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Abstract. The Amundsen Sea polynya hosts intense sea ice
formation, but, due to the presence of relatively warm and
salty modified Circumpolar Deep Water, the cold, brine-
enriched water is not typically dense enough to sink to the
deep ocean. A hydrographic survey of the Dotson Ice Shelf
region in the Amundsen Sea using two ocean gliders iden-
tified and characterised subsurface lenses containing water
with temperatures less than −1.70 °C. These lenses, located
at depths between 240 to 500 m, were colder, saltier and
denser than the overlying Winter Water (WW) layer. The
pH of the lenses was 7.99, lower than WW by 0.02 and
the dissolved inorganic carbon concentration was higher in
the lenses than WW by approximately 10 µmol kg−1. The
lenses were associated with a dissolved oxygen concentra-
tion greater than surrounding water at the same depth and
density due to the cold temperatures increasing O2 solubil-
ity. We hypothesise that these lenses are a product of win-
tertime surface cooling and brine rejection in areas with in-
tense sea ice formation. They may form in shallow regions,
potentially around the Martin Peninsula and Bear Island,
where intense upper ocean heat loss occurs, and then spill off
into the deeper Dotson-Getz Trough to reach their neutrally-
buoyant depth. This is supported by wintertime temperature
and salinity observations. This study highlights the impor-
tance of shallow parts of shelf seas for generating cold dense
water masses in the warm sector of Antarctica. These lenses

are widespread in the region of the Dotson-Getz Trough and
have the potential to sequester carbon deeper than typical in
the region, alongside cooling the water impinging on the Dot-
son ice shelf base.

1 Introduction

Polynyas are referred to as “sea ice factories”, as 10 %
of Southern Ocean sea ice is formed within major coastal
polynyas (Tamura et al., 2008). Coastal polynyas are formed
by katabatic winds that push sea ice away from the coast;
the newly exposed surface water cools and refreezes before
being blown offshore, continually generating open areas for
new ice formation during winter (e.g. Golledge et al., 2025).
When sea ice forms, it releases salt into the surrounding wa-
ter through brine rejection. Alongside intense surface heat
loss, sea ice formation leads to dense water that will sink
once it reaches a sufficient density. During sea ice forma-
tion, dissolved inorganic carbon (DIC) is rejected alongside
salt (Rysgaard et al., 2007), so the remaining dense brine is
CO2-rich. When this dense brine sinks, it removes DIC from
the surface ocean and sequesters carbon in the deep ocean
(Rysgaard et al., 2007). This has been observed in tank ex-
periments (Nomura and Yoshikawa-Inoue, 2006) and in situ
in the Weddell Sea (Delille et al., 2014), where the partial
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pressure of CO2 in brine was oversaturated relative to the at-
mosphere.

The Amundsen Sea polynya is the fourth largest annual
cumulative producer of sea ice among Antarctic polynyas
(Ohshima et al., 2016; Tamura et al., 2008). This sea ice for-
mation primarily occurs in the Dotson Ice Shelf (DIS) region
in shallower water (approximately 300–400 m) to the east
of the eastern branch of the Dotson-Getz Trough (Ohshima
et al., 2016, Fig. 1). In summer, the region is highly strati-
fied with lighter Antarctic Surface Water (AASW) and Win-
ter Water (WW) overlying dense modified Circumpolar Deep
Water (mCDW). Typical properties of WW are a minimum
conservative temperature (2) around −1.8 to −1.6 °C and
absolute salinities (SA) ranging from 34.05 to 34.15 g kg−1.
WW is identified as the temperature-minimum layer and is
the remnant of the winter mixed layer. The surface water
mass, AASW, is warmed by solar heating and freshened
by sea ice melt in summer with temperatures above those
of the WW layer and SA less than 34 g kg−1. The mCDW
(2 greater than 0 °C and SA greater than 34.8 g kg−1) in-
trudes onto the continental shelf of the Amundsen Sea from
the open Southern Ocean, following the troughs to the ice
shelves where it contributes to basal melting (Wåhlin et al.,
2010, Fig. 1). The presence of this mCDW, along with the
insufficiently dense water in the Amundsen Sea polynya, in-
hibits the full-depth convection seen in other polynyas that
leads to the formation of Dense Shelf Water (e.g. Ohshima
et al., 2013, 2016; Williams et al., 2008). This has been sug-
gested to make the Amundsen Sea inefficient in contributing
to carbon sequestration through the biological and sea ice
carbon pumps which aim to transfer dissolved organic and
inorganic carbon to the deep ocean. Instead carbon in the
Amundsen Sea remains above the mCDW where it is subject
to transportation with mid-depth currents (Lee et al., 2017).
While the absence of Antarctic Bottom Water formation in
the Amundsen Sea is understood, the impact and fate of the
dense water generated by persistent sea ice formation in the
polynya during winter are not. A recent review on Antarc-
tic polynyas by Golledge et al. (2025) highlighted that many
gaps in understanding processes in polynyas – including the
role of long-term carbon sequestration in the Amundsen Sea
– stem from limited observations.

Studies in the Amundsen Sea polynya have been limited
in the past due to its remoteness and lack of access as a re-
sult of extensive sea ice. The highest spatial resolution study
of the Amundsen Sea polynya to date was the Amundsen Sea
Polynya International Research Expedition (ASPIRE) (Yager
et al., 2012) in which the stratified water mass structure was
described (Randall-Goodwin et al., 2015). From a carbonate
chemistry perspective, the main focus of ASPIRE was the
surface ocean (Mu et al., 2014) and biological carbon export
(Yager et al., 2016). Other campaigns in the region focused
on the circulation of water towards and under the ice shelves
(e.g Wåhlin et al., 2010; Ha et al., 2014) and meltwater trans-
port from the basally-melting ice shelves (Miles et al., 2016).

