1418 0.93 -0.07
-46.6 149.2 340 STCZ 64 32 20.0 22.0 1547 384 1931 0.79 0.05 0.38 0.51 -0.13
-46.6 149.2 340 STCZ 63 22 14.6 28.6 1158 817 1975 1.07 0.24

The table includes station position, water mass sampled the 1% light depths, the rmxed layer depths (MLD), chlorhyll- in and be]ow the mixed layer (mg m™), gross prlmary produc-
tion in and below the mixed layer, and total column primary production (mg carbon m’ 2dah, phytoplankton specific growth rate (in days™ calculated from the net production in and below
the mixed layer). Results from the grazing dilution experiments with the ammonia-enriched growth rate (d™"), the microzooplankton grazing rates (d), and the net rate of phytoplankton
population change (d"') are also shown. The water mass abbreviations used are ST, subtropical; STCZ, Subtropical Convergence Zone; SA, Subantarctic; SAF, Subantarctic front; PF,
polar front; and P, the polar water mass. See text for a definition of each zone.
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with C being the standing stock of carbon converted from
chlorophyll concentration and AC being the net, modeled
production in and below the mixed layer, assuming a respira-
tion rate of 10% [Parsons and Takahashi, 1975]. As we were
working in a high nutrient-low chlorophyll (HNLC) region, a
carbon to chlorophyll ratio of 50 [Eppley, 1972] was used to
calculate growth rates.

There is still some uncertainty as to whether short-term “c
P-I experiments measure net or gross photosynthesis [Dring
and Jewson, 1982]. Given that our incubation period was
short, and the production model does not allow for dark respi-
ration, the modeled production results are probably closer to
gross than net production. The error bounds on the integrated
column production approach are difficult to develop, as they
depend nonlinearly on multiple P versus I parameters. The
standard error in modeled column production is estimated to
be less than 30% and is fully discussed by Clementson et al.
[1998].

2.3.4. Grazing dilution experiments. Grazing dilution
experiments were carried out at six sites (Table 2) following
the methods of Landry and Hassert [1983] and Landry
[1993]. Water for these experiments was collected at 25 m
depth with a Niskin bottle. Dilution water was prepared by
filtering seawater through a 0.2 um Supor filter into a carboy.
Four dilutions (containing 100% unfiltered seawater (UFSW),
70% UFSW, 40% UFSW, and 10% UFSW) of phytoplankton
and microzooplankton were prepared in 2 L polycarbonate
bottles (three replicates per dilution) and spiked with 2 uM
ammonia. The bottles were incubated for 24 hours (+2 hours)
in deck incubators at approximately 50% of surface light and
at ambient sea surface temperature. Three randomly selected
bottles were filtered at time zero, and the mean chlorophyll-a
concentration in these bottles (determined by HPLC analysis)
was used to calculate the initial chlorophyll-a concentration in
each of the incubated bottles. At the conclusion of the ex-
periment, the remaining bottles were filtered and analyzed for
chlorophyll-a and pigments by HPLC. Grazing and growth
coefficients were determined from a linear least squares re-
gression analysis between the portion of undiluted water in
each bottle, and the chlorophyll-a content of this water at the
end of the incubation period [Landry and Hassett, 1983]. The
specific growth rate of phytoplankton was calculated as the
sum of the estimated grazing mortality and the net growth of
phytoplankton - without added nutrients. The time-averaged
grazer density used in the calculation of grazing mortality
(Landry, 1993) was estimated by preserving one 2 L sample
at the start and finish of each experiment and counting the
microzooplankton present.

2.3.5 Additional measurements. Additional atmospheric
measurements made aboard Southern Surveyor included at-
mospheric temperature, pressure, and humidity, wind speed
and direction, solar radiation, and atmospheric radon [Whiz-
tlestone and Zahorowski, 1998]. Atmospheric vertical profiles
of temperature, dew point temperature, and wind speed and
direction from radiosondes were also made [Bates et al.,
1998a]. Jones et al. [1998] have discussed DMS and DMSP
distributions in relation to water mass and time, and Curran et
al. [1998] showed there was no significant difference in DMS
measured on the two vessels. Other seawater measurements
made included fCO2, dissolved inorganic carbon, and alka-
linity; and total organic and particulate carbon. Samples were
collected for phytoplankton species identification and phyto-
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plankton carbon biomass. These results will be reported sepa-
rately.

3. Results

3.1. Discoverer/Southern Surveyor Intercomparisons

Discoverer and Southern Surveyor met at 48°S, 145.5°E on
DOY 328 to do an intercalibration CTD and chlorophyll cast.
The two ships did a simultaneous CTD cast to 1000 m and
took samples for chlorophyll-a analyses. The temperature pro-
files (Figure la) are essentially identical, but the Southern
Surveyor salinity results below the mixed layer are about
0.005 higher than on Discoverer (Figure 1b). Although a sys-
tematic difference in calibration between the two instruments
cannot be ruled out, these differences are not significant when
used to separate water masses. The two data sets have been
combined to set the water mass limits in this paper. The chlo-
rophyll-a profiles (Figure 2) from the two CTD casts show
very similar trends, with the chlorophyll-a levels measured by
fluorometry on Discoverer slightly higher than those meas-
ured by HPLC analysis on Southern Surveyor. Mantoura et
al. [1997]) compared fluorometric and HPLC methods of chlo-
rophyll-a determination and found fluorometric methods can
overestimate chlorophyll-a, especially where phaeopigments
or degradation products were present in samples.

3.2. Water Mass Distribution During the ACE 1 Intensive
Experiment

3.2.1. Surface water mass boundaries. The boundaries
of the salinity-defined, surface water masses (Plate 1) were
established by combining the thermosalinograph records from
the Southern Surveyor (Figures 3a and 3b) and Discoverer
(Figures 4b and 4c), and plotting the location of the surface
salinity fronts. The small ribbon of warm, subtropical water
seen in Plate 1 just southeast of Tasmania was a filament
from the East Australian Current that was moving south just
off the shelf break. The subtropical water seen near Cape
Grim is the end of the Leeuwin Current extending from the
Great Australian Bight [Godfrey et al., 1986]. The boundary
between the STCZ and SA water sloped southeast between
137°E and 146°E, and then had a mainly east-west orientation
between 146°E and 155°E. The surface temperatures along
this boundary ranged between 11°C and 14°C. There is a
large meander visible in the SAF/northern Polar Front be-
tween 145°E and 146°E, between 47°S and 51°S. Polar water
temperatures ranged between 3°C and 10°C, while SA water
temperatures ranged between 7°C and 13°C.

