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Abstract The highly productive Amundsen Sea Polynya in West Antarctica is bounded in the south by
rapidly-melting ice shelves, including the Dotson Ice Shelf (DIS). We present a high-resolution, full-depth pH
data set within 10 km of DIS using a Lab-On-Chip (LOC) spectrophotometric pH sensor on an ocean glider. The
LOC performs well with a 0.01 difference in pH between sensor measurements and discrete samples. Over
19 days in January—February 2022, the pH sensor captured the variability resulting from summertime biological
and physical processes. At depth, modified Circumpolar Deep Water entering the DIS cavity exhibited a
relatively low pH (7.91). The outflow had a higher average pH (7.94) as a result of dilution by glacial meltwater,
but its pH was 0.01 lower than that of surrounding water at the same density. The Antarctic Coastal Current
transported unventilated surface water with a low pH emerging from below fast ice east of Bear Island,
westward to the eastern side of DIS. Net primary production increased pH in the upper 50 m in front of DIS,
whilst temperature change was responsible for 5% of the change in pH. This study provides the first direct
measurements of pH in the Amundsen Sea capable of deducing the impact of glacial meltwater on pH. It
demonstrates the value, particularly in remote regions, of LOC pH sensors that have the longevity and stability
to measure ocean pH without sensor drift.

Plain Language Summary Dotson Ice Shelf (DIS) is located in the Amundsen Sea, West Antarctica.
We used a pH sensor attached to a profiling ocean glider to collect measurements close to DIS. Our observations
show how pH in the upper ocean is influenced by the presence of a westward coastal current, biology and
interactions with sea ice. Our results indicate that water entering underneath DIS has a relatively low pH and that
water that gets modified below the ice shelf and exits on the west has a higher pH. We suggest that pH is
increased by the addition of ice shelf meltwater. Our study highlights the variability of pH in remote, Antarctic
coastal waters, both at the surface and at depth, and points to the importance and feasibility of increased ocean
monitoring.

1. Introduction

The pH of the ocean is a measure of its hydrogen ion activity and provides an important indicator of changes in
ocean carbonate chemistry. The modern global surface ocean is slightly alkaline, with a pH of approximately 8.1
(Jiang et al., 2019; Millero, 2007) and the ocean system has a buffering capability that maintains a stable pH.
However, the global ocean absorbs 29% of anthropogenic carbon dioxide (CO,) annually (Friedlingstein
etal., 2026) and this large-scale uptake of anthropogenic CO, has led to a reduction in pH creating a phenomenon
known as ocean acidification. The Southern Ocean is particularly sensitive to ocean acidification due to the
region's low carbonate ion concentrations (Orr et al., 2005). To date, the most common type of sensor used to
monitor pH in the Southern Ocean are ISFET (Ion-Sensitive Field-Effect Transistor) based sensors deployed on
profiling floats (Johnson et al., 2017; Sarmiento et al., 2023). Few measurements are taken by these floats around
the coast of Antarctica, as the floats do not typically survey in water shallower than 2,000 m. This leaves a gap in
our knowledge of coastal pH variability. Coastal regions of Antarctica are especially important with regards to pH
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as they are key players in carbon uptake and sequestration. Thus, this data gap leads to a lack of understanding of
how they will be affected by continuing ocean CO, uptake under climate change.