There is a clear gap in our understanding of subsurface wa-
ter column dynamics concerning carbonate chemistry in the
Amundsen Sea polynya. Currently, no studies investigate the
fate of WW or examine the water masses above mCDW be-
yond the front of DIS.

Higher resolution studies for both physical and biogeo-
chemical properties can be achieved using autonomous un-
derwater vehicles, such as gliders. Unlike most ship-based
surveys, the high horizontal spatial resolution of glider obser-
vations allows the characterisation of subsurface features on
the mesoscale. The Rossby radius in this region is less than
10 km (Chelton et al., 1998), so mesoscale features, such as
eddies and meanders, are only a few kilometres in radius.
Gliders have been used previously on the West Antarctic
Peninsula to detect eddies on the order of 10 km in diam-
eter (Couto et al., 2017). With biogeochemical sensors, in-
cluding a novel pH sensor, we identify the properties of ob-
served mesoscale features in the Amundsen Sea, and discuss
their formation. Supporting data include temperature, salin-
ity, dissolved oxygen (O2), the ratio of oxygen-18 to oxygen-
16 (δ18O) and DIC measurements.

2 Methods

2.1 Seagliders

Two University of East Anglia Seagliders were used in the
southern Amundsen Sea polynya in January and February
2022 (Fig. 1). They were deployed from the Research Ves-
sel Icebreaker Nathaniel B. Palmer (NBP). This campaign
(NBP22-02) was part of the International Thwaites Glacier
Collaboration: Thwaites-Amundsen Regional Survey and
Network (ITGC: TARSAN) and Accelerating Thwaites
Ecosystem Impacts for the Southern Ocean (ARTEMIS)
projects. Seaglider 579 (SG579) was deployed approxi-
mately 10 km north of DIS on 21 January 2022, complet-
ing three circuits of a box (approximately 40 km× 30 km)
in front of DIS, before heading north to 73.41° S 114.24° W,
where it was recovered on 21 February 2022. SG579 car-
ried out 247 dives to the seabed, or a maximum depth of
1000 m. Seaglider 510 (SG510) was deployed in open water
on 17 January 2022 at 73.81° S 112.61° W and headed south,
following the eastern branch of the Dotson-Getz Trough
(Fig. 1), in a straight transect to 74.17° S before following
the trough northwest to 73.23° S 114.34° W, then south to-
wards Martin Peninsula, crossing the Dotson-Getz Trough,
where data collection ceased on 4 February 2022. Prior to
communication loss, SG510 transmitted a total of 143 dives
to the seabed (up to 1000 m).

Temperature and conductivity sensors (Sea-Bird CT Sail)
were integrated on both Seagliders with sampling intervals of
5 s which corresponded to a measurement approximately ev-
ery 0.5–1 m (dependent upon glider vertical speed). The raw
outputs were processed using the UEA Seaglider Toolbox
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Figure 1. Map of the study region within the Amundsen Sea polynya. Arrows indicate the pathway of mCDW following the Dotson-Getz
Trough (Wåhlin et al., 2010). Contours show BedMachine v3 bathymetry (Morlighem, 2022). The purple box indicates the boundaries of the
glider transect map in Fig. 3c. The dashed blue line represents the area of sea ice production and the dashed green line shows the location of
permanent fast ice, both shown in Fig. 3 of Ohshima et al. (2016).

(Queste et al., 2012) which incorporates corrections for the
thermal lag of the un-pumped conductivity cell that can pro-
duce artificial salinity spikes following Garau et al. (2011).
The mean difference and root mean squared difference be-
tween the processed and raw versions of salinity measure-
ments were−0.0011 and 0.0075, respectively for SG579 and
−0.0012 and 0.0123, respectively for SG510. In situ temper-
ature and practical salinity were converted to2 and SA, using
TEOS-10 (McDougall et al., 2010).

An Aanderaa O2 optode was integrated on SG510 and
was lag-corrected using the method of Hahn (2013). The raw
measurements were calibrated against an O2 SBE 43 sen-
sor mounted on the ship’s Conductivity-Temperature-Depth
(CTD) rosette which itself had been calibrated against dis-
crete water samples for O2 (Sect. 2.2). To calibrate the
glider-measured O2, six dives were compared with eight
CTD casts that were taken within 3 km of the glider pro-
files. Only measurements at depths greater than 500 m were
compared, so that upper ocean influence of biological ac-
tivity was excluded. The glider O2 measurements were on
average 7.24 µmol L−1 lower than the CTD O2 sensor mea-
surements, so this offset was applied. This correction is small
relative to the magnitude of the O2 differences observed be-
tween the features discussed in this paper and the surround-
ing waters. The saturation concentration (DOsat) of O2 was
first calculated following (Garcia amd Gordon, 1992) using
in situ temperature and salinity. This was then converted to
percent saturation: O2sat =DO/(DOsat) × 100, where DO is
the in situ O2 concentration measured by the optode. For tem-

perature, salinity and dissolved oxygen measurements from
the gliders, both ascent and descent profiles are utilised.

A Lab-on-Chip pH sensor developed by the National
Oceanography Centre Southampton (Yin et al., 2021), was
additionally integrated into SG579. It had a sampling inter-
val of approximately 10 min and determined pH on the total
hydrogen scale spectrophotometrically (Yin et al., 2021). For
pH, only measurements taken during the ascent are reported
in this study due to the nature of the glider flight which was
programmed to travel relatively slowly during the ascent at a
vertical speed of 0.09 m s−1, yielding a higher vertical reso-
lution of pH measurements. Final pH values were corrected
using in situ temperature, salinity and pressure after calcu-
lating the temperature difference between inside the sensor
and in situ water following Millero (2007). The pH measure-
ments are reported with an accuracy better than 0.014 and a
precision of 0.001 (Yin et al., 2021). The pH sensor stopped
recording data on 8 February 2022, after 146 dives of suc-
cessful data collection.

