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and Karen J. Westwood1,7

1Australian Antarctic Program Partnership, Hobart, TAS, Australia, 2Institute for Marine and Antarctic
Studies, University of Tasmania, Hobart, TAS, Australia, 3Environment, CSIRO, Hobart, TAS, Australia,
4NORCE Norwegian Research Centre, Bjerknes Centre for Climate Research, Bergen, Norway,
5Australian Research Council Centre of Excellence for Climate Extremes, University of Tasmania,
Hobart, TAS, Australia, 6Globe Institute, University of Copenhagen, Copenhagen, Denmark, 7Australian
Antarctic Division, Department of Climate Change, Energy, the Environment and Water, Kingston,
TAS, Australia, 8Monterey Bay Aquarium Research Institute, Moss Landing, CA, United States
Circulation and water masses in the greater Prydz Bay region were surveyed in

the austral summer 2021 (January-March) during the ‘Trends in Euphausiids off

Mawson, Predators and Oceanography’ (TEMPO) experiment, and are described

in this paper. The Southern Antarctic Circumpolar Current Front is found in the

northern part of the survey area, generally near 63-64°S, whereas the Southern

Boundary Front is located between 64 and 65.5°S. The westward flowing

Antarctic Slope Front (ASF) is found in the southern part of the survey area

near the continental slope on most transects. Highest concentrations of oxygen

(> 300 µmol kg−1) are found in shelf waters at stations in Prydz Bay, south of 67°S

along 75°E, whereas the lowest oxygen values are found in the Circumpolar Deep

Water layer, with an average of roughly 215 µmol kg−1. North of the northern

extension of the ASF, surface mixed layers are between 20 and 60m deep. Mixed

layers tend to deepen slightly in the northern part of the survey, generally

increasing north of 64°S where the ocean has been ice-free the longest. We

find evidence of upwelling of waters into the surface layers, based on

temperature anomaly, particularly strong along 80°E. Enhanced variability of

biogeochemical properties - nutrients, DIC, DO - in the AASW layer is driven by a

combination of sea-ice and biological processes. Antarctic Bottom Water,

defined as water with neutral density > 28.3 kg m-3, was sampled at all the

offshore full-depth stations, with a colder/fresher variety along western transects

and a warmer/saltier variety in the east. Newly formed Antarctic Bottom Water –

the coldest, freshest, and most recently ventilated – is mostly found in the deep

ocean along 65°E, in the base of the Daly Canyon.
KEYWORDS

Southern Ocean fronts, Antarctic margin, Prydz Bay Gyre, water masses, Antarctic
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1 Introduction

The Southern Ocean plays a crucial role in Earth’s climate

system through the modulation of the global meridional

overturning circulation, global biogeochemical cycling, and

biological productivity (Rintoul, 2018; Henley et al., 2020). The

upwelling of nutrient-rich deep water supports primary production

and the Southern Ocean ecosystem as a whole. The strong seasonal

cycle in the upper ocean – dominated by the yearly growth and melt

of sea ice – is a major control on light and phytoplankton growth,

thereby influencing Southern Ocean ecosystem structure and

function. The formation and export of Antarctic Bottom Water

makes up a crucial limb of the meridional overturning circulation

that is critical for the sequestration of anthropogenic heat and

carbon, and the ventilation of the deep ocean.

Within the Southern Ocean, the eastward flowing Antarctic

Circumpolar Current (ACC) connects all three major ocean basins,

and separates the warm subtropical waters from the cold polar

waters to the south (Orsi et al., 1995). The circumpolar flow of the

ACC is steered by major bathymetric features, leading to complex

circulation at the regional scale with localized hot spots of poleward

heat fluxes and upwelling (Foppert et al., 2017; Tamsitt et al., 2017),

and some recirculation within regional-scale subpolar gyres and

smaller scale subgyres (McCartney and Donohue, 2007; Yamazaki

et al., 2020). The greater Prydz Bay Gyre is located in the Indian

Ocean sector within the Weddell-Enderby basin ∼55-80°E. This
area lies to the east of the Weddell Gyre extension and to the

southwest of the southern Kerguelen Plateau. Here, the two

southernmost ACC fronts, the Southern ACC Front (SACCF)

and Southern Boundary (SB) intrude into the domain from the

northwest, and are steered southward by the Kerguelen Plateau and

through the Princess Elizabeth Trough (e.g. Heywood et al., 1999).

The subpolar gyre is partially closed by the westward flow of the

Antarctic Slope Current along the Antarctic shelf break and

continental slope. The regional circulation, alongside upper-ocean

structure, plays an important role in structuring regional

productivity and the marine ecosystem.

Within Prydz Bay, the Amery Ice shelf is also an important

regional feature, feeding shelf and ice-shelf water into the survey

region. These waters play an important preconditioning role

(Herraiz-Borreguero et al., 2016; Williams et al., 2016),

supporting a known region of Antarctic Bottom Water (AABW)

formation at Cape Darnley Polynya on the western side of the bay

(Ohshima et al., 2013). Recent work by Blackensee et al. (in review)1

provides a detailed review of AABW formation at Cape Darnley

using a suite of available observations. Overall, the area between 55-

80°E is known to be highly productive (Westwood et al., 2010;

Wright et al., 2010; Pinkerton et al., 2021; Heidemann et al., 2024),

especially relative to the overall Southern Ocean. While the

Antarctic Slope Front (ASF) primarily acts as a barrier between
1 Blackensee, S. N., Gwyther, D. E., Galton-Fenzi, B. K., Gunn, K. L., Herraiz-

Borreguero, L., Ohshima, K. I., et al. A review of the oceanography and

Antarctic Bottom Water formation offshore Cape Darnley, East Antarctica.

J. Geophysical Research: Oceans.
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shelf and oceanic environments, and the export of waters offshore

from Prydz Bay, the additional influence of the West Ice Shelf near

80°E, and the interaction of fronts with the submarine Kerguelen

Plateau (Bestley et al., 2018; Schallenberg et al., 2018) all serve to

support heightened regional productivity.

In the Southern Ocean, phytoplankton growth is primarily

limited by light and micro-nutrient availability, mainly iron

(Nelson and Smith Jr., 1991; Boyd and Ellwood, 2010; Feng et al.,

2010; Vives et al., 2022; Bazzani et al., 2023) and in some cases

manganese (Latour et al., 2021). Characterization of the upper-

ocean is therefore important when considering drivers that may

influence productivity. Offshore, Circumpolar Deep Water (CDW)

is the primary source of nutrients to surface waters through

upwelling, with lateral advection also suggested for the Kerguelen

Plateau region (Schallenberg et al., 2018). Closer to the Antarctic

coast, melting sea ice, sediment resuspension, and melting glaciers

and ice shelves may serve as additional nutrient inputs, leading to

increased primary productivity (Westwood et al., 2010; Lannuzel

et al., 2016; Dinniman et al., 2020; Smith et al., 2021; Herraiz-

Borreguero et al., 2016). Light availability is largely controlled by

mixed layer depths and sea ice cover, both of which are strongly

influenced by the melting and formation of sea ice (e.g. Williams

et al., 2010). Phytoplankton circulating in shallow mixed layers

receive significantly higher light doses than those in deep mixed

layers Morel (1991); Morel and Maritorena (2001). The ratio of

mixed layer depth to euphotic depth also determines the extent to

which phytoplankton are photo-limited (Westwood et al., 2010). At

the retreating ice edge, light doses can be particularly high due to

the formation of a meltwater lens that shallows the mixed layer

(Arrigo et al., 2012). Thus, seasonal sea-ice retreat is particularly

important for phytoplankton growth in the Southern Ocean.