ISFET sensors are electrochemical pH sensors which are subject to drift over time and are typically corrected
periodically on floats using comparisons with discrete samples taken at the classical reference depth of 1,500 m
(Johnson et al., 2016, 2017). Field observations with these sensors show they can also take up to 10 days to
stabilize when integrated on moving platforms (Hammermeister et al., 2026). These limitations highlight the need
for alternative pH sensing approaches that can provide stable and high precision measurements when deployed on
autonomous platforms in coastal environments. Lab-On-Chip (LOC) technology helps to bridge this gap. For pH,
LOC sensors utilize the spectrophotometric approach (Yin et al., 2021), which has an excellent precision (<0.001)
and is not subject to drift (Byrne & Breland, 1989; Clayton & Byrne, 1993). The robustness of LOC sensors over
long term deployments (on the scale of 6 months) has been demonstrated in a harbor in Southampton, UK (Lucio
et al., 2026). This makes them suitable to be integrated onto autonomous platforms which are typically deployed
for weeks to months and are capable of surveying coastal polar environments. To date, a handful of studies have
utilized a LOC pH sensor on an autonomous platform, on a profiling glider in the North Sea (Possenti et al., 2021)
and on Autosub Long Range in Loch Ness (Yin et al., 2021) and the Celtic Sea (Hammermeister et al., 2025,
2026). The combination of the LOC pH sensor and profiling glider introduces the capability of surveying pH in
remote coastal Antarctic regions to both a higher horizontal and vertical resolution than ship sampling alone.

Coastal polynyas are areas of open water surrounded by sea ice that play an important role in biogeochemical
cycles on the Antarctic continental shelf, yet remain understudied because the persistent sea ice cover makes them
difficult to access. The Amundsen Sea Polynya (ASP), off the coast of West Antarctica, is one of the most
productive polynyas in the Southern Ocean (Arrigo & van Dijken, 2003). The polynya typically opens in
December with little interannual variability (Macdonald et al., 2023). Phytoplankton blooms begin in December
and lose intensity in mid-January (Arrigo et al., 2012). The eastern boundary of the ASP is a region of fast ice
(Ohshima et al., 2016) and part of the southern boundary is the Dotson Ice Shelf (DIS) which is approximately
50 km wide (Figure 1a). The Dotson-Getz Trough sits within the polynya (Figure 1b) and acts as a conduit for
warm salty water from offshore (Walker et al., 2013; Wahlin et al., 2010) which causes basal melting when it
intrudes under DIS (Wéhlin et al., 2010). Thus, the DIS region is subject to the addition of glacial meltwater from
ice shelves. Modeling studies show that the majority of the meltwater-laden outflow travels westward (Nakayama
et al., 2017; St-Laurent et al., 2017) with the Antarctic Coastal Current, a narrow current bounded by the coast.
The remaining meltwater-laden is outflow carried in a northward flow within and around the Dotson-Getz
Trough. This supplies necessary micronutrients to the ASP (Sherrell et al., 2015; St-Laurent et al., 2017;
Twelves et al., 2021; Van Manen et al., 2022), enhancing its productivity. There is variability in these meltwater
pathways, influenced by interannual variability in ice shelf melt rates (Kimura et al., 2017). Whilst the effects of
glacial meltwater addition have not been studied near DIS, in East Antarctica the addition of glacial meltwater
from basal melting of an ice shelf and glacier tongue has been shown to dilute DIC (dissolved inorganic carbon;
Tamura et al., 2023) and reduce pCO, (partial pressure of CO,; Kiuchi et al., 2021), respectively, in the
meltwater-laden outflow. Both studies found that biological production had a greater influence on surface car-
bonate chemistry than meltwater dilution, highlighting the importance of considering the interplay between
freshwater inputs and biological processes. This is particularly relevant to the ASP as a highly productive region,
yet the link between dilution from glacial meltwater and primary production in the surface and subsurface has not
yet been investigated.

Very few studies within the Amundsen Sea focus on carbonate chemistry, and even fewer specifically include
measurements of pH. Efforts have been made to deduce the role of the polynya's phytoplankton bloom on the
pCO, (Mu et al., 2014; Tortell et al., 2012) and pH (Mattsdotter Bjork et al., 2014) in the surface ocean. The only
published study with full-depth measurements of DIC and TA (total alkalinity) was carried out within the open
polynya to investigate the efficiency of the biological carbon pump (Yager et al., 2016). This lack of in situ studies
limits our understanding of how glacial melt is affecting carbonate chemistry in coastal waters in front of DIS.