3.2.2. Subsurface water masses in the western region.
The region has been divided into a western and eastern region
along about 147.5°E because of the impact of the East Aus-
tralian Current on the STCZ and SA water mass distributions
[Clementson et al., 1998]. The distribution of the principal
subsurface water masses in the western region was deter-
mined from the CTD transect completed by Southern Sur-
veyor between 42°S and 53.3°S between 140°E and 145.5°E
(Figure 5). Although this transect is not along a single me-
ridian, we are treating it as a direct north-south line in this pa-
per. Subtropical Convergence Zone water was present be-
tween 42°S and about 44°S, and the Subantarctic water (be-
tween 44°S to about 50.2°S) formed the largest water mass
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Figure 1. Comparison of (a) temperature and (b) salinity profiles from CTD casts at 48°S, 145.5°E made from
Discoverer (station 20041, heavy line) and Southern Surveyor (station 43, light line) on November 24, 1995
(DOY 328). The CTD casts were made simultaneously, with the two ships about 0.5 nautical miles apart.

along the section. The Subantarctic Front, characterized by a
rapid decrease in temperature (8°C to 3°C) and vertical iso-
halines and isotherms between the surface and at least 300 m,
was crossed between 50.25°S and 50.75°S (Figures 5a and
5b). The northern edge of the Polar Frontal zone, character-
ised by salinities <34.2, was at approximately 51°S. Water
characteristic of the polar water mass (surface salinities
<342, and a temperature of <2°C in the 100-200 m depth
range) was present at 53°S. The subsurface structure in the
upper 1000 m along this transect was dominated by the
Subantarctic Mode water [McCartney, 1977], seen as the
broad thermostad of 8°-9°C water (Figure 5b) lying between
depths of 100 and 650 m between 42°S and 49.5°S. This
mode water is density-compensated by small changes in sa-
linity and temperature in the thermostad, as evidenced from
the widely spaced density contours (Figure 5c). There was a
subsurface, cold-core eddy about 100 km in diameter centered
near 48.5°S. This eddy is not visible in the sea surface tem-
perature image (Plate 1). Surface currents, measured as dnft
-of Southern Surveyor near the eddy, were about 20 cm s

eastward at 48°S, 31 cm s” westward at 49°S, and 56 cm s

eastward at 50°S. Advection of warmer, saltier water past the
vessel during the station at 48°S caused the mixed layer to
shallow from 37 m to 8 m.

3.2.3. Water mass boundaries in the eastern region:
DOY 319-325. The eastern region was the area covered by
research aircraft flights 16, 19, 20, 25, and 26 [Bates et al.
1998a]. Between DOY 319-321, RV Discoverer sailed from
Hobart to Macquarie Island (Plate 1). A filament of subtropi-
cal water, identified by salinity >35.2, was crossed just off the
southeast corner of Tasmania between 43.5°S, 147.8°E, and
43.6°S, 147.9°E. The track entered STCZ water near 44.4'S,

148.6°E, and surface nitrate increased from < 8uM to >9 uM.
The ship crossed into the SA water mass at about 46.0°S,
150.2°E, and nitrate values increased to >10 uM. The SAF
was crossed between about 50.6°S, 154.9°E and 51.8°S,
155.4°E. Polar waters were entered at about 51.8°S, 155.5°E,

Chlorophyll-a (mg m?)

_ 2
25
50
75
100 -
125 4
150

Figure 2. Comparison of chlorophyll profiles from extracted
chlorophyll-a measured by fluorometry from Discoverer (station
20041, diamonds) and HPLC from Southern Surveyor (station
43, squares) on November 24, 1995 (DOY 328) from the
simultaneous CTD cast at 48°S, 145.5°E.
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Figure 3. Sea surface (a) salinity (psu), (b) temperature (°C), (c) chlorophyll-a (mg m'J), (d) nitrate (uM), (e)
silicate (uM), and (f) latitude (degrees south) along the Southern Surveyor cruise track (Plate 1) plotted against
DOY. The horizontal line between DOY 336 and 337 indicates sampling during the Lagrangian A experiment.
The vertical lines show where the FRV Southern Surveyor crossed between water masses, and the numbers repre-
sent the water masses as follows: 1, subtropical; 2, western STCZ; 3, eastern STCZ; 4, western SA; 5, eastern

SA; 6, western polar; 7, eastern polar.

where surface salinities fell to <34.0, and nitrate increased to
about 16 uM. Near Macquarie Island, surface salinities were
<33.9, and surface nitrate was >20 uM (Figures 4¢c and 4e),
evidence that the vessel was approaching the northern edge of
southern Polar Front. Frontal boundaries had not moved as
Discoverer moved north DOY 323, and then turned west on
DOY 324.

3.2.4. Water mass boundaries in the eastern region:
DOY 337-340. Southern Surveyor sampled along a short
north-south transect between 46°S and 47.4°S along 150°E
between DOY 337 and 338, and at 46.2°S, 149.2°E on DOY
339. The boundary between the Subtropical Convergence
Zone and Subantarctic water masses was about 47.2°S, 150°E,
some 70 nautical miles farther south than where it was found
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Flgure 4. (a) Salinity (psu), (b) temperature (°C), (c) chlorophyll-a (mg m ) (d) nitrate (uM), (e) wind speed (m
s, () latitude (degrees south), (g) DMS,. (nM), (3h) DMS flux (WM m’ 2q! ), (1) DMS.um (ppt), () [NHxX]sw (UM),
(k) NH; flux (uM m’ 2d", and (1) [NH3lum (nM m ) in surface waters south and west of Tasmania along the Dis-
coverer cruise track (Plate 1) shown as a function of time. The horizontal lines between DOY 335-336 and
DOY 343-344 mark sampling during the Lagrangian A and Lagrangian B experiments. The vertical lines show
where the RV Discoverer crossed between water masses, with water masses identified as in Figure 3.
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Figure 4. (continued)

on DOY 320 by Discoverer. This rapid movement of the
front between DOY 320 and DOY 337 may be related to the
movement of a meander visible on the SST image (Plate 1).
Clementson et al. [1998] argued that the positions of the
fronts south of Tasmania are strongly modulated by these
mesoscale features at timescales ranging from days to years.
The vertical structure (Figure 6) in the upper 200 m shows
the water mass distribution was much more complex than the
surface data suggest. There was a <20 m deep lens of warm,
salty, STCZ water (Figure 6b) that extended southward to
47.2°S over the underlying SA water. Below 25 m, the SA

water extended north to about 46.4°S. A lens of STCZ water
was seen between depths of 50 and 150 m in the SA water
mass between latitudes of 46.8°S-47.2°S. The vertical tem-
perature (Figure 6¢) and density (Figure 6d) structures show
the near-surface pycnocline was due to high-salinity water.

3.3. Underway Measurements During the ACE 1 Intensive
Experiment

3.3.1. Distribution of nutrients and chlorophyll-a in
surface waters. The distribution of nitrate (Figures 3d and
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Figure 5. Contours of (a) temperature, (b) salinity, and (c) density between the surface and 1000 m along the
western transect occupied by Southern Surveyor between 42°S, 140°E and 53.5°S, 145.5°E. The contour inter-
vals are temperature, 1.0°C, salinity, 0.2 practical salinity units, and density 0.1 sigma-theta units. The positions
of the CTD stations are indicated by a solid triangle. A low-salinity, cold-core eddy is visible between 48°S and
49°S in the upper 300 m. The SAF/PF is present between about 50°S and 52.5°S, and polar water can be seen
south of 52.8°S. The large thermostad of 8°C water between 100 m and 650 m depth, and between latitudes of

44°S-47.5°S is mode water.