The seasonal formation andmelt of sea ice also exerts a dominant

control on the carbonate chemistry of surface waters in Antarctic

coastal regions (e.g. Roden et al., 2013; Shadwick et al., 2014), and

contributes to the large seasonal variability observed there (e.g. Bates

et al., 1998; DeJong et al., 2017). As described above, the return of

sunlight in austral spring triggers the onset of under-ice and open

water phytoplankton blooms (e.g. Arrigo and van Dijken, 2003;

Sweeney, 2003), which convert inorganic carbon to organic carbon

and promote the uptake of atmospheric CO2 (e.g. Shadwick et al.,

2013). The delivery of carbon-rich CDW to the surface and/or the

continental shelf influences the seasonality of the carbonate system, as

does subsurface respiration of organic material produced during the

productive season, with the balance of these processes determining

the size of the ocean sink for CO2 in these regions (e.g. Arroyo et al.,

2019; Roden et al., 2016; Shadwick et al., 2014).

This work describes the water-mass characteristics and frontal

structure in the greater Prydz Bay region (55-80°E and south of 62°S)

based on oceanography data collected during the ‘Trends in

Euphausiids off Mawson, Predators and Oceanography’ (TEMPO)

voyage in the austral summer of 2021. Section 2 describes the

multidisciplinary survey, which repeated the eastern part of the

BROKE-West survey (Meijers et al., 2010; Williams et al., 2010) at

higher spatial resolution. Physical and biogeochemical water-mass

properties and distribution of the regional oceanographic fronts are

presented in Sections 3.2 and 3.3, respectively. Upper-ocean structure
frontiersin.org
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and its spatial variability is detailed in Section 3.4. Section 3.5

describes deep ocean properties and inferred pathways of locally

formed Antarctic Bottom Water. This paper provides the physical

environmental context for the TEMPO survey, including

biogeochemical components (oxygen, carbon, nutrients), and

discusses the system state in 2021 compared with the BROKE-

West survey 15 years prior (Section 4).
2 Data and methods

2.1 Oceanographic survey

Data for this study were collected on the R/V Investigator in the

austral summer of 2021, between January and March. The TEMPO

survey occupied 66 stations mainly along six north-south transects

in the greater Prydz Bay region. We surveyed from 62°S or 63°S to

the Antarctic slope, every 5° of longitude from 55°E to 80°E

(Figure 1), as well as a few stations offset from the main transect

lines. Along 75°E, the survey extended well into Prydz Bay, to 68°S.

Note that the R/V Investigator does not have ice-breaking

capabilities, so the survey extended no further than the sea-ice

edge and all stations can be considered to be in the seasonal ice

zone. The maximum depth of the profiles varied throughout the

survey region, with one to roughly 300 dbar in a krill super-swarm
Frontiers in Marine Science 03
(slightly east of the 75°E line), nine to 1500 dbar, three to 2250 dbar,

and 52 to full-depth (i.e. within 5-10 m from the seafloor). Shallow

profiles (i.e. those not sampling to full-depth) are shown as white

dots in Figure 1.

Conductivity-temperature-depth (CTD, SBE9plus) profiles

were collected at all stations and calibrated onboard against bottle

samples to meet the Global Ocean Ship-based Hydrographic

Investigations Program (GO-SHIP) standards; the accuracies of

temperature and salinity were 0.002°C and 0.002 psu, respectively.

Similarly, sensor measurements of dissolved oxygen (µmol l−1) were

made with an SBE43 optode sensor and are within 1% of

measurements on discrete bottle samples. This study also presents

macro-nutrients (µmol l−1) – including nitrate (NO3, 1160 samples)

and silicate (Si, 1164 samples) – from discrete bottle measurements

following methods described in Rees et al. (2019). We convert the

DO and nutrient data from µmol l−1 to µmol kg−1 based on

potential density of the seawater referenced to the surface (s0).

Measurements of dissolved inorganic carbon (DIC, 508

samples) and total alkalinity (TA, 287 samples) were made for

samples collected at discrete bottle depths. After sampling, a

saturated solution of mercuric chloride was used to preserve the

samples. The concentrations of DIC and TA were determined by

coulometric and potentiometric titration, respectively following

established procedures at CSIRO in Hobart (e.g. Dickson et al.,

2007). All analyses were referenced to certified materials and have
FIGURE 1

Map of the TEMPO survey region. Cruise track (black) proceeded from west to east 55-80°E. CTD station locations (circles) indicate full depth (black)
and shallow (white) casts. Location of regional oceanic features compiled from this and previous studies. Major fronts shown include: the Antarctic
Slope Front (ASF), the Southern Boundary (SB) and the Southern ACC Front (SACCF). Fronts are grouped by color with the line styles indicating
associated references (bold lines – this study; dashed lines – Orsi et al. (1995); solid lines – BROKE-West (Meijers et al., 2010)). Background displays
bathymetry at 500m intervals, with the 1000m, 2000m and 3000m isobaths (white contours) highlighting the submarine Southern Kerguelen Plateau
and the Antarctic shelf break and foot of slope. Major geographical features are named, with the Antarctic continent and major ice features shown in
grey and white, respectively. AIS, Amery Ice Shelf; WIS, West Ice Shelf.
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uncertainty (accuracy and precision) of less than 2 µmol kg−1.

While a detailed partitioning of variability in DIC and TA across

physical and biological drivers are beyond the scope of this work,

some evaluation of these processes was done via the normalization

to a constant salinity. Salinity-normalized DIC and TA (nDIC and

nTA) were computed using a reference salinity of 35 (e.g. Friis et al.,

2003; Shadwick et al., 2014). Additionally, once corrected for

changes in salinity (which we are here assuming accounts for

changes in horizontal and vertical mixing), potential alkalinity

(pTA) was computed following Brewer and Goldman (1976),

allowing relative variations in DIC and TA to be evaluated in the

context of photosynthesis (respiration) and calcium carbonate

(CaCO3) formation (dissolution).