Here, we use measurements from a LOC pH sensor on a profiling glider in the first deployment of its kind in the
Southern Ocean. A small subset of pH measurements from this campaign have previously been reported by
Pickup, Bakker, et al. (2025). The measurements presented in this study resolve the pH of the DIS inflow and
outflow. By combining in situ pH observations with other measured biogeochemical variables, we also determine
the mechanisms controlling pH variability in the upper ocean.
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Figure 1. (a) The Amundsen Sea with sea ice imagery from Terra/MODIS on 21 January 2022. The orange box indicates the
glider study region. Ice shelves are shown in white and land in gray. Inset: Map of Antarctica with the black box indicating
the study location. (b) Map of study region depicted by the orange box area in (a) highlighting oceanographic features and the
first leg of the glider mission. The green circle represents where the glider was deployed. (c) same as (b) but with legs 2-5
added. The blue circle depicts where the pH sensor was temporarily switched off. (d) same as (c) but with leg 6 added. The
yellow circle shows where the glider was redeployed after being temporarily recovered. Numbers indicate glider legs used
throughout the text and legs are colored by date. Bathymetry with contours (in m) is from BedMachine v3

(Morlighem, 2022).

2. Data and Methods
2.1. Lab-On-Chip pH Sensor

The LOC pH sensor was supplied by the National Oceanography Centre (Southampton, UK). It determines pH
spectrophotometrically, using purified meta-cresol purple (mCP) as an indicator dye (Yin et al., 2021) and does
not require a correction for drift unlike electrochemical pH sensors. The sensor is a microfluidic platform that
contains a built-in optical system consisting of two LEDs (wavelengths 435 and 590 nm) for light emission and a
photodiode detector. An internal thermistor records the temperature within the sensor during measurement. Upon
addition of the mCP, absorption of the sample is measured at both wavelengths and used to calculate the sample
pH. The sensor itself is 125 mm X 195 mm and weighs 0.85 kg in water, making it suitable for integrating into
autonomous platforms. Further information on the sensor is provided by Yin et al. (2021).
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The LOC sensor was attached to University of East Anglia (UEA) Seaglider 579 (SG579). During sampling, a
small volume of water is flushed twice throughout the tubing before a measurement is taken, which contributes to
the 8 min sampling interval. The sensor intake tube withdraws water over a 30-s period, meaning pH mea-
surements are associated with the depth range covered by the glider over that 30-s period. The glider was pro-
grammed so that the ascent was slower (vertical velocity of 0.09 m s™!) than the descent (0.15 m s™!), yielding
higher vertical-resolution pH values on the ascent (approximately 55 vs. 95 m for the descent) with the withdrawal
depth range covering approximately 3 m. Only pH measurements associated with glider ascent are included in this
study.

For converting raw absorption data to in situ pH measurements, coincident in situ temperature and salinity from
SG579 were required. Mean temperature and salinity were calculated over the 30 s coinciding with a sample
withdrawal. The raw pH values were then corrected for temperature differences between the sensor's thermistor
and in situ temperature (7 emistor — Linsin = 2-94 £ 1.00°C, Figure Sla in Supporting Information S1), that arose
from waste heat from the pH sensor's electronics, following Yin et al. (2021) using the equation by
Millero (1995):

PpH = pH,yy, — 0.01582 X (Tipermisior — Tinsiu) M

where pH,,,, is the uncorrected pH (Figure S1b in Supporting Information S1), Termisior 1S the temperature

raw
recorded by the LOC sensor's internal thermistor and T, is the ambient water temperature measured by the
Seabird CT sensor on the glider, averaged over 30 s. Final pH values (Figure S1c in Supporting Information S1)

are reported at in situ temperature, salinity and pressure and on the total hydrogen scale.