4c), silicate (Figure 3e), and phosphate (not shown) in surface
waters reflects the vertical profiles in the underlying water.
Nitrate concentrations measured on both vessels were similar
and exhibited stepwise increases as the major fronts were
crossed. Within water masses, increases of nitrate with lati-
tude were seen in the SA and polar water masses. Nitrate and
silicate values were somewhat higher in the eastern STCZ af-
ter DOY 336 than in the western STCZ (Figures 3d and 3e).
Silicate concentrations in the STCZ region were low enough
(<1 uM) to be limiting diatom growth.

The underway chlorophyll-a results along Southern Sur-
veyor's cruise track were comparatively high (0.6-1.2 mg m’)
and variable on the Tasmanian shelf and slope (to DOY 321).
In STCZ waters they dropped to between 0.35 and 0.5 mg m.

Levels dropped again to between 0.2 and 0.3 mg m”’ in
SA/SAF/polar waters. The marked diel variation in the chlo-
rophyll-a trace was due to an approximately two-fold change
in fluorescence yield. This diel change in fluorescence re-
sponse is well known, and the magnitude of the diel change is
similar to that seen by others [Marra, 1997]. No phyto-
plankton blooms (defined as chlorophyll-a concentrations >1
mg m”) were seen on the Southern Surveyor cruise track ex-
cept in shelf waters near Hobart.

In contrast, five bloom regions were encountered along
Discoverer's cruise track. The bloom region west of Cape
Grim on DOY 330-333 had the largest areal extent (roughly
between 41.4°S- 42°S, 140°E-144°E) and chlorophyll-a levels
were between 1.0 and 1.5 mg m”. This was double or tripie



21,662

GRIFFITHS ET AL.: OCEANOGRAPHY DURING ACE 1

47 0 472

O B

@3

E
2 ory 2
S 100 - .
A /‘F X .
46.0 462 46.4 46.6 46.8
0 L
50 __f
E 100 12
5
o
/150 A
200
46.0 462 464 466 46.8

472

150 4

Depth (m)
g
\@

200

T T T T
460 462 46.4 46.6 46.8 47.0 472 474
0 1 1 ] 1 |<
| RN .
) 50 e -
:‘_:, / 677- _____f/\
2
:-; - ‘/ ] 6/\____/—‘—\
a 2680
150 - /
200
46.0 .2 464 466 470 4 2 47.4

Latitude (degrees South)

Figure 6. Contours of (a) chlorophyll-a (to 125 m), (b) salinity, (c) temperature, and (d) density (b-d to 200 m)
along 150°E between 46.0°S and 47.4°S on DOY 337-339 measured from Southern Surveyor. The positions of
the CTD stations are indicated by a solid triangle. Contour intervals are chlorophyll-a, 0.1 mg rn3 salinity, 0.05
practical salinity units; temperature, 0.4°C; and density, 0.4 sigma-theta units.

the levels found when Southern Surveyor was in the area 10
days earlier (Figure 4d). There was a drawdown of >2 uM
nitrate in the same period. Four other blooms, apparently
much more localized, were crossed on DOY 325, 337, and
345 (in SA waters) and on DOY 343 in polar waters at the
end of the Lagrangian B transect.

3.3.2. DMS and ammonia in surface waters, atmos-
phere and flux rates. Jones et al. [1998] reported DMS,,,
data from Southern Surveyor, and Bates et al. [1998b] have
presented mean concentrations of DMS,,, DMS..., and calcu-
lated flux rates in polar, SA, and STCZ waters. There are
some interesting patterns in the detail of the measurements
made from Discoverer, however. The mean concentrations of
DMS.. in Subantarctic waters (Figure 4 g) increased signifi-

cantly (ANOVA, P >0.001, n = 484) during this experiment.
Between DOY 323 and 330, DMS,,, concentrations were 0.99
nM (SE 0.048, n = 187), increasing to 1.3 nM (SE 0.057, n =
131) between DOY 333 and 338, and increasing again to 2.3
nM (SE 0.50, n = 169) between DOY 340 and 346. In the
STCZ, peaks of DMS,. (>3nM) were seen near Cape Grim on
DOY 329-333 and west of Cape Grim on DOY 338-340. The
DMS flux (Figure 4h) was highest on DOY 343, when wind
speeds averaged 16.8 m s”. DMS flux and DMS,., increased
in the DOY 329-333 interval, probably as a result of moderate
winds (mean 10.6 m s'l) and increased DMS,, (Figure 4g). A
second period of high DMS; also in the STCZ, on DOY 338-
340, assoc1ated with much lower average wind speeds (mean
62ms") yielded low flux rates and only a small increase in
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DMS... Ammonium concentrations in surface seawater
[NHXx],. along the Discoverer's cruise track were generally <1
uM (Figure 41), and there was no systematic variation in con-
centration with latitude. On DOY 331-334, extraordinarily
high [l)eak concentrations of [NHx],, (>5 uM), flux (12 pM
m~ d) and [NH;]., were measured in and over STCZ water
west and south of Cape Grim. Increased concentrations of
DMS,., DMS..., chlorophyll-a, and an increased DMS flux
were present in this period. The high flux rates (Figure 4k)
seen on DOY 343-347 were not reflected in elevated atmos-
pheric NH; (Figure 4l). The interaction between seawater
concentrations, flux rates, wind speed, and atmospheric con-
centrations of both DMS and NHj is clearly not simple.

3.4. Surface Water Masses, Chlorophyll-a, Ammonia,
and DMS Along the Tracks of the Lagrangian
“A” and “B” experiments

3.4.1. Lagrangian A Experiment (DOY 335-337).

During the Lagrangian A experiment, the two research vessels
sampled along a track between 45°S, 141'E and 47°S,

152.35°E between DOY 335 and 337 (Plate 1), following ac-
tual and calculated balloon trajectories. The Discoverer tran-
sect started on DOY 335 in SA water at 45°S, 141°E and
crossed into STCZ water near 46°S, 148°E, finishing on DOY
336. Aircraft flight 18 followed the Discoverer’s track
closely. The Southern Surveyor transect started in STCZ wa-
ter on DOY 336 at 46.5°S, 148°E, crossed into SA water at
about 150.3°E, and ended at 47.0°S, 152.35°E on DOY 337.
Aircraft flight 19 covered the Southern Surveyor transect,
whilst flight 20 took place over Subantarctic water and the
Subantarctic Front region between 52°S-54°S, 156°E-158°E.
Chlorophyll-a values along the western end of the transect
(0.5-0.7 mg m’ *) increased with salinity to peak at 1.1 mg m’

near 148°E (Figure 4d). Along the Southern Surveyor transect
surface chlorophyll a values (Figure 3c) ranged between
0.6and 0.8 mg m" in STCZ water at the western end to be-
tween 0.2 and 0.5 mg m” in the SA water at the eastern end.
Seawater and atmospheric DMS concentrations were rela-
tively low and constant along the Discoverer transect (Figures
4g and 4i). Jones et al. [1998] found increases in seawater
dimethlysulphoniopropionate (70-100 nM) and dimethyl sul-
phide (0.7-4.0 nM) concentrations as Southern Surveyor trav-
eled eastward, and these concentrations were inversely corre-
lated with chlorophyll-a.