Horizontal ocean current velocities were measured by a hull-

mounted shipboard Acoustic Doppler Current Profiler (SADCP,

RDI Ocean Surveyor 150kHz). The data were collected and post-

processed onboard using the University of Hawaii’s Data

Acquisition System (UHDAS) and the Data and Common Ocean

Data Access System (CODAS), respectively. We only analyze

velocity data while on station, and quasi-stationary, as the

SADCP had reduced ping frequency – and therefore reduced data

quality – during transit between stations when it was synchronized

to the EK80 echo sounder for the krill biomass survey. We present

zonal velocity data, averaged over the time the ship was on station,

in the upper 350 m where the data is of high quality. We have not

performed any detiding procedure on the data, as previous studies

have observed tidal velocities to be small and have minimal impact

on the velocity structure in the region, including both offshore in

greater Prydz Bay (Meijers et al., 2010) and the continental slope

and shelf (Ohshima et al., 2013; Liu et al., 2023)
2.2 Environmental data

We use satellite remote sensing data, synoptically available over

greater spatial and temporal scales, to contextualize the TEMPO

survey. We investigate how the seasonal cycle in 2020/2021

compared with other years by looking at area average monthly

climatologies of sea-ice concentration (SIC; Cavalieri et al., 1996;

http://nsidc.org) and chlorophyll-a (Chla; ESA Globcolour; https://

www.globcolour.info/). SIC and Chla data have 25-km and 4-km

spatial resolution, respectively. Monthly climatological Chla and

SIC time series spanning 1998 to 2021 were calculated by averaging

over the study area for each month (latitude ranging from 69°S to

61°S and longitude ranging from 54°E to 81°E). Monthly Chla and

SIC timeseries for 2020/2021 were similarly calculated over the

same region.

Sea surface temperature (SST) provides information about the

spatial structure of the surface ocean. We use monthly Optimum

Interpolation Sea Surface Temperature (OISST.v2) high resolution

dataset (0.25°) from the National Oceanic and Atmospheric

Administration (Banzon et al., 2016).

The 2-minute gridded bathymetry dataset of ETOPO2v2,

available from NOAA’s National Centers for Environmental

Information (National Geophysical Data Center, N, 2006),

provides seafloor depth in the region.
Frontiers in Marine Science 04
3 Results

3.1 Oceanographic setting

Water masses that were sampled during the TEMPO survey are

Antarctic Surface Water (AASW), Circumpolar Deep Water

(CDW) and modified CDW (mCDW), Antarctic Bottom Water

(AABW), and Shelf Water (SW). Water masses are defined based

on temperature and density criteria, as listed in Table 1. Several

previous studies have defined the regional water masses in this area

(e.g. Meijers et al., 2010; Bestley et al., 2020), each with slightly

different definitions based on a combination of density,

temperature, salinity, and dissolved oxygen concentration

thresholds. Here, we use these studies as a guide and choose

definitions accordingly. In the East Antarctic, the 1.5°C isotherm

is typically used to demarcate between CDW and mCDW, with

mCDW being colder. In this study, we discuss CDW and mCDW

together as CDW/mCDW. Some shelf studies have gone further to

include a heavily modified CDW with waters as cold as -1.85°C,

distinct from Ice Shelf Water that is below the surface freezing point

(e.g. Herraiz-Borreguero et al., 2015, 2016; Williams et al., 2016). As

we have very few stations on the shelf in Prydz Bay, we use a more

generic definition of SW that does not distinguish between heavily

modified CDW, Ice Shelf Water, and Dense Shelf Water. Given the

limited data on the shelf collected during TEMPO, our focus is on

data from the slope and farther offshore; a recent review of observed

water-mass properties on the shelf in this region can be found in

Blackensee et al. (in review)1. AASW is defined here as all waters

with gN > 28:0 kg m−3. In the northern part of our study region,

i.e. generally north of the Southern Boundary, this includes water

with characteristics in the subsurface temperature-maximum layer

that are typical of Upper CDW, whereas in the southern part of our

study region, this includes water in the subsurface temperature-

minimum layer. For simplicity and consistency with other studies,

we do not make a latitudinal distinction when describing this water

mass. However, we examine specific properties of the layers

important in setting the summer stratification when investigating

the spatial variability of upper-ocean properties, rather than using

density-based definitions (Section 3.4).

The Southern Ocean fronts relevant to this work are the

Southern ACC Front (SACCF), Southern Boundary Front (SB),

and Antarctic Slope Front (ASF). Table 2 summarizes the frontal

definitions that we use and their observed locations throughout the

TEMPO survey region. We define the SACCF and SB as the
TABLE 1 Definitions of water masses sampled during the TEMPO survey.

gN½kg m−3� CT [°C]

AASW gN < 28:0

CDW/mCDW 28:0  < gN < 28:3 CT > −1.6

AABW gN > 28:3 CT > −1.6

SW 28:0  > gN CT < −1.6
AASW, Antarctic Surface Water; CDW, Circumpolar Deep Water; mCDW, modified CDW;
AABW, Antarctic Bottom Water; SW, Shelf Water.
frontiersin.org
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southernmost location where the subsurface temperature maximum

equals 1.8°C and 1.5°C, respectively. These definitions are based on

Meijers et al. (2010), who refined the circumpolar definitions of Orsi

et al. (1995) for this region. We further refine the frontal definitions

of Meijers et al. (2010), and consider the ASF to be where the base of

the Winter Water layer (i.e. where the 0°C isotherm below the

temperature minimum) reaches 400 m depth. We define the

northern limit of the ASF (ASF-N) – which is relevant for

biological studies and ecosystem processes – as the location where

the base of the temperature minimum layer reaches 200 m depth.

Satellite remote sensing data provide a regional perspective of

the greater Prydz Bay area during TEMPO (Figure 2). There are

large surface blooms of chlorophyll-a (Chla) in the western and

eastern parts of the study region, with low values of 0.1 mg m−3

found at 65°E and 70°E (Figure 2A). The largest values of Chla,

reaching 5 mg m−3, are found along the 75°E and 80°E. Here,

elevated SST values are found further south than in the western part

of the survey, with values of 0.5°C found near 66°S on the 75°E

transect (Figure 2B). There are also lower sea-ice concentrations
Frontiers in Marine Science 05
(SIC < 20%) near the mouth of Prydz Bay relative to the other

coastal regions where SIC reaches 80% (Figure 2C).