The LOC pH sensor is associated with a precision of 0.001 and an accuracy of 0.003 £ 0.022 as reported by Yin
et al. (2021). Values of pH in the most stable regional water mass, mCDW (modified Circumpolar Deep Water,
see Section 3.1 for water mass discussion) from the LOC sensor (n = 376, Figure S2a in Supporting Informa-
tion S1) compared well with pH calculated from discrete samples of DIC and TA (n = 16, Figure S2a in Sup-
porting Information S1), giving a 0.01 £ 0.003 difference which we report as the uncertainty of the LOC sensor in
this study (Table S1 and Figure S2b in Supporting Information S1). The 500 mL seawater samples used for DIC
and TA were collected from stations within 50 km and a 3 week period of the glider measurements. Upon
collection, the samples were stored in borosilicate bottles, fixed with mercuric chloride and sealed according to
Standard Operating Procedure (SOP) 1 of Dickson et al. (2007). Samples for DIC were analyzed at the University
of Georgia using a Single Operator Multi-parameter Metabolic Analyzer (SOMMA) attached to a UIC CM5011
CO, coulometer. Precision based on duplicate samples (repeatability) was 0.90 pmol kg™!. Samples for TA were
analyzed at the University of East Anglia using a VINDTA 3C system (Versatile INstrument for the Determi-
nation of Total dissolved inorganic carbon and titration Alkalinity). The potentiometric titration system for the
determination of TA follows SOP 3b of Dickson et al. (2007). Repeatability precision was 1.82 pmol kg™!. From
the discrete values, pH on the total hydrogen scale was calculated using CO2SYS (Lewis et al., 1998; Sharp
et al., 2023) and was associated with an uncertainty of 0.01 propagated from the DIC and TA repeatability
precision and the parameterizations used (using the CO2SYS function errors.m (Orr et al., 2018; Sharp
et al., 2023)). The parameterizations used throughout the system calculations are listed in Table S2 of the
Supporting Information S1 and the various sources of error on pH are listed in Table S1 of the Supporting
Information S1.

Due to the temporal resolution of the LOC sensor (every 8 min), no measurements were taken shallower than 5 m
and only 10 measurements were taken shallower than 20 m depth. Therefore, we define measurements in the top
50 m of the water column as the upper ocean to provide a consistent basis for discussion. These measurements are
all above the WW (Winter Water, see Section 3.1 for water mass discussion) core which is defined as the
temperature minimum.

2.2. Other Glider Sensors

The glider was equipped with integrated sensors measuring conductivity and temperature (Seabird CT sail), and
chlorophyll fluorescence and optical backscatter (WetLabs ECO puck BB2FLVMT), that took measurements
every 5 s. Corrections for the thermal lag of the un-pumped conductivity cell that produces artificial salinity
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spikes were made following Garau et al. (2011). Conservative temperature (®) and absolute salinity (S,) were
calculated from in situ temperature and conductivity using TEOS-10 (McDougall et al., 2010).

Chlorophyll fluorescence concentrations (mg m~3) were calculated from chlorophyll fluorescence counts and
validated against the chlorophyll fluorescence sensor (Figure S2a in Supporting Information S1) mounted on the
ship's conductivity-temperature-depth (CTD) rosette which had been corrected against filtered discrete samples.
Values were then corrected for non-photochemical quenching using particulate backscatter. Particulate back-
scatter was calculated from the raw optical backscatter observations using a centroid angle of 124° and a
wavelength of 700 nm (Green et al., 2014) and subtracting the water scattering component (Zhang et al., 2009).
The quenching depth was determined to be 10 m following the method of Thomalla et al. (2018) after separating
the measurements into daylight and darkness. The fluorescence-to-particulate backscatter ratio in the upper 10 m
during darkness hours was used to correct the chlorophyll fluorescence values measured in the upper 10 m during
daylight hours (Figure S2b in Supporting Information S1).

2.3. Glider Mission

SG579 was deployed in open water in the coastal southern Amundsen Sea on 20 January 2022 at 74.17°S
112.16°W, approximately 10 km north of the DIS front (Figure 1b). SG579 completed 146 dives to 1,000 m
depth, or a few meters above the seabed, whichever was shallower, before pH data collection ceased on 8
February 2022 at 74.20°S 112.19°W. Within this 19-day period the glider surveyed a closed box, split into legs
1-6 (Figures 1b—1d). Legs 1, 5 and 6 surveyed the front of DIS with leg 5 being the longest and covering 44 km.
Leg 3 (46 km) crossed the Dotson-Getz Trough further north, parallel to the ice shelf front. Northward leg 2
(22 km) closed the box in the west and southward leg 4 (38 km) closed the box in the east. The glider was
temporarily recovered between legs 5 and 6 for emptying the LOC sensor waste bags and downloading data.