3.4.2. Lagrangian B experiment (DOY 342-343). On
DOY 342, Discoverer started sampling in SA water at 45.5°S,
144.0°E and finished in the SAF (47°S, 146.1°E) on the first
day of the Lagrangian B experiment and then moved south-
east t0 49.1°S, 147.7°E in the SAF/PF zone on DOY 343. The
first two aircraft flights (flights 24 and 25) covered the area
between 45°S—47°S, 143 "E-146.5°E [Bates et al., 1998], over
STCZ water although quite close to the front between the
STCZ and SA water masses. Flight 26 covered the area be-
tween 49.5°S-52°S and 147.5°S-148.5°E over the SAF/PF
meander zone, close to the ship’s track on DOY 343.

Chlorophyll-a concentrations in the surface waters doubled
between 45.5°S, 144°E and 47°S, 146°E, and increased dra-
matically to peak at 2.1 mg m” at 49.1°S, 147.7°E (Figure 4c).
Seawater DMS decreased along transect 1, but increased to ~6
nM in the SAF/PF zone on DOY 343 (Figure 4g). Atmos-
pheric DMS and the flux of DMS to the atmosphere also fol-
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lowed this same pattern (Figures 4h and 4i). Nitrate concen-
trations (Figure 4e) dropped, whilst ammonia concentrations
(Figure 4j) increased in surface waters on the first transect
during DOY 342. This pattern reversed during DOY 343, as
the vessel entered the SAF/PF zone. The ammonia flux was
about 7 nM m” d’ (Figure 41) in this region, although atmos-
pheric ammonia concentrations were quite low (<2 nM m” )

Ship-based measurements show the areas covered during
both Lagrangian experiments were over oceanographically
complex areas. The atmospheric concentrations of DMS,
ammonia, and other compounds will represent an integrated
signal from the various water masses.

3.5. Nutrients, Chlorophyll-a, Primary Production,
Phytoplankton Growth Rates and
Microzooplankton Grazing Rates in the Western
Region during the ACE 1 Intensive

3.5.1. Nutrients. Nitrate and silicate concentrations to a
depth of 200 m along the north-south transect are shown in
Figure 7. Low levels of silicate (<1 uM) were-found in STCZ
surface waters, and there was a gradual increase in silicate
with depth and latitude until the northern edge of the polar
front was reached near 52°S (Figure 7a). Silicate levels in-
creased sharply to >10 uM in surface waters in the polar
frontal region, and >30 puM at 200 m. A parcel of relatively
high silicate water (~8 uM) was seen at about 100 m on the
northern edge of the cold-core eddy. The nitrate distribution
followed the silicate pattern, with lowest nitrate levels (<6
M) at 42°S in the surface water of the STCZ region (Figure
7b). Nitrate in the SA increased with increasing latitude re-
flecting the deep winter mixing. Nitrate concentrations rose
from about 20 uM just north of the SAF front to >24 puM in
the polar water mass. There was high nitrate water at depths
of 100-200 m intruding north to ~46°S with a parcel of >20
wM water on the northern edge of the cold-core eddy (Figure
7b). At the northern end of this transect, phosphate concen-
trations (not shown) were >0.3 uM in the surface STCZ water
and increased to >1 uM below 50 m. South of the SAF, phos-
phate levels were >1.4 uM in surface waters. The concentra-
tions of these three nutrients are in agreement with the ex-
pected pattern for this region and season [Sedwick er al.,
1997; Clementson et al., 1998; Maeda et al., 1985; Yama-
moto, 1986].

Surface and mixed layer ammonia concentrations were
generally <100 nM south of 48°S, but >100 nM north of 48°S.
Ammonia concentrations in the upper 200 m along this tran-
sect were highest at depths between 50 and 80 m in STCZ and
SA water (Figure 7c), but at depths >120 m in polar waters.
At the Cape Grim site (40.8°S, 143.4°E), ammonia levels in
the mixed layer (not shown) were <160 nM but peaked at 455
nM at 80 m. High ammonia levels were associated with the
base of the mixed layer only at 42°S: at the other stations peak
ammonia concentrations were much deeper. The increased
ammonia concentrations measured from Southern Surveyor at
42°S and 45°S correspond to the region of high seawater and
atmospheric ammonia levels, and large sea-air flux of ammo-
nia measured on R/V Discoverer in the same general area
about 9 days later (DOY 332, Figures 4j, 4k and 41).

3.5.2. Chlorophyll-a. The chlorophyll-a distribution
along the north-south transect is given in Figure 7d. In the
STCZ, chlorophyll-a maxima were generally above 50 m in
the mixed layer. In the SAZ, highest values were found below
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Figure 7. Contours of (a) silicate, (b) nitrate, and (c) ammonia
between the surface and 200 m and for (d) chlorophyll-a between
the surface and 125 m along the western transect occupied by
Southern Surveyor (42°S, 140°E and 53.5°S, 145.5°E). The
position of the CTD stations are indicated by a solid triangle. The
contour intervals are silicate and nitrate, 2uM; ammonia, 50 nM,
and for chlorophyll-, 0.1 mg m™ The patch of high nitrate, high
silicate water present at about 100 m depth near 48°S is on the
northern edge of the cold-core eddy.

the mixed layer (50-80 m) near the 1% light depth. The depth
of the chlorophyll-a maxima also tended to be shallower than
the depth of the highest ammonia levels. Peak values were
<0.8 mg m” and are somewhat higher than values near 0.5 mg
m’ reported by Sedwick et al. [1997] for the same region in
January 1995. Total column chlorophyll-a (between the sur-
face and 110 m) dropped sharply between 45°S and 46°S, and
increased in the SAF region at about 50°S (Table 2). Column
chlorophyll-a dropped again at 51.4°S, and then increased, es-
pecially below 60 m, at 53.3°S.

3.5.3. Primary production. Primary production was
measured off the shelf near Cape Grim, and along the north-
south transect from 42°S, 140°E to 53.3°S, 145.5°E between
DOY 323 and 334. The 1% light depth was greater than the
mixed layer depth at all sites except 50°S, 145.5°E. The high-
est modeled daily primary productivity (3200 mg carbon m”
d', Table 2) was found just off the shelf break near Cape
Grim at 40.8°S,:143.7°E. Most of the modeled production at
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this site occurred in the mixed layer, and the mixed layer
photosynthetic capacity was very high (~97 mg carbon (mg
Chl a)" d"). Along the latitudinal transect, the highest mod-
eled productivity was at 42°S, 140°E in the northern edge of
the Subtropical Convergence Zone, again most of the produc-
tion at this site occurred in the mixed layer. In the Subantarc-
tic zone, most of the modeled primary production was occur-
ring below the very shallow mixed layer (<10 m). The moder-
ate levels of modeled production found at 45°S and 46’S sug-
gest the spring bloom was just starting at these latitudes (Ta-
ble 2). At 48°S, modeled production in the cold-core eddy was
considerably lower than just outside the eddy. In the PF/polar
waters, mode{ed lproduction estimates were between 410 and
830 mg C m~ d". At the 53°S site, modeled production in-
creases about 50% (from 540 to 830 mg C m” d") on succes-
sive days.

In surface waters, photosynthetic efficiencies in ST waters
were very high (11.0-11.4 mg C (mg Chl a)' h'. Photosyn-
thetic efficiencies in surface waters along the rest of the tran-
sect ranged between 2.5 and 6.8 mg C (mg Chl a)" h”, with
no significant difference between water masses.