2.2 CTD casts and discrete samples

The CTD sensor on the RVIB Nathaniel B. Palmer is a
Seabird SBE 911+ that takes continuous measurements.
The CTD was calibrated post-cruise and the corrections
were negligible, within the reported accuracy of the sen-
sors (0.001 °C and 0.0003 S m−1). Also mounted on the CTD
rosette was a dissolved O2 sensor (SBE43) which was post
processed in SeaSoft with time lag and hysteresis correc-
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tions applied. It was corrected for an offset of 3.13 µmol L−1

(±0.89 µmol L−1) based on comparisons between the sensor
and Winkler titrated bottle data at depths greater than 500 m
(Stammerjohn, 2024). Water samples for DIC and δ18O were
collected from Niskin bottles mounted on the CTD rosette.
Samples for DIC were collected in 500 mL borosilicate bot-
tles following SOP1 from Dickson et al. (2007). They were
analysed at the University of Georgia using a Single Op-
erator Multi-parameter Metabolic Analyser attached to a
UIC CM5011 CO2 Coulometer (Yager et al., 2016). Ac-
curacy is based on calibration to two daily certified refer-
ence material (CRM) runs, with the average adjustment being
0.15± 0.05 %. Precision based on duplicate runs of CRMs
was 0.56 µmol kg−1. Precision based on duplicate samples
(repeatability) was 0.90 µmol kg−1. Water samples for δ18O
were collected from Niskin bottles mounted on the CTD
rosette in 20 mL glass scintillation vials, sealed with poly-
seal caps and secured with electrical tape to prevent loos-
ening during storage and shipping. Samples were analysed
at the British Geological Survey in the Natural Environment
Research Council (NERC) Stable Isotope Facility using the
CO2 equilibration method with an Isoprime 100 mass spec-
trometer plus Aquaprep device. Isotope measurements were
calibrated against internal and international standards includ-
ing VSMOW2 and VSLAP2. Based on duplicate analysis,
analytical reproducibility was better than ±0.05 ‰ for all
samples.

Measurements for DIC from the ASPIRE campaign are
those presented by Yager et al. (2016). The samples were
collected between December 2010 and January 2011 and cal-
ibrated against CRMs. For further information on collection
and analysis see Yager et al. (2016).

2.3 Stable oxygen isotopes and estimating Meteoric
and Sea-Ice Melt Fractions (Fmet and Fsim)

The depth-discrete oxygen isotope values (δ18O), along with
CTD-observed absolute salinity (SA), were used to estimate
vertical profiles of meteoric and sea-ice melt fractions. To do
this, the net freshwater balance is partitioned between the to-
tal inputs from all meteoric sources (Fmet, precipitation and
glacial discharge in the form of melting ice shelves and ice-
bergs) and the input/extraction due to sea ice melt/formation
(Fsim). Following Meredith et al. (2008), we use a three end
member mass balance approach (Östlund and Hut, 1984),
employing SA and δ18O as tracers. This approach assumes
that the observed SA and δ18O values in the water column
have resulted from a mixture of sea ice melt, meteoric inputs,
and the source water mCDW, all three of which have well-
separated SA and δ18O values in pure “end member” form.
Following Hennig et al. (2024), end members for mCDW
and meteoric water were empirically determined based on
the mCDW–glacial meltwater mixing line, also known as the
Gade line (Gade, 1979), using all SA and δ18O observations
below the winter mixed layer (Winter Water core, identified

by the temperature minimum); the extrapolated salinity max-
imum defined the mCDW end member (34.83 SA, 0.05 ‰
δ18O), while the zero-salinity intercept defined the meteoric
end member (0.0 SA,−30.32 ‰ δ18O). The sea ice end mem-
ber (7.0 SA, 2.1 ‰ δ18O) is based on field observations re-
ported by Randall-Goodwin et al. (2015).

2.4 Seal tags

This study makes use of a combined austral wintertime
(April to September) temperature and salinity dataset (3457
vertical profiles) obtained from 15 seal-borne conductivity-
temperature-depth-satellite relayed data loggers (CTD-
SRDLs) deployed in the Amundsen Sea in 2014 and 2022.
This combined hydrographic dataset was collected by 9
Southern Elephant seals (Mirounga leonina) and 7 Wed-
dell seals (Leptonychotes weddellii). The 2014 hydrographic
dataset (1906 profiles) was collected by CTD-SRDLs de-
ployed as part of the UK’s Ice Sheet Stability Programme
(iSTAR) Ocean2Ice JR294 cruise in February 2014 onboard
the RRS James Clark Ross (Heywood et al., 2016). The 2022
hydrographic dataset (9 tagged seals; 1551 profiles) was col-
lected from CTD-SRDLs deployed during the NBP22-02
cruise onboard the RVIB Nathaniel B. Palmer, as part of
TARSAN.