2.4. Shipborne Data

Surface water properties were measured using the underway seawater intake system at 5 m depth on board the R/V
Nathaniel B. Palmer. The pCO, system continuously measured surface water pCO, using a showerhead equil-
ibrator and a non-dispersive infrared CO, gas analyzer (Sweeney et al., 2023). The pCO, measurements have a
reported accuracy of £2 patm. Underway oxygen was measured by an Aanderaa 4835 Oxygen Optode which has
a reported accuracy of <4 pmol L™, Underway O, measurements were calibrated against measurements of O,
from the sensor on the ship's CTD rosette (SBE 43, which was calibrated against discrete samples) made at 5 m
depth which gave an offset of 57 umol L™'; this offset was subtracted from the underway sensor measurements.

Ocean current velocities were measured using a 38 Hz Ocean Surveyor (OS38) shipboard Acoustic Doppler
Current Profiler (SADCP) and processed following Hummon and Firing (2003) with a temporal resolution of
5 min and a vertical resolution of 24 m. No detiding was applied to the measurements as tidal currents in this
region are less than 0.03 m s~! in both a barotropic tide model (Circum-Antarctic Tidal Simulation Model
CATS2008b (Padman et al., 2002)) and moored current velocity measurements in the central Amundsen Sea
(Wahlin et al., 2010). This is smaller than most non-tidal currents in the region; for example, the Antarctic Coastal
Current has maximum speeds around 0.4 m s~! in the upper 70 m (Kim et al., 2016). To capture the coastal
current, velocities from OS38 were vertically-averaged from the uppermost bin (centered at 47 m) to 191 m depth.

2.5. Glacial Meltwater Calculation

We calculate glacial meltwater (GMW) content for legs 1, 5, and 6, following the composite tracer method
(Jenkins, 1999) using ® and S, measurements from SG579. We use three water masses: mCDW, WW and glacial
meltwater. The endpoint of mCDW (© = 0.5°C, S, = 34.73 g kg™!, Figure 2) is consistent with previous ob-
servations in the region (Ha et al., 2014; Miles et al., 2016; Wahlin et al., 2010; Yang et al., 2022) and is the same
as the endpoint used by Wahlin et al. (2024). The endpoint of WW (® = —1.86°C, S, = 34.25 g kg™!, Figure 2) is
derived from our glider observations and extrapolation to the freezing line following Biddle et al. (2019) to
determine the endpoint for pure WW. WW with these properties was seen inside the DIS cavity (Wahlin
et al., 2024). The endpoint of glacial meltwater (® = —90.8°C, S, = 0 g kg™') is the same as that used by Biddle
et al. (2019) and Wahlin et al. (2024) for the Amundsen Sea. The glacial meltwater content (@,,cjuyaer) 1S derived
following Equation 2:
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Figure 2. © and S, for glider legs 1,5 and 6 colored by pH. Gray data points are where there is no corresponding pH
measurement. The contours represent potential density (kg m™3) and the different water masses are labeled. The crosses
depict the relevant end-members and the freezing line (blue) was calculated using (McDougall et al., 2010). The black dashed
lines represent mixing between different water masses.
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The glacial meltwater content is not calculated for measurements above the WW temperature-minimum layer
where air-sea interactions further modify water properties, as the calculation assumes that the water temperature
and salinity are conservative.