3.5.4. Phytoplankton growth and microzooplankton
grazing rates. Phytoplankton growth rates, calculated from
the net "*C production results in and below the mixed layer,
are given in Table 2. Mixed layer growth rates were moderate,
between 0.42 d" and 0.83 d”, along the western transect be-
tween 42°S and 48°S, and decreasing below 0.35 d” in the
SAF/PF region, but increasing in one of the two estimates at
53.3°S, 145.5°E. In the eastern block, mixed layer growth rates
were a little higher (0.75 d” to 1.1 d"). Growth rates below
the mixed layer were quite low, reaching a maximum of only
0.35 d" at 46°S, 143.6°E, and tended to be negative when the
mixed layer was deeper than about 40 m, or about the 10%
light depth. These negative growth rates are due to the respi-
ration of the substantial phytoplankton biomass exceeding the
light-limited rate of primary production.

Phytoplankton growth rates at 42°S, 140°E could also be
calculated using changes in chlorophyll-a concentration at 5
m depth between DOY 323 and 324 (Southern Surveyor un-
derway data) and between these days and DOY 330 (Discov-
erer underway data). The chlorophyll profiles on DOY 324
and 330 (Figure 8) show the increase in chlorophyll-a was
uniform in the mixed layer. Between DOY 323 and 324, the
chlorophyll-a concentration had increased from 0.62 to 0.68
mg m", but on DOY 330, had increased again to 1.1 mg m".
Using the Parsons and Takahashi equation referred to earlier,
the growth rate between DOY 323 and 324 was 0.09 d”, and
over the 6 and 7 day interval to DOY 330, the rates were
0.075 and 0.08 d" respectively. These values are similar to the
net growth rate of 0.07 d’ (Table 2) calculated from the
grazing dilution experiment at this site on DOY 323. These
rates are considerably lower than the rates calculated from the
mixed layer, modeled primary production at this site (Table
2).

Jones et al. [1998] have reported the microzooplankton
grazing rates from the grazing dilution experiments carried
out on Southern Surveyor during the ACE 1 experiment. The
phytoplankton growth rates measured in these experiments
and the net rate of population change (growth rate minus
grazing rate) are shown in Table 2. The specific growth rates
obtained from the grazing dilution experiments were higher
than rates estimated from the '*C experiments in SA waters,
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but less than the rates in PF and polar waters. At 46.6°S,
149.23°E, the growth rate from the grazing dilution experi-
ment was only half the rate estimated from the '*C method.
The net rate of population change showed low to moderate
increases in phytoplankton populations between 40.8°S and
50°S in the western block, and grazer control reducing the
phytoplankton population at 53.30°S, 145.5°E and at 46.6°S,
149.2°E.

3.6. Nutrients, Chlorophylls, Primary Production,
Phytoplankton Growth Rates, and
Microzooplankton Grazing Rates in the Eastern
Region During the ACE 1 Intensive

3.6.1. Nutrients, DMS, and chlorophyll-a in the eastern
region on DOY 319-325. The water masses crossed in this
period are discussed above (section 3.2.3). In STCZ water,
surface nitrate increased from <8 uM to >9 pM and increased
again in SA water to >10 pM. In polar waters, nitrate in-
creased to about 16 puM, but increased to be >20 uM near
Macquarie Island. Surface chlorophyll-a (Figure 4d) did not
change greatly in different water masses until a bloom (>1 mg
m”) was crossed on DOY 325 in SA water. DMS.,., DMS
flux, and DMS,., were all very low during this period (Figures
4g, 4h, and 4]). No ammonia data were available until DOY
325.

3.6.2. Nutrients and ammonia in the eastern region on
DOY 338-340. Surface nitrate values were >10 uM for at all
stations except 46°S, where the value was only 6 pM (Figure
9a). Phosphate concentrations (not shown) were about 0.6
UM in surface waters at 46°S, and increased to >1.0 uM at
47.4°S. Mixed layer silicate concentrations were < 1pM in
STCZ water, increasing to 2 uM in SAZ surface water at
47.3°S (Figure 9b). Silicate concentrations increased to about
4 uM below the mixed layer, reflecting the northward intru-
sion of the SA water. Ammonia distributions were highest in
STCZ water at the northernmost station (Figure 9c¢), reaching
a peak of 750 nM at 60 m depth. Ammonia levels decreased
both in and below the mixed layer as latitude increased, and
levels were below detection limits (20 nM) at 100 m at both
47°S and 47.4°S. At 46.6'S, 149.2°E, on DOY 339, silicate
levels were similar to those seen at 46.6°’S, 150°E, but nitrate
concentrations were lower, and ammonia concentrations be-
low the mixed layer were considerably higher (Figure 9).

3.6.3. Chlorophyll-a, primary production and micro-
zooplankton growth and grazing along 149°E and 150°E.
There was a substantial subsurface chlorophyll-a maximum
(>0.50 mg m”) between 35 m and 50 m depth in water with a
salinity >34.7. This maximum is below the surface mixed
layer, but above the lens of STCZ water found between 70 m
and 150 m. In the chlorophyll-a maximum, ammonia and
silicate levels were comparatively low, and there was an ap-
parent drawdown of about 1 uM nitrate compared to nitrate
concentrations above and below the chlorophyll-a maximum.

The rate of modeled primary production was quite high
(>975 mg C m” d'l) along the 150°E transect. On the basis of
the salinity underneath the warm, salty cap, the site at 46°S,
150°E was in the STCZ, while the other two sites where pri-
mary production was measured were in SA water. Mixed
layer depths at the three sites ranged between 35 m and 45 m,
with more than 50% of the modeled primary production oc-
curring in the mixed layer. No grazing experiments were
made on this transect. Nearby, at 46.6°S, 149.23°E, the mean
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Figure 8. Chlorophyll-a (mg m™) profiles made on DOY 323 by
Discoverer (solid diamonds) and Southern Surveyor (solid
squares) on DOY 330 at 42°S, 140°E. The surface values were
used for the growth rate comparisons.

modeled column production (two replicates done 5 hours
apart; Table 2) was 1953 mg C m” d”', with most of the pro-
duction occurring in shallow mixed layers. These rates were
similar to the very high rates found in the STCZ at 42°S,
140'E earlier in the cruise. The microzooplankton grazing rate
was greater than the phytoplankton growth rate (Table 2) at
this site.