The satellite observations of surface conditions during TEMPO

are very close to the long-term climatologies of Chla and SIC for this

region (Figure 3). There were no major anomalies evident leading

up to, during, or immediately following the 2021 survey. Chla and

SIC in February 2021 were slightly higher and lower, respectively,

than climatological February values over the previous 24 years

(Figure 3). Further, regional Chla and SIC are very close to historical

record all year-round, and both can be considered normal for the

2020/2021 season. April 2021 Chla values are an exception, with

slightly elevated values compared to the historical record, however,

satellite observations are very limited during April as the sea ice

expands and covers the ocean surface.
3.2 Water-mass characteristics

Figure 4A shows the temperature and salinity distribution

observed in the CTD data throughout the entire survey area,

colored by DO concentrations. The AASW layer at the ocean’s

surface is the lightest water mass, defined as waters lighter than 28.0

kg m−3. It is the freshest of all the regional water masses and spans

the largest temperature range (Figure 4A; Table 3). Across the

survey region, AASW exhibits the highest oxygen concentrations

(with local concentrations > 300 µmol kg−1) and freshest salinities

(SA < 34 g kg−1). Very fresh waters were found along 60°E and 80°E

(SA < 33 g kg−1), associated with a surface meltwater lens from

recent sea-ice melt. The variability of biogeochemical properties-

nutrients, DIC, DO - is highest in the AASW layer (Table 3),

reflecting the seasonal variations in these properties. This variability

is driven by a combination of sea-ice processes (e.g. ice melt that

also drives the large variations in salinity seen in the AASW) and

biological processes (phytoplankton growth consuming inorganic

carbon and nutrients to produce organic carbon).

Property plots of DIC, TA, salinity-normalized DIC (nDIC) and

potential alkalinity (pTA) are shown in Figure 5. The relationship
TABLE 2 Locations of the Southern Ocean fronts sampled during the
TEMPO survey.

SACCF SB ASF-N ASF

(CTmax =
1.8°C)

(CTmax =
1.5°C)

(0°C at
200 m)

(0°C at
400 m)

55°E 63.5°S 64.45°S 65.22°S 65.3°S

60°E 63.8°S 65.53°S 65.7°S 65.85°S

65°E 64.5°S 64.68°S 64.9°S –

70°E 63.38°S 63.85°S – –

75°E 64.17°S 64.75°S 65.55 66.5

80°E 64.925 64.98 65.05 65.05
Frontal definitions are in parentheses below the front names. SACCF, Southern Antarctic
Circumpolar Current Front; SB, Southern Boundary; ASF-N, northern limit of the ASF; and
ASF, Antarctic Slope Front.
TABLE 3 Mean water-mass characteristics, as observed during the TEMPO survey, with uncertainty represented by the standard deviation.

AASW CDW/mCDW AABW SW

(n =63) (n =47) (n =39) (n =3)

gN [kg m−3] 27.795 ± 0.047 28.191 ± 0.031 28.321 ± 0.010 28.208 ± 0.010

CT [°C] -0.008 ± 1.227 0.391 ± 0.302 -0.288 ± 0.064 -1.838 ± 0.056

SA [g kg−1] 34.503 ± 0.128 34.846 ± 0.038 34.831 ± 0.006 34.647 ± 0.006

DO [µmol kg−1] 256.6 ± 43.7 215.1 ± 12.7 230.9 ± 4.1 313.8 ± 2.5

Thickness [m] 327 ± 134 2198 ± 672 657 ± 315 249 ± 15

Nitrate [µmol kg−1] 28.9 ± 4.2 31.9 ± 0.5 32.3 ± 0.4 30.6 ± 0.3

Silicate [µmol kg−1] 55.2 ± 23.0 106.6 ± 14.3 126.9 ± 12.8 67.9 ± 5.7

DIC [µmol kg−1] 2197.9 ± 43.6 2255.6 ± 4.6 2256.5 ± 2.8 2239.1 ± 7.5

TA [µmol kg−1] 2302.3 ± 25.21 2352.8 ± 6.0 2353.1 ± 2.6 2332.0 ± 2.4
The number of profiles included in the averages are shown in parentheses next to the water mass. Note that only profiles that sampled to the base of the water mass was included. AASW,
Antarctic Surface Water; CDW, Circumpolar Deep Water; mCDW, modified CDW; AABW, Antarctic Bottom Water; SW, Shelf Water.
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FIGURE 2

Regional remote sensing in February 2021: (A) Chlorophyll-a (Chla), (B) sea surface temperature (SST), and (C) sea-ice concentration (SIC). The red
dots indicate the CTD sampling locations as in Figure 1. Note that SST data are present even in high sea-ice conditions because of the product that
we used, which was gap-free interpolated.
FIGURE 3

Monthly climatologies of (A) chlorophyll-a (Chla) and (B) sea-ice concentration (SIC) in the region defined as 61-69°S and 54-81°E during the 1998-
2021 time period. The error bars represent the monthly standard deviation. The solid red lines represent the 2021 time series, showing that surface
Chla and SIC state during the TEMPO voyage fit well within the historical spread.
Frontiers in Marine Science frontiersin.org06

https://doi.org/10.3389/fmars.2024.1456207
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Foppert et al. 10.3389/fmars.2024.1456207
between TA and salinity is nearly conservative, as seen by its near-

linear dependence, with low TA values associated with low salinity

found in the upper ocean (Figure 5B). The relationship between

DIC and salinity is similar, though the influence of biological

processes, particularly in the AASW as described above, results in

larger variability with respect to salinity (Figure 5A). The

relationship between salinity normalized DIC and potential TA in

the upper ocean indicates a dominance of photosynthesis which

reduces nDIC without changing the pTA (Figure 5D), and causes

the variable concentrations of both parameters in the AASW
Frontiers in Marine Science 07
(relative to deeper waters) as described above. While quantifying

the impact of calcification, or the formation of CaCO3 to the

variability of the carbonate system goes beyond the scope of this

work, the relationship between nDIC and pTA suggests that this

process may also influence the upper ocean variability.

Furthermore, when brine is rejected during sea ice formation,

DIC may be expelled more efficiently than TA, resulting in ratios

of DIC: TA in sea ice that are different from those observed in the

underlying seawater (Rysgaard et al., 2007; Geilfus et al., 2012), and

carbonate mineral precipitation during ice formation may have
FIGURE 4

Temperature-salinity diagrams colored by dissolved oxygen concentrations (DO, [µmol kg−1]). (A) All profiles over the entire survey. (B–G) Profiles
along individual transects. Note the different colorbar for the transect panels. Neutral density contours (gN =28 and 28.3 kg m−3) are drawn in each
panel and labelled in (A) The -1.6°C isotherm is also shown in waters denser than 28 kg m−3 to distinguish Shelf Water (SW). Water masses, as
defined in Table 1, are labelled in (A) Antarctic Surface Water (AASW), Circumpolar Deep Water (CDW), modified Circumpolar Deep Water (mCDW),
Antarctic Bottom Water (AABW), and Shelf Water (SW).
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implications for TA concentrations in the upper ocean (e.g.

Dieckmann et al., 2008; Moreau et al., 2016).

The largest water mass in the region is CDW/mCDW, shown

between the two gray lines in all panels of Figure 6, and found at

every station with its characteristic maximum in salinity, low DO

concentration, and relatively warm temperature. It occupies over

2000 m of the water column, on average, and is the most saline

water mass in the region, with mean SA= 34.846 g kg −1 (Table 3).