3. Results
3.1. pH in Different Water Masses

The deepest water mass observed by the glider is mCDW (Figure 2), derived from CDW that has traveled on shelf
and become modified through interaction with surrounding water (Arneborg et al., 2012; Assmann et al., 2013;
Wahlin et al., 2013) and is associated with the lowest pH (between 7.90 and 7.92). This is consistent with isolation
of mCDW (and its predecessor water masses) from the atmosphere and consequent accumulation of DIC. The
warmest and saltiest mCDW (© > 0.3°C, S, > 34.7 g kg™!) was seen at depths greater than 600 m in legs 1, 3, 5
and 6 in the deepest part of the Dotson-Getz Trough (Figures S4a and S4b in Supporting Information S1) and is
associated with the lowest pH (Figure S4c in Supporting Information S1). These depth ranges and properties are
consistent with previous studies in the Dotson region (Miles et al., 2016; Randall-Goodwin et al., 2015; Van
Manen et al., 2022; Yang et al., 2022).

Above the mCDW is Winter Water (WW, Figure 2), the remnant of the previous winter surface layer. WW is
located between 60 and 132 m depth (Figures S4a and S4b in Supporting Information S1) with similar properties
to the WW observed by Randall-Goodwin et al. (2015). WW has a higher pH than mCDW by 0.05-0.10 (Figure
S4d in Supporting Information S1). This difference may partly reflect the more recent interaction of WW with the
atmosphere prior to ice formation and a small contribution of photosynthesis as concentrations of chlorophyll
fluorescence within the WW are slightly above 0 mg m™ (Figure S4c in Supporting Information S1).

The surfacemost water mass is Antarctic Surface Water (AASW, Figure 2), which is WW that has been modified
by warming and ice melt. In AASW, located above the WW temperature minimum, pH is variable with a range of
7.97-8.30 (Figure 2). This water mass exhibits the highest pH because it is subject to biological CO, uptake
during photosynthesis in summer. In the upper ocean, pH is more variable than at depth, with a standard deviation
of 0.09 compared with a standard deviation of 0.05 below 50 m to the sea floor. Upper ocean pH is higher toward
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Figure 3. Upper ocean (<50 m) values for SG579 colored by (a) pH, (b) ©, (c) S, and (d) chlorophyll fluorescence. Sea ice
imagery from Terra/MODIS on 21 January 2022.

the center of the DIS front than at the eastern and western ends with a maximum of 8.38 at 30 m depth and
112.4°W (Figure 3a). There is also a segment of measurements with a low pH (0.1 lower than the surface average
of 8.16) south of 74°S on leg 4 (Figure 3a). This coincides with a lower ®, S, and chlorophyll fluorescence
(Figures 3b-3d).

A cold subsurface lens was observed on leg 3 (Figure S4a in Supporting Information S1) in the Dotson-Getz
Trough, deeper in the water column than the WW layer (240—400 m), as described by Pickup, Bakker,
et al. (2025). The core of the lens has a © less than —1.73°C and S, ranges between 34.25 and 34.35 gkg ™', saltier
than the WW described above (Figure S4a and S4b in Supporting Information S1). This cold water has slightly
lower pH (8.00) than the overlying WW (8.02, Figure S4d in Supporting Information S1). Whilst the ® and S,
properties may resemble supercooled Ice Shelf Water, glacial meltwater-enriched water in the Amundsen and
Bellingshausen Seas is relatively warm because it is made up of mostly warm mCDW with a small addition of
cold, fresh glacial meltwater (Jenkins, 1999). The observed cold and salty water mass is hypothesized to arise as a
result of wintertime surface cooling and brine rejection in areas with intense sea ice formation, forming in
shallower areas then spilling off into the deeper trough (Pickup, Bakker, et al., 2025).