4. Discussion

4.1. Water Mass Distribution

Water mass boundaries in this region have previously been
identified based on the subsurface physical oceanographic
structure but this is not useful for work concentrating on
mixed layer processes [e.g., Rintoul et al., 1997]. In this pa-
per, the mixed-layer, salinity front definitions approximately
correspond to these subsurface temperature/depth combina-
tions and are most useful for defining the water mass bounda-
ries. The salinity boundaries were not coincident with the
major surface temperature fronts. Harris et al. [1991] also
made this same observation. The one feature that is constant,
at least between 140°E and 145°E, is the position of the
SAF/PF [Rintoul et al., 1997, Sedwick et al., 1997; Clement-
son et al., 1998]. The boundary between the STCZ and SAF
water west of Tasmania can shift depending on year and sea-
son (Clementson et al., 1998]. The structure to the east of
Tasmania is much more complex than to the east of 147.5°E
(Figure 6). For example, Clementson et al. [1998] describe a
warm salty cap intruding southward overlying the cooler, less
salty Subantarctic water formed by winter cooling. This
shallow mixed layer, combined with elevated nitrate concen-
trations, led to an increase in phytoplankton standing stocks
and primary production rates. This is similar to the structure
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Figure 9. Profiles of nitrate (solid squares), silicate (solid circles) and ammonia (solid triangles) in the upper 200
m along the eastern transect between 46.0°S and 47.4°S, along 150°E on DOY 337-339, and at 46.6°S, 149.2°F
taken from Southern Surveyor. Nitrate and silicate concentrations (M) are plotted against the top scale, and
ammonia concentration (nM) is plotted against the bottom scale. Latitudes (a) 46°S, (b) 46.3°S, (c) 46.6°S, (d)
47.0°S, and (e) 47.3°S are shown along 150°E. Profile (f) was at 46.6°S, 149.2°E.

observed during ACE 1 in the eastern block region. In con-
trast, Furuya et al. [1986] saw a different structure, with cool,
less saline Subantarctic water overlying subducted subtropical
convergence zone water. They too saw increased chlorophyll
and primary production rates but in this instance, it was in the
Subantarctic water cap. These different structures point to the
intense mesoscale variability in the region east of Tasmania,
and Morrow et al. [1992] show these are driven by the influ-
ence of the East Australian Current, the zonal Antarctic Cir-
cumpolar Current and the topography.

4.2. Nutrients

The north-south gradient in silicate in the different water
masses observed during ACE 1 is commonly seen in this re-
gion |Furuya et al., 1986; Maeda et al., 1985; Clementson et
al., 1998]. East-west differences in structure within a water
mass (Figures 3d, 3e, and Figure 4¢) may reflect spatial varia-
tion in biological demand if the spring bloom was further ad-
vanced in one locality compared with another locality.
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Nitrate concentrations in the mixed layer exceeded silicate
concentrations in the study region except on the northern side
of the cold-core eddy at 48.5°S, 145.5°E. This low silicate to
nitrate ratio is a common feature in this region [Maeda et al.,
1985; Yamamoto, 1986; Sedwick et al., 1997], especially in
SA and Polar waters. The low silicate: nitrate ratios (~ 0.2-
0.4) suggest silicate was limiting diatom growth in the mixed
layer in line with Richards [1958]. However, more recent
work has shown strong deviations from this ratio [e.g., Minas
and Minas, 1992] do occur. Hutchins and Bruland [1998] ar-
gue that diatoms stressed by a lack of iron should deplete sur-
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silicate limitation of phytoplankton communities. Sedwick et
al. [1997] found dissolved iron levels were <0.8 nM in STCZ,
SA, and polar waters along 140°E. Kamykowski and Zentara
[1989] have suggested that iron deficiency could limit nitrate
utilization in the Southern Ocean when ammonia levels are
below 2 uM. During the ACE 1 intensive, ammonia concen-
trations only exceeded 2 wM in surface waters near 41°S on
DOY 331-334, and did not exceed 1 pM in the mixed layer at
any other time. If we assume similar iron levels, and given the
low ammonia levels measured, then silicate would have been
preferentially taken up by diatoms, leading to the observed
silicate depletion and nitrate excess in SA and polar waters.
Phytoplankton community structure in Subantarctic and
polar waters changes from diatom-dominated communities in
December to dinoflagellate- and coccolithophorid-dominated
communities with some diatoms present in January/February
[Yamamoto, 1986; Holm-Hansen et al., 1977, Hara and Ta-
noue, 1985]. Jones et al. [1998] found diatoms dominated
phytoplankton biomass at 40°S and 41°S, and at 52°S and
53°S. Dinoflagellates belonging to the genera Gymnodinium,
Protoperidinium, and Exuviaella dominated phytoplankton
biomass at the other sites on the north-south transect. On the
north-south transect, they found chlorophyll-a was negatively
correlated with dinoflagellate biomass, but positively corre-
lated with diatom biomass. This suggests holozoic and het-
erotrophic dinoflagellates were making up most of the dino-
flagellate biomass. In open ocean waters, Protoperidinium
spp- and Gymnodinium spp. are known to be holozoic
(Steidinger and Tangen 1997]. We believe that the domi-
nance of the holozoic and heterotrophic dinoflagellates reflect
the "winter" community and the spring bloom had not yet
started between 42°S and 50°S during the ACE 1 experiment.

4.3. Distribution of Chlorophyll-a in Water Masses

Surface chlorophyll-a values were broadly comparable to
those found by other authors [Clementson et al., 1998; Fu-
ruya et al., 1986; Yamamoto, 1986] for equivalent water
masses and months, except they did not encounter any blooms
(> 1 mg chlorophyll-a m”). Surface chlorophyll-a concentra-
tions in ST and SA waters near New Zealand were similar to
our results, although the chlorophyll-a concentrations during
the spring bloom in STC waters were somewhat greater that
we found [Bradford-Grieve et al., 1997]. Column chloro-
phylls in both the eastern and western sectors are higher (Ta-
ble 2) than the 25-31 mg m”~ reported by Clementson et al.
[1998] in STCZ water between 43°S and 49°S along 152°E
during January 1990. Peak chlorophyll-a values found by
Clementson et al. [1998] were only about 0.5 mg m’ , again
quite low compared to our results. This difference is most
likely due to seasonal effects, with the spring bloom begin-
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ning during the latter part of the ACE 1 experiment, but
nearly completed when Clementson et al. [1998] were sam-
pling. In the Subtropical zone west of New Zealand, Brad-
ford and Chang [1987] found integrated column chlorophyll
values (0-100 m) in the range of 20—58 mg m”, with ‘peak
chlorophyll-a values up to 3.4 mg m”. In October, over the
Chatham Rise region east of New Zealand, Bradford-Grieve
et al. [1997] reported column chlorophylls averaged 46 mg m
" in ST waters. This average was very close to the 49 mg m’
we found during the ACE 1 experiment. In the STCZ, the
column-integrated mean value of 110 mg m” reported by
Rendfovd_(Griove ot 7] 110071 ic ahnaut ? timeac areatar than tha

Bradford-Grieve et al. [1997] is about 3 times greater than the
mean of 32 mg m~ found during ACE 1 and considerably
higher than levels found by Clementson et al., [1998]. In the
SAZ, we found column chlorophyll-a values of 43 mg m”,
some three times higher than the 14 mg m” reported by
Bradford-Grieve et al. [1997]. These differences and simi-
larities all highlight the difficulties in generalizing water col-
umn properties in this region.

4.4. Primary Production

The modeled primary production results reported here and
by Parslow et al. [1996] are somewhat higher than those re-
ported by most other authors working in this region. Parslow
et al. [1996], using the same P-I method and column produc-
tion model as we used here, calculated a daily column pro-
duction at 44.6°S, 145.9°E in the STCZ of 2600 mg C m" d"
in November, and about 1300 mg C m*d" in February. They
measured photosynthetic efficiencies in surface waters of 4.2
and 3.8 mg C (mg Chl a)" h', respectively. Holm-Hansen et
al. [1977] found carbon fixation rates were 260, 60-105, and
only 26 mg m” d" in the Subtropical Convergence Zone, the
Subantarctic Front, and polar zone, respectively, in March
along 150°E. Clementson et al. [1998] found column produc-
tion along 152°E in January ranged between about 260 and
460 mg C m” d”, with no strong latitudinal gradient in the
STCZ waters sampled. Harris et al [1987] reported potential
productivity of 1.0-2.2 mg C m" *h' and column carbon fixa-
tion rates in the range of 270-580 mg C m” d" on the shelf
and shelf break near Cape Grim in late October. Jirzs [CSIRO,
1963] calculated column carbon fixation rates in the range of
260-460 mg C m’ *d" between 44.5°S and 45°S in STCZ wa-
ters, with no consistent latitudinal pattern in depth-integrated
production.