Note that profiles at shallow stations on the northern end of the

transects (Figure 1, white dots) did not sample the entire CDW

layer; only profiles that sampled to the base of the layer were

included in these averages. It is not clear from many of the transects

whether or not the CDW/mCDW layer is accessing the continental

shelf, as the transects do not extend far enough south. Yet, there is a

clear inhibition of CDW/mCDW access to the slope along 55°E,

where the top of the CDW/mCDW layer (gN = 28.0 kg m−3

isopyncal) clearly intersects with the continental slope at roughly

the 500 m isobath (Figure 6, top row). Interestingly, the gN =28.0 kg

m−3 isopyncal is present on the continental shelf along 75°E where

we surveyed well into Prydz Bay (Figure 6, fifth row). However, this

water is classified as Shelf Water, as it is too cold to be CDW/

mCDW (CT < −1.6°C).

In contrast to the AASW described above, the variability in the

biogeochemistry of the subsurface CDW/mCDW is much smaller,
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reflecting the dominance of processes occurring over longer than a

single season. CDW/mCDW has elevated concentrations of

inorganic carbon and nutrients (Figure 7), and minimum

concentrations of dissolved oxygen resulting from both the

respiration of organic matter in the interior ocean and the

reduced ventilation of this water mass (see Table 3).

At the salinity maximum, there are elevated concentrations of

TA, without associated maxima in DIC (Figures 5A, B). In contrast

to the relationship between nDIC and pTA described in Section 3.4,

the deeper waters (e.g., CDW/mCDW and AABW) indicate a

dominance of CaCO3 dissolution (Figure 5D). This is consistent

with the broad enrichment of the Southern Ocean with pTA

(relative to the other ocean basins) which can be considered a

proxy for water mass age, i.e., the CDW has accumulated TA

(relative to DIC) due to carbonate dissolution occurring over

long timescales.

The AABW layer, the densest layer in the deep ocean, is present

along every transect (Figure 6), and is particularly evident in the

western transects, west of Prydz Bay (55-65°E). The mean thickness

of the AABW layer over the survey area is 663 ± 316 m (Table 3).

Note that the quoted uncertainty here represents the standard

deviation and only profiles to the seafloor, i.e. profiles that

sampled the entire AABW layer, were included in these statistics.

AABW is generally thicker further to the north, as shown by the
FIGURE 5

Property plots of the carbonate system. (A) DIC versus salinity, (B) TA versus salinity, (C) DIC versus TA, and (D) salinity-normalized DIC (nDIC) versus
potential alkalinity (pTA). In (D) the effects of biological production and carbonate mineral processes are also shown schematically. Note that the
colors represent depth of the samples.
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gN = 28.3 kg m−3 isopycnal (Figure 6, gray line). This is especially

clear along 60°E, where the layer goes from over 1000 m depth at

63.5°S to intersecting the seafloor near 66°S. The thickest AABW

layers are found in the western transects. This is likely the signature

of local AABW formation at Cape Darnley (western side of Prydz

Bay) resupplying the abyss and/or a pooling of AABW to the west

due to the deepening of the bathymetry (as found in the Australian
Frontiers in Marine Science 09
Antarctic Basin by, e.g., Foppert et al. (2021). Along 75°E, very cold

SW was present at the bottom of the profiles where the survey

extended onto the shelf in Prydz Bay (CT < -1.6°C; Figure 4F).

Both AABW and SW have elevated concentrations of DIC (and

nutrients), relative to the other water masses, which is likely

associated with the higher salinity of these waters resulting from

their formation in the winter season at a time of net sea ice
FIGURE 6

CTD data – temperature (left), salinity (center), and dissolved oxygen (right) – along the six transects. The transects are ordered with the western-
most transect along the top row and eastern-most transect along the bottom row, with longitude denoted in bottom left corner. CT is contoured
every 0.25°C, with the 0°C, 1.5°C, and 1.8°C isotherms as thin black lines and the -1.6°C as a thin white line; SA every 0.1 g kg−1, with the 34 and 34.7
g kg−1 isohalines as thin black lines; and DO every 10 µmol kg−1, with the 200 µmol kg−1 contour as a thin black line. Gray lines represent the gN =
28.0 and 28.3 kg m−3 isopycnals. Vertical dashed lines, from north to south, represent the Southern ACC Front, Southern Boundary, and Antarctic
Slope Front (if sampled). The triangles along the bottom indicate station locations.
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formation and brine rejection (which includes rejection of both DIC

and salinity; e.g. Shadwick et al., 2014). The silicate concentration is

notably higher in AABW than in CDW/mCDW (Table 3). This

reflects both that the source of AABW is south of the Polar Front

while CDW/mCDW is likely to have originated further north, i.e.

north of the ‘silica trap’ (e.g. Boyd et al., 2024), and the fact that

while nitrate is remineralized throughout the water column,

resulting in similar concentrations in both layers, most of the

biogenic silicate will be transported to depth and remineralized
Frontiers in Marine Science 10
close to the seafloor. The elevated oxygen concentration in the SW

water indicates recent ventilation through interactions with

the atmosphere.
3.3 Frontal distribution and transport

Evidence of an oceanographic front is present and manifests as

a gap in the temperature-salinity diagram in Figure 4A (from
FIGURE 7

Upper-ocean biogeochemical properties – nitrate (left), silicate (center-left), DIC (center-right), TA (right) – along the six transects. The transects are
ordered with the western-most transect along the top row and eastern-most transect along the bottom row, with longitude denoted in bottom left
corner. Gray lines represent the isopycnals, as labeled. Black dots indicated bottle depths of the discrete samples taken for the respective quantities.
Vertical dashed lines, from north to south, represent the Southern ACC Front, Southern Boundary, and Antarctic Slope Front (if sampled). The
triangles along the bottom indicate station locations.
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roughly 1.5°C, 34.6 g kg−1 to -1.4°C, 34.4 g kg−1). The fronts become

more clear in the individual transects, where water-mass properties

exhibit large differences between stations (Figures 4B–G), and

especially in the CDW/mCDW layer where water masses are

more stable. Two fronts are clear in the temperature-salinity

diagrams along some transects, e.g. 55°E and 75°E, whereas other

transects only exhibit one clear front, e.g. 60°E and 70°E.

Frontal locations are found in Table 2 and are shown in

Figures 6, 8 (white dashed lines). In all six transects, the SACCF

and SB are found between 63°S and about 65.5°S. The SACCF is

always farther north than the SB, by definition, and the distance

between the two fronts varies; they can be separated by nearly 200

km (e.g. along 60°E) or be located between the same two stations

(e.g. along 80°E).