Due to the limited transmission bandwidth of the Ar-
gos satellite system, CTD-SRDLs only send measure-
ments from 17 to 18 pre-defined depths, transmitting only
the deepest ascent in every 4 to 6 h window (Boehme
et al., 2009). This study accesses the seal-borne CTD-
SRDLs profiles via the Marine Mammals Exploring the
Oceans Pole to Pole (MEOP) server which applies standard
delayed-mode quality control and vertically interpolates pro-
files to 1 m (for details see: https://www.meop.net/database/
data-processing-and-validation.html, last access: 1 Decem-
ber 2024). Before use in this study, profiles were further cal-
ibrated against concurrent summertime ship-based hydrog-
raphy and historical (1994–2020) profiles from the MIPkit-
A dataset (Nakayama et al., 2024). Calibration offsets for
temperature and salinity were calculated manually for each
CTD-SRDL following comparisons with regional observa-
tions of mCDW properties, i.e. 2 greater than 0 °C at depths
greater than 700 m. CTD-SRDL GPS coordinates were ad-
justed using standard repositioning algorithms derived using
a Kalman smoother (Savidge et al., 2023; Lopez et al., 2015).

3 Results

3.1 Location of lenses

Analysis of the water masses in temperature-salinity space
reveals two distinct salinity ranges where 2 is less than
−1.60 °C (Fig. 2). The more saline water mass (with SA
greater than 34.2 g kg−1) is denser with temperatures closer
to the freezing line (as calculated using TEOS-10 (Mc-
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Dougall et al., 2010)). The less saline water mass (with SA
less than 34.2 g kg−1) is the WW layer that lies immediately
below the AASW (Fig. 3a and b), with an SA between 34.05
and 34.15 g kg−1 (Fig. 2). The colder and more saline water
appears as isolated patches within the subsurface water col-
umn, below the WW layer (Fig. 3a and b). Such localised
subsurface bodies of water with distinct physical and chemi-
cal properties are commonly referred to as lenses, for exam-
ple meddies found in the Northeast Atlantic emanating from
the Mediterranean (McDowell and Rossby, 1978; Armi et al.,
1988). For the purpose of this study, this terminology will be
adopted to describe these isolated, cold features. The lenses
are located in the stratified layer at approximate depths of 200
to 500 m between the warmer of the two temperature minima
of WW and the warmer deeper mCDW, the deepest water
mass (Fig. 3a and b). The mCDW has 2 above 0.35 °C and
SA greater than 34.72 g kg−1 (Fig. 2), which agrees well with
previous in situ observations in the Dotson region (Randall-
Goodwin et al., 2015; Miles et al., 2016; Yang et al., 2022).

In total, ten lenses are identified from the glider transects
(Fig. 3). The lenses vary in apparent size, with the largest
horizontal extent, as captured by the glider, reaching a max-
imum of 25 km and the smallest being approximately 5 km.
All of the lenses are in locations where the total water col-
umn depth is greater than 500 m and, with the exception of
C and F , all of the lenses are located in water with depths
greater than 600 m. Two of the lenses (A and B) are located
at approximately 73.9° S, within 25 km from each other and
were captured 8 d apart (Fig. 3a and b). We argue that A and
B are the same lens and the differences in size could be due
to the glider crossing either the centre of the lens, or an edge.
This is supported by the comparison of the core lens prop-
erties to the extremities. The 2 of lens A increases towards
the edges to −1.60 °C, similar to the core (coldest) value of
lens B. Thus, the core 2 of lens A is better representative of
the properties of the lenses than that of B, which is also sup-
ported by the properties of the other identified lenses shown
in Table 1.

As the gliders only surveyed the eastern branch of the
Dotson-Getz Trough (Fig. 3c), CTD casts covering a wider
area (Fig. 4) were also investigated for the presence of lenses,
allowing further biogeochemical analysis of the lens water
masses. The CTD casts with lenses were identified as wa-
ter masses with 2 less than −1.70 °C at a depth greater than
200 m. These thresholds were chosen as all of the glider lens
water masses had temperatures less than −1.70 °C (Table 1),
apart from lens B which will be explored later. The CTD
casts with lenses detected were: 8, 10, 16, 18, 231, 279 and
294 (Fig. 4). The casts were located in similar regions to the
lenses identified by the gliders, in the proximity of the east-
ern branch of the Dotson-Getz Trough (Fig. 4). No lenses
were found either near the Dotson or Getz ice shelf fronts,
or along the shallow bank north of Bear Island where there
were CTD casts. This suggests that the formation of lenses
observed in this campaign was through a mechanism local

to the area around the eastern branch of the Dotson-Getz
Trough. The CTD casts show that the lenses also appear fur-
ther north in the trough (between 73.0 and 73.5° S), where
the two Seagliders did not survey. Despite being constrained
to the trough area, the location of the lenses varies, from the
deepest part where the water depth is 900 m to the shallower
trough edge with a water depth of 550 m (Figs. 3c and 4).

Three lenses (D, J and CTD 279) are located at approxi-
mately 73.43° S, within 5 km from each other, within a 19 d
period (Figs. 3a and 4). This suggests that it is the same
lens, although there is a significant difference in size be-
tween D and J (approximately 20 km). Lens D was surveyed
by SG579 just before recovery and therefore the coverage of
lens D was cut short. Additionally, the two gliders were not
following the same path, which means different parts of the
lens were likely captured. The lens identified in CTD 18 is in
approximately the same location as lens E, three hours later.
Since the CTD is a single profile, it is not possible to deter-
mine the size or shape of the lens captured. The occurrence
of these repeatedly surveyed lenses indicates that lenses are
not short-lived features on the timescale of hours or days.
The comparison between lenses in similar locations suggests
that the size variation between surveys of the same lenses is
an artefact of how the lens was surveyed.