In October, east of New Zealand, column carbon fixation
rates m ST waters averaged 970 mg C m *d", and 990 mg C
m”d" in the STCZ while production in SA waters averaged
250mgCm”d’ [Bradford-Grieve et al., 1997]. Vincent et al.
[1989] suggested that water column production was con-
trolled by the interplay between variations in the light limita-
tion parameter alpha, from the P-I curve, and the mean annual
irradiance. It may be that the difference between our results,
and those of Bradford-Grieve et al. [1997] were due in part
to differences in daily irradiance. Downer and Lucas [1993]
estimated column carbon fixation rates in ST water 11151de a
warm-core eddy south of South Africa at 240- 310 mgCm’ td

" but found higher levels (250-440 mg C m’ *d") in Subantarc-
tic waters surrounding the eddy. These photosynthetic capaci-
ties and column production rates are somewhat lower al-
though chlorophyll biomass was higher than we measured.
Hosaka and Nemoto [1986], Yamamoto [1986], and Furuya
et al. [1986] found surface carbon fixation rates in the STCZ
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along 150°E varied between 0.25 and 1.7 mg C m” h”, and
assimilation numbers ranged between 1.1 and 13 mg C (mg
Chl a) " h". In the SA/SAF region, these same authors fc;unld
carbon fixation rates were between 0.3 and 1.5 mg C m™ h’,
and assimilation numbers varied between 3.2 and 8.4 mg C
(mg Chl @) " h". South of South Africa, Laubscher et al.
[1993] found phytoplankton blooms (>2 mg Chl a m”) in sur-
face waters at the Subtropical, Subantarctic, and polar fronts,
with photos?'nthetic capacities of 1.3, 0.75, and 1.15 mg C
(mg Chl @)~ h", respectively, in each region. These rates are
similar to those obtained by Allanson et al. [1981] in water

masses between these fronts.
Comparison of photosynthetic parameters and rates from

other regions determined by different methods of estimating
these parameters and rates can be difficult. Dring and Jewson
[1982] note that short incubations (duration ~1 hour) provide
estimates that may be closer to gross carbon uptake rate than
long incubations because the fraction of labeled carbon being
respired to CO, and/or recycled within the cell increases with
the duration of the incubation. Sakshaug et al. [1997] suggest
that estimates of photosynthetic parameters from a photosyn-
thetron using small, whole-water samples [e.g., Lewis and
Smith, 1983] or by our method should lead to higher estimates
of productivity than those from other incubators which in-
volve longer incubation times, filtering of samples, and no
determination of DOC. Riemann and Jensen [1991] found
primary production measured using an acidification and bub-
bling technique gave estimates of production that were about
1.4 times higher than production estimates obtained by a par-
ticulate filtration procedure. They argue that the difference is
due to dissolved organic carbon produced by the phytoplank-
ton, and thus the acidification and bubbling method results in
an approximation of total primary production.

Sullivan et al. [1993] used CZCS imagery to show com-
paratively low standing stocks of phytoplankton in the region
between 30°S and 50°S in the western Indian Ocean and note
this is coincident with a zonal region of high wind stress and
deep mixed layers. Mitchell et al. [1991] argue that low
standing stocks in the Antarctic Circumpolar Current are due
to low growth rates caused by low average irradiances in deep
mixed layers and loss terms, such as sinking and grazing, that
can exceed the rate of growth. Our results show that the deep
chlorophyll maxima in SA and polar waters [Figures 6d, 7a,
and 9] are not detected by the ocean color satellites and the
satellite images are underestimating the true standing stock of
phytoplankton, and probably the potential production.

4.5. Phytoplankton Growth and Microzooplankton
GrazingRates

Growth rates estimated from the modeled daily primary
production assume that the C:chlorophyll-a ratios and respi-
ration rates are not impacted by different temperatures, nutri-
ent concentrations, mixed layer depths, light climate, and
community structure [e.g., Bradford-Grieve et al., 1997]. In a
region as oceanographically complex as the ACE 1 region,
these assumptions must be treated with some caution. How-
ever, the growth rates we calculated from the modeled daily
primary production are higher than the average 0.27 d" found
by Clementson et al. [1998] along 152°E. They are at the
lower end of the range of the 0.73-1.8 d" found by Bradford-
Grieve et al. [1997] in ST, subtropical front, and SA waters
east of New Zealand in October in or at the end of the spring
bloom. As nitrate in most of the ACE 1 region (except the ST
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water on DOY 331-334) was still relatively high, with in-
creasing chlorophyll-a levels; it appears the spring bloom was
just beginning in December 1995.

A comparison between the growth rates from the grazing
dilution experiments and the modeled daily production data is
difficult. This is because the former is based on the net
change in chlorophyll-a concentration after being enriched
with ammonia, and the latter is based on calculated net fixed
carbon. The modeled net primary production calculation as-
sumed a 10% respiration figure and an indicative chlorophyll
to carbon ratio of 50 [Geider, 1987]. The mixed layer growth
rates estimated from the modeled primary production at the
same site on successive days could be either quite similar
(48°S, 50°S), or up to a factor of 2 different (46.6°S, 149.2°E,
Table 2). Changes in mixed layer depth or mixed layer chlo-
rophyll did not seem to contribute to this variation. In the
PF/polar water samples, the increased growth rates, seen
when ammonia was added in the grazing dilution incubations,
suggest that ammonia may have been one factor limiting
growth in these regions. For example, ammonia concentra-
tions at 25 m were <250 nM (Figure 7c). Overall, the picture
is one of moderate increases in the phytoplankton populations
in the STCZ and SA water along the main western transect,
while grazers were controlling phytoplankton biomass at 53°S
and in the eastern block.

Grazing rates and growth rates at 40.8°S, 149.2°E on DOY
323-324 were tightly coupled, with a net rate of phytoplank-
ton population increase of only 0.07 d'. On DOY 332-334 at
this site, there were high levels of DMS in seawater, elevated
atmospheric DMS concentrations, and an increase in the cal-
culated DMS flux (Figure 4). Seawater and atmospheric am-
monium concentrations and calculated ammonium flux were
the highest measured during the ACE 1 intensive experiment.
At 46°S, 149.2°E, grazing rates exceeded growth rates (Table
2), and increases in seawater and atmospheric DMS and DMS
flux were observed. There was only a slight increase in at-
mospheric ammonium and calculated ammonium flux. In
polar waters, however, where the highest microzooplankton
grazing rates were measured, there was no similar increase in
DMS or ammonia in seawater or in the atmosphere. Jones et
al. [1998], working on Southern Surveyor, concluded that
there was a link between microzooplankton grazing and DMS
in the diatom dominated Polar waters, but not the dinoflagel-
late-dominated STCZ waters. The apparent correlation be-
tween high microzooplankton grazing rates in ST and STCZ
waters, and the high seawater concentrations of DMS ob-
served suggest that the link does exist.