The SACCF is considered the southern limit of the Antarctic

Circumpolar Current’s eastward flow, while the SB is the southern limit

of the CDW in the meridional overturning circulation (Orsi et al., 1995).

Therefore, we expect enhanced zonal flow at the SACCF and not at the SB.

Figure 9 shows the zonal velocity in the upper ocean along the six transects.

Note that the SADCP data shown here is measured while on station, and

does not reflect continuous measurements along the entire transect. In

general, there is a relatively strong eastward velocity at, or near, the SACCF,

with speeds greater than 0.1 m s−1. This is evident along 65°E and 75°E.

However, along 60°E, the SACCF is co-located with weak westward flow.

Figure 8 shows that there is an eddy found along 60°E, seen as a detached

closed contour in the temperature field near 65°S. This warm-core eddy is

associated with anticyclonic circulation, i.e. westward flow to its north and

eastward flow to its south. Thewestward flowof the eddy is therefore likely

acting to reduce the eastward flow of the SACCF and the zonal velocity

seen along 60°E reflects the interaction of this eddywith SACCF (Figure 9).

The ASF-N and ASF, defined as the location where the

subsurface 0°C isotherm reaches 200 m and 400 m, respectively,

are found farther south between roughly 65°S and 66.5°S (Table 2).

The ASF and ASF-N were not sampled on the 70°E transect; nor

was the ASF sampled on 65°E. Note that the ASF and ASF-N are

generally located in between the same stations, indicating a strong

horizontal (north-south) temperature gradient extending

throughout the upper ocean. The exceptions are along 65°E,

where there is a strong horizontal temperature gradient associated

with the ASF-N near 64.9°S, yet the 0°C isotherm doesn’t reach 400

m within our survey; and along 75°E, where the 0°C isotherm

gradually descends poleward across about 2° of latitude (Figure 8).

The ASF is often associated with the westward flowing Antarctic

Slope Current (ASC), that is generally found hugging the shelf break

towards the southern flank of the ASF (e.g., see Figure 6 of Meijers

et al., 2010). We find relatively strong westward flow at 55°E, with

speeds of about 0.1 m s−1 (Figure 9). Along 75°E, there is weak

westward flow at the ASF. Note that Meijers et al. (2010) found a

strongly bottom-intensified ASC at 70°E, with much stronger

westward flows at depth than near the surface. The weak upper-

ocean speeds (around 0.05 m s−1) observed at 75°E in BROKE-West by

Meijers et al. (2010) are similar to those seen here at 70°E in Figure 9.

Along 60°E and 80°E, we did not reach the shelf break (see Figure 6),

and therefore likely did not survey far enough south to measure

the ASC.
Frontiers in Marine Science 11
3.4 Upper-ocean variability

The development of the upper ocean structure in the seasonal

ice zone is described by Williams et al. (2010) as follows. During

winter, strong convection due to brine rejection creates a deep

mixed layer. As summer approaches and the sea ice melts, the

surface layer freshens and warms, and a seasonal mixed layer is

formed above a layer of remnant Winter Water (WW). Those

authors identified two features in the upper ocean that are

important for setting the summertime stratification: the seasonal

mixed layer depth (MLD) and the base of the WW, or temperature

minimum, layer. The latter which is generally associated with the

permanent pycnocline and the former with the seasonal pycnocline

(or thermocline). Here, we discuss the characteristics of the seasonal

mixed layer and underlying WW in the TEMPO survey. Note that

we only present data from stations north of the ASF-N, where the

summer stratification is well developed and there is a clear signature

of the summertime stratification with a seasonal mixed layer

overlying a distinct temperature minimum layer.

Mixed-layer depths (MLD) are shown by the white lines in

Figure 8. MLD is defined as the depth at which neutral density is

0.03 kg m−3 greater than its near-surface value, following de Boyer

Montégut et al. (2004). Here, we use 15 dbar as the near-surface

reference level, except in the few cases where the profile starts

deeper we use the top of the profile. Figure 10A shows MLD at

stations north of the ASF-N in plan view over the survey region. The

average MLD north of the ASF-N is 38 ± 10 m (mean ± 1 standard

deviation), and values range from approximately 20-60 m deep. The

deepest mixed layers are generally found at the northern end of the

transects (Figure 8, white line), where the surface ocean has been

ice-free the longest. Yet, relatively deep mixed layers are also found

just north of the ASF-N along 55°E and 70°E.

Across the survey region, the average temperature in the mixed

layer, CTMLD, generally decreases to the south (Figure 10B), as

clearly seen along 70°E. The largest exception is on the 60°E

transect, where the station at 64°S is colder than the two stations

to the south of it. Note that this station is found to the north of the

warm-core eddy observed along this transect and the cold anomaly

may be associated with the anticyclonic circulation of the eddy

bringing cooler waters up from the south. The warmest seasonal

mixed layers are found in the northwest corner of the survey region,

where CTMLD> 1.5°C.

The WW core, i.e. depth of the temperature minimum, generally

deepens to the north (Figure 10C). The WW core is deepest in the

northwest corner, with temperature minimum depths here being

greater than 80 m. On average, the temperature minimum is -1.38 ±

0.22°C. The WW layer is warmest at the southern end (i.e.

immediately north of the ASF-N) along 55°E and 80°E, reaching

temperatures greater than -1°C (Figure 10D) whereas on other lines,

the core of the WW cools to the south (i.e. 70°E and 75°E). The base

of the WW layer – defined as the 0°C isotherm below to the

temperature minimum – is notably deeper along the southern

portion of 70°E (150-200m) than elsewhere (Figure 10E).

Williams et al. (2010) use temperature anomaly at 100 m depth

as a proxy for local upwelling. Here, we consider the temperature
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FIGURE 8

Upper-ocean CTD data – temperature (left), salinity (center), and dissolved oxygen (right) – along the six transects. The transects are ordered with
the western-most transect along the top row and eastern-most transect along the bottom row, with longitude denoted in bottom left corner. CT is
contoured every 0.25°C, with the 0°C, 1.5°C, and 1.8°C isotherms as thin black lines and the -1.6°C as a thin white line; SA every 0.1 g kg−1, with the
34 and 34.7 g kg−1 isohalines as thin black lines; and DO every 10 µmol kg−1, with the 200 µmol kg−1 contour as a thin black line. Mixed-layer depth
is shown by the thick white line and temperature minimum by the thick magenta line. Gray lines represent the gN = 28.0 and 28.3 kg m−3 isopycnals
(note the denser isopycnal only present along 75°E). Vertical dashed lines, from north to south, represent the Southern ACC Front, Southern
Boundary, and Antarctic Slope Front (if sampled). The triangles along the bottom indicate station locations.
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anomaly at the mean depth of the WW core (60 m) and the

temperature anomaly is therefore calculated from the mean

temperature at 60 m across the survey region (-1.005°C).

Relatively warm water in Figure 10F highlights areas where the

water at the mean WW core is warmer than the survey average.