3.2 Core properties of the lenses

The end members of WW and mCDW and the core prop-
erties of each identified lens are shown in Table 1. These
have been determined using both the glider and CTD mea-
surements, where measurements of a variable exist for each.
For mCDW and WW, the associated biogeochemical prop-
erties are those that align with the 2 and SA end members.
For the lenses the core is defined as the temperature min-
imum. This was checked using the standard deviations for
the properties in all of the lenses (Table A1) which were
all small. With the exception of lens B, all of the identified
lenses have a core2 less than−1.70 °C. The mean core2 of
all of the lenses (excluding B) is −1.80 °C which is 0.05 °C
lower than the end member of the overlying WW and 2.51 °C
lower than the mCDW end member. The core of the lenses
are also more saline and denser than WW, with a maximum
difference of 0.23 g kg−1 and 0.16 kg m−3, respectively. Con-
versely, mCDW is up to 0.51 g kg−1 saltier and 0.30 kg m−3

denser than the core of the lenses.
Measurements of pH show that the core of lens A had a

pH 0.01 less than overlying WW (Table 1) and greater than
deeper mCDW by 0.08. The lowest pH is found in mCDW
as it is an old water mass that has remained isolated from
the surface for an extended period of time, so DIC has accu-
mulated in it through remineralisation. In WW, pH is higher
than in mCDW as there has been recent surface exchange
with the atmosphere, during a recent winter. As the lenses
exhibit a pH more closely resembling that of WW it could be
assumed that they have been at the ocean surface at a similar
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Figure 2. Temperature-salinity diagram for measurements in the study area from the gliders and CTD casts coloured by depth. Local water
masses are labelled and the freezing line was calculated using TEOS-10 (McDougall et al., 2010). End members are shown with a cross and
grey dashed lines indicate water mass mixing lines. Black sloping lines depict potential density (kg m−3). The black dashed line depicts the
location and properties of the lenses.

Figure 3. Lenses identified in glider transects.2 is shown for depth and distance travelled by (a) SG579 and (b) SG510. Black contours show
potential density (kg m−3). Cold lenses (A–J) are outlined in white dashes. (c) The location of the glider transects (blue for SG579 and black
for SG510) and the lenses (green). The purple crosses depict where each respective glider transect starts. Bathymetry is from BedMachine
v3 (Morlighem, 2022) and isobaths are plotted in white.

Ocean Sci., 21, 2727–2741, 2025 https://doi.org/10.5194/os-21-2727-2025



D. D. Pickup et al.: Cold lenses in the Amundsen Sea 2733

Table 1. Properties of the main water masses and lenses identified in the Amundsen Sea Polynya determined from glider and CTD measure-
ments. For WW this was determined by identifying the temperature minimum and for mCDW the temperature maxima and then selecting
the associated values for the other properties, or those closest depending on sampling resolution. The core properties of the cold lenses in the
Dotson Ice Shelf region from the Seagliders are labelled A–J corresponding to Fig. 3 and CTD casts numbers correspond to Fig. 4. The core
lens properties were identified by finding values associated with the temperature minimum, or closest value.

2 (° C) SA (g kg−1) σθ (kg m−3) pH O2 (µmol L−1) DIC (µmol kg−1) δ18O (‰) O2sat (%)

Water masses

WW −1.75 34.09 27.34 8.00 281 2212 −0.47 74
mCDW 0.71 34.78 27.76 7.91 195 2258 0.01 55

Lenses

A −1.85 34.29 27.48 7.99
B −1.62 34.25 27.44
C −1.84 34.29 27.48
D −1.76 34.26 27.45
E −1.85 34.29 27.48 289 76
F −1.78 34.31 27.49 281 74
G −1.80 34.27 27.46 281 74
H −1.81 34.31 27.49 282 74
I −1.80 34.28 27.47 282 74
J −1.82 34.28 27.47 278 74
CTD 8 −1.81 34.32 27.49 293 2222 −0.50 77
CTD 10 −1.81 34.31 27.49 292 77
CTD 16 −1.82 34.31 27.49 293 77
CTD 18 −1.82 34.31 27.48 291 2221 −0.51 77
CTD 231 −1.77 34.32 27.49 291 77
CTD 279 −1.73 34.27 27.45 288 2222 −0.52 76
CTD 294 −1.79 34.29 27.47 291 77

Figure 4. Location of CTD casts during NBP22-02 ship-based campaign. CTD casts that did not capture a lens are shown as black crosses.
CTD casts with a lens are shown as blue markers and identified with their cast numbers, with blue circles for profiles with sampling for DIC
and δ18O and blue crosses for those without such sampling. The colours of CTDs 8, 18 and 279 correspond to those in Fig. 5. Comparison
CTD 194 (filled white circle) for temperature, salinity, O2 and δ18O is at the same location as CTD 18. Grey markers show locations of
comparison CTD casts from ASPIRE for DIC. Purple lines indicate the two glider tracks.
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time. Concentrations of O2 in the core of the lenses range be-
tween 278–293 µmol L−1 (Table 1) with a mean of 291± 2.
They are similar to, or slightly higher than, O2 concentrations
in WW (281 µmol L−1) and much higher than in mCDW
(195 µmol L−1) as O2 has been consumed in mCDW through
remineralisation and there has been no exchange with the sur-
face to replenish depleted O2. As with pH, the similarity be-
tween O2 in the lenses and WW suggests recent interaction
with the atmosphere. The slight increase from WW to the
lenses could be a result of colder water being able to absorb
more O2 from the atmosphere during ventilation, however,
the O2 saturation is only 2 %–3 % higher than WW in more
than half of the lenses that have O2 measurements.

The differences between the lenses captured by both CTD
casts and gliders (i.e. D, J and 279 as well as 18 and E) could
be due to the fact the CTD casts are a single profile and do
not extend horizontally. The temperature minimum in each
single CTD profile is considered the core temperature of the
lens, whereas the glider profiles reveal that the lenses can
be as large as 25 km horizontally. The glider profiles also
show that the lens properties can vary between the core and
extremities. This highlights a limitation of lower resolution
CTD sampling.