Sunda and Huntsman [1997] argue that interactions among
iron availability, light limitation, and cell size determine ma-
rine phytoplankton growth rates. They state that the combi-
nation of low iron and light limitation, commonly seen in
deep chlorophyll-a maxima, will favor the growth of small
cells, and hence lead to an increase in microzooplankton
grazing rates. Sedwick et al. [1997] have shown that dis-
solved iron concentrations in the mixed layer ranged from 0.5
nM at 40°S to a fairly uniform 0.21-0.25 nM between 45°S
and 50°S, and were 0.26 nM at 53°S along 140°E in January
1995. There was no evidence for enrichment from deeper in
the water column. Total dissolvable iron was 0.59 nM at 45°S,
decreasing to 0.19 nM at 50°S, and increased to 0.37 nM at
53°S. The cruise tracks of Southern Surveyor cruise SS 1/95,
and SS 11/95 were very similar, and as the only source of iron
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could be atmospheric deposition, we suggest that iron levels
were probably similar on the two cruises.

Growth and grazing rates measured by the grazing dilution
method did not show any consistent pattern with latitude. The
highest growth and grazing rates were measured at 53.3°S
where Sedwick et al. [1997] found iron concentrations of 0.25
nM. In the mixed layer, growth rates estimated from the col-
umn production data do show a decrease with latitude and
hence with PAR, even though iron levels did not change
greatly in January 1997 south of 45°S [Sedwick et al., 1997].
The picture is complicated by the decrease in potential maxi-
mum growth rates with temperature [Eppley, 1972]: how this
enters the iron/light equation has not been examined. Growth
rates estimated from the column production data (Table 2)
show that growth below the mixed layer is often negative, or
close to zero. This could be a field example of growth and
production being limited by the interaction of low iron and
light, as predicted by Sunda and Huntsman [1997]. It does
seem as if phytoplankton growth rates could have been iron-
limited, but not necessarily light-limited, except below the
mixed layer during November-December 1995. This limita-
tion may be affecting nitrogen dynamics in the mixed layer,
and fluxes of DMS and ammonia to the atmosphere.

The flux of DMS to the atmosphere is affected by wind
speed and the seawater DMS concentration in the mixed layer
which, in turn, is affected by phytoplankton production,
growth rates, biomass, grazing rates, and microbial consump-
tion rates. Mixed layer depths were mostly shallower than the
1% light depth. The flux of ammonia is affected mainly by
[NH,] concentration, which, in turn, is probably produced by
bacteria and is actively taken up by phytoplankton.

There are at least two ways that high DMS concentrations
below the mixed layer could accumulate. In SA and polar
waters, there is a persistent deep chlorophyll maximum,
which sits just below the base of the mixed layer, and deepens
as the mixed layer deepens during summer [Sedwick et al.,
1997; F. B. Griffiths et al., manuscript in preparation, 1999].
The deep chlorophyll maximum is made up of diatoms and
dinoflagellates [S. W. Wright et al., manuscript in prepara-
tion, 1999;; R. M. Greene et al., manuscript in preparation,
1999). Grazing and senescence in this layer could lead to
DMSP and DMS release and accumulation under the mixed
layer [Curran et al., 1998; G. B. Jones and M. A. J. Curran,
manuscript in preparation, 1999]. When wind mixing erodes
the base of the mixed layer, DMS and DMSP from below the
mixed layer will be mixed upward, into the mixed layer and
available to be transferred to the atmosphere. The second
mechanism is more relevant to the eastern region, where
lenses of STZC or SA water, and the phytoplankton commu-
nities contained in them, are being advected on top of each
other [Furuya et al., 1986; Clementson et al., 1998]. If a high
biomass community in, for example, SA water was advected
below STCZ water, we could have a high biomass community
cutoff from the surface. When the stratification between
these two layers is broken down, any accumulated DMS or
DMSP or their degradation products will be mixed into the
mixed layer, and again be available for outgassing to the at-
mosphere. Jones et al. [1998] saw large pulses of DMS in the
water column, which they linked to microzooplankton graz-
ing. The pulses may also be linked to wind mixing and the
mechanisms postulated above, but we do not have the tempo-
ral coverage to determine this.
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5. Summary

This study has described the physical, chemical, and bio-
logical oceanography in the ACE 1 intensive experiment in
November-December 1995. The region was oceanographi-
cally complex, with intense mesoscale activity that did not
provide simple boundaries between water masses. Mixed
layer salinities, rather than temperatures, were used to sepa-
rate the four main water masses because mixed layer salinity
is a more conservative property. Temperature displays both a_
latitudinal gradient and a strong seasonal cycle that is not well
characterized. Each of the four water masses sampled (sub-
tropical, Subtropical Convergence Zone, Subantarctic, and
polar) have characteristic nutrient concentrations in the mixed
layer. Nitrate concentrations increased from about 2 uM to
>25 uM, and silicate increased from about 0.5 pM to >12 uM
from the subtropical to polar water masses. Nitrate concen-
trations were high enough not to limit phytoplankton growth,
but silicate may have been limiting diatom growth in ST,
STCZ, and SA water masses. Vertical profiles showed am-
monia concentrations were highest near the thermocline and
were generally <200 nM in the surface waters. Mixed layer
ammonia concentrations decreased as latitude increased up to
the polar front. Near Cape Grim, midway through the ex-
periment, very high concentrations (1 uM to 5 uM) of ammo-
nia were found which correspond with the highest measured
atmospheric ammonia concentrations. There were higher
standing stocks of phytoplankton, and higher primary produc-
tion in the mixed layers of the ST and STCZ than in the polar
and Subantarctic waters. Microzooplankton grazing rates
were a little less than the phytoplankton growth rates, sug-
gesting that in early to mid November grazing was controlling
phytoplankton biomass. This spatial heterogeneity in primary
production, and microzooplankton grazing may be responsi-
ble for the patterns in DMS and DMSP reported here and also
by Jones et al. [1998] and Bates et al. [1998b].

It is unclear whether the higher primary production meas-
ured in the eastern block 10-12 days after sampling along the
western transect is due to mesoscale patchiness or reflects the
temporal progression of the spring bloom in these waters.
The very high surface chlorophyll-a levels (up to 2.1 mg m"‘)
in Subantarctic waters, found by the RV Discoverer during
the Lagrangian B experiment in early December, suggest the
spring bloom had finally begun. Harris er al. [1987] have
shown that the onset of the spring bloom can occur at any
time between September and January off Tasmania's east
coast, and this is controlled primarily by the strength of the
westerly winds. They also show that the onset of the spring
bloom is delayed in El Nino years, and 1995 was an El Nino
year. Hainsworth et al. [1998] note that the meteorological
activity during the ACE 1 intensive period was characterized
by frequent cold front activity, below average temperatures,
and the region was windier than average. These conditions
would act to delay the onset of the spring bloom, and thus re-
duced the production of DMS in the surface ocean during the
ACE 1 intensive experiment.
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