There is a strong signal of anomalously warm water along 80°E.

This, along with the depth of the WW base being relatively shallow
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there (Figure 10E), suggests localized upwelling at 80°E. There is

some variability in the depth of the WW base along 70°E, with a

shoaling of theWWbase near 65°S, associated with warmer water at

the mean WW core. The temperature field along 70°E shows the

presence of a subsurface eddy here composed of CDW/mCDW

(anomalously warm and low DO; Figure 8), associated with the

upwelling and shoaling of isopycnals locally in the surface layers.
FIGURE 9

Zonal velocity in the upper ocean (upper 350 m) as measured by the shipboard ADCP while on station. Frontal locations are shown as dashed black
lines. The grey line marks the zero contour. Vertical dashed lines, from north to south, represent the Southern ACC Front, Southern Boundary, and
Antarctic Slope Front (if sampled). The triangles along the bottom indicate station locations. Note that the SADCP was only on and measuring
velocities while on station, not during transit between stations.
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3.5 Deep-ocean variability

Figure 11 shows the bottom properties of each full-depth CTD

cast located in waters deeper than 500m.Overall, there is an east-west

patternwith colder, fresher, andmore oxygen-rich waters found along

the western transects (55-65°E) than the eastern transects (70-80°E).

This illustrates the disparity in the two flavors of AABW in this region,

with older AABW in the eastern part of the survey and newly formed

AABW – likely formed locally in the CapeDarnley Polynya (Ohshima

et al., 2013)– in thewesternpart of the survey.Note that stations on the

shelf along 75°E (not shown) had even higherDOconcentrations (DO
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> 300 µmol kg−1) as these shelf waters are actively ventilated through

interactions with the atmosphere.

The most oxygen-rich bottom waters (DO > 250 µmol kg−1) are

found in the deep ocean along 60°E and at the southern end of 70°E

(Figures 11C, D). There is also a single station near the 4000-m

isobath on 55°E with higher DO relative to its neighboring stations.

The oxygen-rich waters at these stations are also colder and fresher

than surrounding waters (Figures 11A, B) and trace the pathway of

AABW from the Cape Darnley Polynya into the abyssal ocean.

These results indicate the main AABW export pathway from

the Cape Darnley Polynya to be through the Daly Canyon, as the
FIGURE 10

Upper-ocean characteristics. (A) Mixed layer depth, MLD [m]; (B) mean temperature in the mixed layer [°C]; (C) depth of the temperature minimum
[m], indicative of the depth of the core of Winter Water; (D) minimum temperature [°C], indicative of the temperature at the WW core; (E) depth of
the base of the temperature-minimum, or WW, layer [m]; (F) temperature anomaly [°C] at the mean depth of the WW core across the survey, with
warm anomalies indicative of localized upwelling. Note that these maps only show data from stations north of the ASF (stations south of the ASF-N
are shown as open circles.
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bottom waters near its base are highly oxygenated, and more

oxygenated than the bottom waters at the base of the Wild

Canyon to its east. It appears some Dense Shelf Water might

spillover of the shelf break near 70°E, as there are also highly

oxygenated waters deeper than 2000 meters there. Note that the

enhanced DO at the station on 55°E (DO> 250 µmol kg−1 in water

about 4300 m deep) is comparable to the DO concentrations in the

deep ocean along 60°E. This suggests the AABW on 55°E was

potentially funneled locally into the abyssal ocean, likely through a

narrow canyon west of the Daly Canyon (as stations to its north and

south show lower DO concentrations).
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4 Discussion and conclusions

A shipboard oceanographic survey of the greater Prydz Bay

region was conducted in the austral summer 2021 (January-March)

as part of the ‘Trends in Euphausiids off Mawson, Predators and

Oceanography ’ (TEMPO) study undertaken on the R/V

Investigator. This paper characterizes the regional water masses

and circulation from direct measurements of physical and

biogeochemical properties, and upper-ocean horizontal velocities.

We describe the spatial variability of the upper-ocean and features

important for setting the summertime stratification that, in turn,
FIGURE 11

Bottom properties. (A) Conservative temperature [CT, °C], (B) absolute salinity [SA, g kg−1], and (C) dissolved oxygen concentration [DO, µmol kg−1]
at the deepest point of the CTD profile. (D) Bottom of the DO profiles as a function of neural density [gN, kg m−3]. For all panels, only information
from full-depth profiles off the shelf (i.e. with maximum pressures greater than 500 dbar) are shown. The Wild and Daly Canyons are shown
schematically with arrows.
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have a strong influence on regional primary productivity.

Observations of deep ocean properties also provide insights

regarding AABW formation and export pathways.

The fronts of the Southern Ocean separate the warmer waters to

the north from the colder waters around Antarctica, acting as a

barrier to poleward heat transport. Thus, a southward shift in the

location of the fronts is associated with warm water moving south

and impinging into the Antarctic margins, with implications for

heat available for transport onto the shelf and basal melting of

Antarctic Ice Shelves (e.g. Herraiz-Borreguero and Naveira

Garabato, 2022). While the SB has widely been found to be

trending southward, the location of the ASF has recently been

posited to have shifted north in parts of East Antarctica Yamazaki

et al. (2024). However, those conclusions only consider two surveys,

more than 20 years apart, making a long-term trend tenuous in light

of frontal meandering. It is well observed that Southern Ocean

fronts meander latitudinally and can span 1-2 degrees of latitude at

some locations (e.g. Sokolov and Rintoul, 2002).

Figure 1 shows the locations of the fronts observed during

TEMPO in 2021 relative to the locations observed during the 2006

BROKE-WEST survey by Meijers et al. (2010) and in the historic

climatology of Orsi et al. (1995). The longitudinal resolution of the

CTD transects of TEMPO was twice that of BROKE-West (every 5°E

compared to every 10°E), allowing for a greater detail in understanding

the frontal structure andmeandering.Wefind the SACCFentering the

survey region earlier (i.e. intruding into the south farther west) than

during BROKE-West and with a meander northward near 70°E that

was not previously observed. At both 60°E and 80°E, we find the

SACCFmore than 1.5 degrees of latitude (over 150 km) farther south

than documented by Meijers et al. (2010) and Orsi et al. (1995); it was

found at a similar latitude to both previous studies at 70°E. The SB in

2021 was similar to its position during BROKE-West, with both

surveys documenting a more northerly position along 70°E, by 1-2°

latitude, than its position in theOrsi et al. (1995) climatology (Figure1).

This is likely due to the northward flow of the greater Prydz Bay Gyre,

as suggested by Meijers et al. (2010). Note that there was a dearth of

hydrographic data to support the earlyOrsi et al. (1995) climatology in

this vicinity (see their Figure2), potentially forcing interpolation across

the Prydz Bay Gyre region.