3.3 Comparison with surrounding water

Lenses observed in each CTD cast are located at differ-
ent depths, with the 2 minimum found within the range of
240 and 405 m (Fig. 5). The varying profile shapes within
the lenses possibly reflect the same feature observed by the
glider transects, where the difference in lens shape and size
depends on which part of the lens was captured by the single
profile. Three of the CTDs with lenses (Fig. 4) were addi-
tionally sampled for δ18O and DIC as shown in Fig. 5d and
e. For CTD 8 the δ18O decreases from −0.45 ‰ at 200 m
in WW to −0.50 ‰ at 300 m within the lens. For CTD 18
the decrease in δ18O is from −0.40 ‰ at 200 m (WW) to
−0.48 ‰ within the lens at 400 m. For CTD 279 the decrease
is from −0.47 ‰ at 245 m (WW) to −0.55 ‰ at 345 m, just
below the lens. In the WW (depths between 100–200 m)
δ18O is approximately 0.5 ‰ more depleted than in mCDW
(depths greater than 450 m). Although there are only seven
data points of δ18O within the lenses and sample distribution
with depth is sparse, these results suggest that the δ18O val-
ues of the lens cores are more depleted than those of WW
(Table 1).

The effect of sea ice formation and melt on δ18O is small
compared with meteoric inputs, whereas the effect on salin-
ity is large. The derived freshwater contributions of meteoric
input and sea ice formation, calculated from δ18O, allow us
to identify the processes affecting the lenses. The freshwa-
ter fractions (Fig. 6) reveal a negative sea ice contribution to
the lenses which indicates net sea ice formation, greatest for
CTD 18 and least for CTD 8. There is no δ18O measurement
at the depth within the lens from CTD 279, but the measure-

ment just below the lens also shows a negative sea ice melt
contribution. Water above the lenses, especially close to the
surface, has a positive sea ice meltwater contribution, indicat-
ing net sea ice melt which has occurred locally in the spring.

DIC concentrations in the lenses are slightly higher than in
WW, by up to 10 µmol kg−1 (Table 1). Similar to pH and O2,
mCDW has the highest DIC concentration (2261 µmol kg−1)
as it has spent the longest time isolated from the atmosphere.
Additionally, DIC accumulates in the water column due to
the breakdown of organic matter which produces DIC.

The CTD casts with a lens are compared with a CTD
profile where a lens was not observed (Fig. 5). For tem-
perature, salinity, O2 and δ18O, the comparison CTD cast
(CTD 194) was in the same location as the lens CTD cast
(CTD 18), 20 d later (Fig. 4). No additional CTD casts were
sampled for DIC in the region of the Dotson Trough during
the TARSAN-ARTEMIS campaign. Instead, two CTD casts
were sourced for comparison from the ASPIRE campaign in
December 2010–January 2011 (Yager et al., 2012), within
25 km of CTD 18 (Fig. 4). Three consecutive SG579 dives
immediately after the glider exited lens A were selected for
a comparison of pH profiles in the lens with pH profiles in
surrounding water.

Temperature and salinity are lower in the lenses than in
nearby water at the same depth (Fig. 5) by up to 1.50 °C
and 0.16 g kg−1, respectively. The dissolved O2 concentra-
tion and O2 saturation is higher in the lenses than in sur-
rounding water (by approximately 50 µmol L−1 and 11 %,
respectively) indicating the ability of cold water to dissolve
more O2. The δ18O in the lenses is approximately 0.18 ‰
lower than surrounding water. The lens has DIC concentra-
tions very similar to one of the ASPIRE CTD casts (CTD 9)
but approximately 18 µmol kg−1 lower than the other (CTD
72, collected about 2 weeks later in the season and over a
deeper part of the trough). The lower DIC concentration is
consistent with pH which is 0.02 higher in the lens than in
surrounding water at the same depth.

Evidence of deep convection from the surface to depths
less than 400 m or to the seabed (if shallower than 400 m),
as indicated by seal profiles, was observed on the shallow
shelf around Martin Peninsula and to the east of the Dotson-
Getz Trough (Fig. 7a), plus very occasionally in deeper water
across the trough. Temperatures within these profiles reach
a minimum of −1.85 °C at depths of approximately 300–
400 m (Fig. 7b). These temperatures are associated with SA
greater than 34.25 g kg−1, consistent with the properties of
the lenses.

4 Discussion

The low temperature, relatively high salinity and relatively
high density of the lenses compared with WW suggest that
the lenses are formed by a mechanism similar to that of WW,
but more intense. The 2014 seal tag profiles discussed by
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Figure 5. Depth profiles with lenses in blue and a comparison profile(s) in grey. (a–e) Data from the 3 CTD casts with a lens and biogeo-
chemical sampling. (f) Data from SG579, lens A. See Fig. 4 for location of the comparison profiles. Horizontal lines depict the location of
the lens in the water column and the colour of this line corresponds to the CTD cast/glider profile.

Figure 6. Vertical profiles of freshwater fractions from meteoric (blue) and sea ice melt (green) sources derived from δ18O and SA measure-
ments for the three CTD casts with lenses. The horizontal blue dashed lines indicate the locations of the lenses with colours corresponding
to CTD profile following Figs. 4 and 5.
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Figure 7. Seal tag CTD profiles in austral autumn/winter from 2014 and 2022. (a) Locations of seal tag profiles from 2014 and 2022,
coloured by month. Circles outlined in black are those that meet criteria for deep convection from the surface to depths less than 400 m or to
the sea bed if shallower, and have 2 less than −1.7° C, SA between 34.25 and 34.35 g kg−1, and potential density anomaly between 27.45
and 27.55 kg m−3. The criteria for deep convection was defined by a surface to deepest value difference of 2 less than 0.05 °C and SA less
than 0.0250 g kg−1. (b) 2 and SA of seal tag profiles within region, coloured points in the foreground correspond to the profiles outlined in
black in (a). Curved dotted lines represent potential density (kg m−3) contours and the freezing line is the black dashed line.

Zheng et al. (2025) in the area north of Bear Peninsula re-
vealed intense heat loss in the surface ocean alongside deep-
ening of the mixed layer and salinification from brine rejec-
tion. Heat and salt budgets suggested a sea ice formation rate
of approximately 3 cm d−1 (Zheng et al., 2025). Therefore,
we are confident that sea ice formation and cooling play a
role in lens development. The water surrounding the lenses
at the same depth is a mixture of local WW and mCDW.

This mixing would lead to higher temperatures and salinities
than WW due to the mCDW properties. The mCDW contri-
bution would also have a low O2 concentration, less depleted
δ18O values, high DIC concentration and low pH content.
The properties of the lenses indicate that they have not mixed
with mCDW. The notable difference between the properties
of the lenses and nearby water indicates that the lenses may
not have formed locally. We hypothesise that dense water
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in the lenses is produced during winter by cooling and sea
ice formation. Increased cooling would increase brine rejec-
tion, through sea ice formation, and both would increase den-
sity. The lens properties sit just warmer than the freezing
line, much closer to it than WW (Fig. 2). The greater den-
sity mCDW prevents the lenses from sinking to the bottom
of the water column and contributing to overturning, unlike
polynyas in the cold sectors of Antarctica. Water as cold as
our observations at these depths has been seen in similar lo-
cations by Randall-Goodwin et al. (2015) in 2010/2011 and
Miles et al. (2016) in 2014. This suggests that the lenses are
recurring features, and supports the theory that they could
form annually through sea ice formation. The findings from
this study suggest that the formation mechanism is partic-
ularly prevalent around the Dotson region, in comparison
to nearby Getz which was also surveyed. The higher DIC
concentration within the lenses than the overlying WW also
suggests the importance of sea ice formation as DIC is re-
jected alongside salt during the freezing of seawater (Rys-
gaard et al., 2011; Delille et al., 2014). The increased O2 and
DIC in the lenses relative to WW could indicate that stronger
surface cooling was present, increasing the solubility of O2
and CO2 and leading to more uptake and a higher O2 sat-
uration. Further support for the role of sea ice formation in
lens development comes from the estimated freshwater frac-
tions. The negative contribution of sea ice melt and subse-
quent indication of sea ice formation at only the depth of the
lenses indicates sea ice formation plays a role in their cre-
ation. The values of sea ice melt in WW are less negative
than in the lenses, despite sea ice formation also taking place
in WW. Properties of WW vary depending on the circum-
stances when it formed (not necessarily the previous winter),
such as the extent of sea ice formation, wind strength and
direction, and net surface heat loss.

We propose two possible mechanisms for lens formation
(Fig. 8). The first is that they are formed in shallow waters
where there is strong surface heat loss and little ability to
gain heat by mixing warm water from below. We suggest that
this could partly occur nearby in the 300–400 m water to the
east of the Dotson-Getz Trough, where studies have high-
lighted a key area of sea ice formation (Ohshima et al., 2016,
and highlighted in Fig. 1) due to the presence of the persis-
tent polynya. Winter sea ice concentrations six months prior
to our field campaign show a persistent wintertime polynya
there, with intense sea ice formation (Fig. 9). This area also
exhibits seal tag profiles in winter that show deep convec-
tion (Fig. 7a). Intense heat loss could also occur in the shal-
low region surrounding Martin Peninsula to the west of the
Dotson-Getz Trough, where there is also sea ice production
(Ohshima et al., 2016). It is possible that the lenses then spill
off the shallow regions and follow isopycnals to become neu-
trally buoyant at approximately 400 m depth in deeper areas,
in a similar mechanism to meddies (McDowell and Rossby,
1978), and sit above the dense mCDW. The WW above the
lenses has different properties as it may be formed locally in

Figure 8. Schematic depicting (left hand side) the two hypothesised
formation mechanisms of the lenses and their properties. The num-
bers reference the formation mechanism with (1) formation in shal-
low water due to sea ice formation and spilling into deeper water
and (2) local chimneys of convective mixing. The right hand side
depicts the properties of the overlying WW relative to the lenses.

deeper regions, with less intense cooling and sea ice forma-
tion.

The second postulated mechanism is local formation
through intense deep convection in winter, in a similar form
to convective chimneys observed in the Arctic (Wadhams
et al., 2002). Deep convection requires intense surface cool-
ing and brine rejection. We suggest that as the surface ocean
warms and re-stratifies in spring, the chimneys break down
(Marshall and Schott, 1999) and the water formed by this
deep convection remains at depth. As these are localised fea-
tures, surrounding water at the same depth has different prop-
erties. Further hydrographic profiles, particularly during au-
tumn and winter, both in the trough and on the surround-
ing shallow regions, would help to determine whether one or
both of the hypothesised mechanisms commonly occur. For
example, deployments of profiling/grounding biogeochemi-
cal Argo floats would enable observations under the sea ice
in winter.