The ASF was identified at roughly similar locations during

TEMPO and BROKE-West (Figure 1). Note here that we have

revisited the BROKE-West CTD data (available at 60, 70, and 80°E)

and recalculated the ASF locations using the refined definition for

consistency between surveys. The largest difference in ASF location

was observed at 80°E, where the front was identified roughly 60 km

farther north in 2021 compared to 2006. At 70°E, where sea ice

prohibited the 2021 TEMPO survey from going beyond 66°S, the

TEMPO survey did not encounter the ASF or ASF-N; that is, both

were located south of this latitude. Therefore, both were located

farther south in 2021 relative to their 2006 position, being 65°S

(ASF-N), and 66°S (ASF), respectively (again, applying our refined

ASF-N definition to BROKE-West data). These observed

displacements of the ASF in 2021 relative to 2006 are likely due

to frontal meandering, and associated eddy variability (e.g. Foppert

et al., 2019), yet we cannot rule out a long-term change in frontal

position as suggested by Yamazaki et al. (2024).
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In the BROKE-West survey, Williams et al. (2010) found that

mixed layer depths varied both meridionally and zonally within

their survey area (average 29 ± 15 m; 30-80°E). Mixed layer depths

were influenced by the number of ice free days, combined with

accumulated wind stress once the ice had melted leading to

exposure. Stations that had less ice free days had less time for

mixed layer development, with the mixed layer also being cooler

due to a higher proportion of ice and less time for warming from

solar radiation. For BROKE-West, shallowest mixed layers were

observed to the south near the retreating ice edge, and to the west

where sampling was conducted earlier leading to shorter ice-free

days compared to the east. In contrast, TEMPO mixed layer depths

averaged 38 ± 10 m, with no obvious pattern across the survey area

apart from the most northerly stations generally having deeper

mixed layers (Figures 8, 10A). However, the TEMPO survey was

conducted approximately a month later than BROKE-West, which

meant that mixed layer depths had more time for development and

influences from wind events. TEMPOmixed layer depths were most

similar to eastern stations from BROKE-West (36 ± 15 m Legs 7-9,

Westwood et al., 2010) which were conducted at a similar time in

the season. Average temperatures within the mixed layer were also

cooler to the south for TEMPO, similar to BROKE-West.

Noticeably deeper mixed layers were found along 65°E compared

to other eastern transects during BROKE-West, which was

associated with a convergence of ocean circulation in this region

Williams et al. (2010). However, this was not observed during the

TEMPO survey.

Through the use of potential temperature anomalies, both the

BROKE-West and TEMPO surveys showed evidence of localized

upwelling of MCDW/CDW along 80°E in the area north of 64°S

(north of the SACCF and SB). The upwelling of CDW is associated

with increased nutrient availability to surface waters, including iron

(Moreau et al., 2019; Smith et al., 2021), which may stimulate

primary production (Westwood et al., 2010). While elevated values

of surface chl-a are seen in this region in February (Figure 2A),

Heidemann et al. (2024) showed that primary production in this

region during TEMPO was noticeably lower than elsewhere within

the survey, based on in-situ phytoplankton pigment data. However,

large krill swarms and feeding whales (approximately 50) were

observed in this region (M. Cox and S. Kawaguchi, pers. comm.

March 2021), suggesting high production in terms of secondary and

higher order predators. Heidemann et al. (2024) further showed

strong evidence that the phytoplankton in this region had been

grazed by krill, with clear depletion of large diatoms in surface

waters and high phaeophytin:chlorophyll-a ratios (> 0.75; Wright

et al., 2010). It is likely that high primary production here earlier in

the season (February) was sustained through upwelling of nutrient-

rich CDW and that the phytoplankton were grazed down by the

time the TEMPO survey arrived at the eastern end of the

survey (March).

A large phytoplankton bloom was observed on the slope and

offshore along 70°E to 80°E, south of the SB (Heidemann et al.,

2024). These southerly waters generally had a cold mixed layer and

cold WW temperatures (i.e. cold minimum temperatures). We

speculate that the influence of the West Ice Shelf and associated

sea ice, and the cold shelf waters exported from Prydz Bay, is
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extended offshore via advection associated with the Prydz Bay Gyre

circulation. Heidemann et al. (2024) showed this bloom to be late phase

(high iron depletion i.e., high Si:N and high phaeo:chl ratios) suggesting

these waters coming from theWest Ice Shelf regionmay originally have

been iron rich, to support the high phytoplankton biomass bloom still

evident during the survey period. Another distinct bloom was observed

north of the sACCF across 55°E to 65°E (Heidemann et al., 2024). This

bloommay have had its origins farther west, and there was evidence of

large diatoms sinking from surface waters to below the mixed layer as

waters flowed from west to east.

The characteristic concentrations of DIC, TA, and nutrients

observed during the TEMPO surveys are broadly consistent with

the earlier BROKE-West survey (Roden et al., 2016). As described

above, biological activity over the shelf and slope, along with input

of freshwater from sea ice melt, resulted in low concentrations of

DIC in the upper ocean, associated with AASW. The TEMPO

observations indicated minimum surface concentrations of ≈2070

µmol kg−1, which is slightly lower than the minimum observed

during the BROKE-West survey, as is the TA, though the density

and temperature criteria used to define water masses also differed

slightly (Roden et al., 2016). The conservative relationship between

salinity and TA in the TEMPO observations is consistent with the

BROKE-Westobservations, andwhilequantificationof anthropogenic

carbon accumulation in the deeper water masses (i.e., CDW and

AABW) goes beyond the scope of the work presented here, the

TEMPO observations do indicate characteristic concentrations of

DIC in the deep ocean that are elevated relative to BROKE-West

survey which occurred 15 years earlier.

We observed newly formed AABW concentrated along 60°E, at

the base of the Daly Canyon, with considerably higher oxygen

values there relative to farther east at 65°E (Figure 11). High oxygen

waters were also found along 60°E during the BROKE-West survey

(Meijers et al., 2010), however they did not survey 65°E and

therefore could not make the distinction of where the newly

formed AABW entered the deep basin. This recent oxygenation is

indicative of Cape Darnley Bottom Water, formed locally in the

Cape Darnley Polynya (Ohshima et al., 2013). While we cannot

trace a continuous AABW pathway back to the shelf, Figure 11

strongly implies that the Dense Shelf Water is entering the deep

basin mainly via the Daly Canyon, as opposed to the Wild Canyon

(as suggested by mooring data in Ohshima et al., 2013). Gao et al.

(2022) observed warming, freshening, and increasing dissolved

oxygen in the Daly Canyon between 2003-2006 and 2013–2020,

and attributed those changes to increased cascading of Dense Shelf

Water plumes down Daly Canyon. Those results, along with the

results shown in Figure 11, suggest the main pathway of Dense Shelf

Water from Cape Darnley into the abyss is potentially shifting from

the Wild to the Daly Canyon.
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