Whilst previous studies have seen water masses with these
lens properties in the Amundsen Sea region during summer
(Randall-Goodwin et al., 2015), this is the first time that these
lenses have been investigated. There remains unanswered
questions that merit further research, such as the impacts of
the lenses. Steiger et al. (2021) found that the deep WW lay-
ers located at the nearby Getz Ice Shelf reduce the ocean heat
transport into the Getz Ice Shelf cavity. In a similar process,
the lenses reduce heat content and could act to reduce the
transport of heat under DIS. Another potential effect is that
if the lenses at the depth of the base of the DIS were to ad-
vect under it, they may act as a barrier to basal melting. We
did not observe lenses at the ice front or in the cavity, but
high resolution measurements of water masses and currents
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Figure 9. Sea ice cover from AMSR2 (%) for 18 July 2021 in the
southern Amundsen Sea. The light blue areas within the black lines
have less than 15 % sea ice cover. White areas indicate a lack of
data.

beneath the ice shelf would be needed to confirm this. The
fate of the lenses is not determined in this study. Whilst the
Amundsen Sea has been identified as a region of minimal
carbon sequestration due to the presence of mCDW prevent-
ing the formation of deep water masses with a high carbon
content (Lee et al., 2017), the lenses do provide a mechanism
for transporting carbon deeper than typical WW can achieve
(approximately 200 m). Further studies are required to un-
derstand the fate of this carbon in the lenses and its ultimate
fate.

Surveys carried out by the autonomous underwater gliders
allowed the identification of the size, shape and properties
of the lenses. In our study, glider profiles were spaced 1–
2 km apart, comparable to the spacing used by Couto et al.
(2017), who successfully resolved eddy features with scales
of 10 km. Given that the lenses we observed were up to 2–
3 times larger than those eddies, we are confident that our
glider resolution was sufficient to capture the full and repre-
sentative distribution of lenses present in the study area. This
suggests that surveys in the Amundsen Sea with novel, high
resolution sensors can improve our understanding of subsur-
face features. There was no signature of the lenses in dy-
namic height, calculated using in situ 2, SA, pressure and a
reference pressure of 500 m, indicating that the lenses would
not be identifiable using satellite altimetry.

5 Conclusions

In the southern Amundsen Sea, isolated subsurface lenses at
depths of 240 to 500 m have been identified in the area of the
eastern branch of the Dotson-Getz Trough. To our knowl-
edge, this is the first study to analyse these lenses in detail.
The lenses are colder, saltier and denser than overlying WW
and are associated with a higher DIC concentration, lower pH
and an enhanced fraction of net sea-ice formation (as deter-
mined from δ18O-derived freshwater fractions). We hypothe-
sis that the lenses are a denser, colder variety of WW, formed

under different conditions. Evidence from the lens features,
the estimated sea ice melt and wintertime seal tag profiles
suggests that the lenses are formed by a combination of in-
tense cooling and brine rejection. These processes are possi-
bly aligned with regions of strong sea ice production and/or
shallower waters, which cause the lenses to have different
properties from overlying WW. The lenses sit above mCDW
as they are not dense enough to sink below it. Further stud-
ies are needed to understand how the lenses move and lose
their characteristics, how their volume and properties vary,
where else in the region they may be located and where they
form. Depending on their movement, the lenses could have
implications for the transfer of heat underneath regional ice
shelves, such as DIS, and could act as a buffer to basal melt-
ing. They may also provide a mechanism for sequestering
carbon to deeper depths than typical WW can achieve. The
identification and characterisation of these lenses highlight
the ability of autonomous vehicles to capture features that
are not easily detectable using single ship-based profiles. The
detection of these lenses not only deepens our understanding
of regional oceanographic processes, but also demonstrates
the role of autonomous observations in revealing smaller, yet
potentially impactful, features.

Appendix A

Table A1. Standard deviations of the properties within the identified
lenses. For the CTDs this was defined as the heterogenous 2 layer.
For the glider measurements this was defined as the heterogenous
2 layer in the dive that contained the core 2 minimum.

2 SA σθ pH O2
(° C) (g kg−1) (kg m−3) (µmol L−1)

A 0.031 0.008 0.006 0.006
B 0.024 0.014 0.011
C 0.006 0.008 0.006
D 0.015 0.009 0.007
E 0.032 0.007 0.006 3.2
F 0.021 0.007 0.005 2.9
G 0.024 0.009 0.007 2.2
H 0.019 0.008 0.007 1.0
I 0.018 0.010 0.008 1.5
J 0.025 0.004 0.003 1.4
CTD 8 0.006 0.008 0.006 0.7
CTD 10 0.005 0.004 0.004 0.4
CTD 16 0.009 0.011 0.009 1.3
CTD 18 0.021 0.027 0.022 3.7
CTD 231 0.041 0.004 0.002 3.3
CTD 279 0.009 0.006 0.005 1.2
CTD 294 0.011 0.006 0.005 1.8
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Data availability. The glider datasets are publicly avail-
able on the British Oceanographic Database Cen-
tre (https://doi.org/10.5285/35b7832c-2432-fb41-e063-
7086abc0c610, Heywood et al., 2025). The pH dataset from
SG579 is available separately at: https://doi.org/10.5285/33d1f143-
47b5-a7d1-e063-7086abc03081 (Pickup et al., 2025).
The 2022 CTD measurements are publicly available
on the United States Antarctic Program Data Center:
https://doi.org/10.15784/601785 (NSF/NERC ARTEMIS and
ITGC TARSAN, 2024). The seal data are available at MEOP:
https://www.meop.net/database/meop-databases/index.html (last
access: 1 December 2024).

Auxiliary data utilised in figures can be found at https://
data.seaice.uni-bremen.de (Spreen et al., 2008). BedMachinev3
is available from the National Snow and Ice Centre Database
(https://doi.org/10.5067/FPSU0V1MWUB6, Morlighem, 2022).
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