3.2. DIS Inflow and Outflow Properties

The glider surveyed the region immediately north of the DIS ice front in three legs (1, 5 and 6 in Figure 1). The
measurements made during these are shown in Figure 4, alongside an SADCP meridional current velocity transect
along the ice shelf front. The SADCP measurements did not extend to the seabed, but captured a southward
velocity increasing to 0.25 m s~! at about 600 m depth on the eastern side of DIS (112°W) which is indicative of
the inflow under DIS and agrees with previous observations (Miles et al., 2016; Van Manen et al., 2022; Wahlin
et al., 2010; Yang et al., 2022). These also correspond to water with the properties of mCDW (Figures 2 and 3b
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Figure 4. Measurements in front of DIS from (a)—(d) glider legs 1, 5 and 6, (e) shipboard SADCP and (f) glacial meltwater
calculation based on glider measurements. (a) pH, (b) ®, (c) S4, (d) optical backscatter at 700 nm, (e) meridional velocity and
(f) calculated glacial meltwater percentage. Ellipses with black dashes indicate the general locations of the outflow from below
DIS (west) and the inflow to below DIS (east). The thick black line represents the base of the ice shelf detected by an
autonomous underwater vehicle (Wahlin et al., 2024) and the gray line is bathymetry from BedMachine v3 (Morlighem, 2022).

and 3c¢). In the inflow, seawater pH has a mean of 7.91 + 0.004 (Figure 4a) and negligible mean glacial meltwater
content (Figure 4f).

The western side of the ice shelf between 113.35°W and 113.20°W exhibits an elevated 700 nm particulate
backscatter signal in our glider observations at depths between 200 and 400 m (Figure 4e) suggesting the presence
of glacial debris. Consistent with this signal is a northward current that peaks at 0.2 m s~' on the western side of
DIS (Figure 4f). A similar signal was seen in vertical microstructure profile measurements from the same
campaign that identified an outflow with a core at approximately 250 m and current speeds of 0.15 m s~! (Dotto
et al., 2025). The agreement among independent observations of temperature, salinity, backscatter, currents and
turbulence provides confidence that this is the glacial meltwater outflow location. Furthermore, an enhanced
glacial meltwater contribution is exhibited within the waters identified as the outflow (Figure 4f), between 200
and 423 m depth. Here the glacial meltwater content reaches as high as 1.6% with a mean of 1.000% + 0.001%.
Following the observations, the meltwater-laden outflow is characterized in this study as ® between —1.35 and
—0.30°C and S, between 34.26 and 34.45 g kg™'. These temperature and salinity properties compare well with
previous studies (Miles et al., 2016; Van Manen et al., 2022; Yang et al., 2022). The outflow is a mixture of the
inflow (small component of WW and large component of mCDW) with additional meltwater from DIS, so it is
warmer and saltier than the ambient water at these depths and densities, and cooler and fresher than the mCDW
inflow (Figures 4b and 4c). The mean pH in the meltwater-laden outflow is 7.94 + 0.006, which is 0.03 greater
than in the inflow.

3.3. The Effect of Dilution on pH

To assess whether dilution by glacial meltwater is the primary process responsible for the difference in pH be-
tween the inflow and meltwater-laden outflow, we calculate the expected pH as a result of the mixing between the
inflow and pure glacial meltwater. We use the percentage contribution of each water mass to determine what DIC
and TA should be in the outflow after the inflow has mixed with the glacial meltwater. We then use these values to
estimate the expected pH in the outflow using CO2SYS (Lewis et al., 1998; Sharp et al., 2023).

PICKUP ET AL.

8 of 17

85UB017 SUOWILIOD @A 181D 8|cedldde 8Ly Ag peusenob afe sejone YO ‘esn Jo sainJ 10} ARiq1T 38Ul UO 8|1 UO (SUORIPLOD-PUB-SWLB) L0 A8 | 1M Afe.q1jBu 1 JUO//SA1Y) SUORIPUOD pue SWwie | 8L 89S *[9202/TT/ST] uo Akiqi7auliuo A8|im ‘“Aenins onomeluy usiig Aq 029v200r9202/620T 0T/10p/Lod A8 | im Areiq 1 putjuo'sandnfey/sdiy woiy pepeojumod ‘TT ‘9202 ‘16266912



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2026JC024620

All of the input values for the mixing equations are listed in Table S3 of the Supporting Information S1. Discrete
water samples from this campaign were used to determine the mean DIC and TA concentrations in the inflow. As
CO2SYS requires in situ temperature and practical salinity (hereafter referred to as salinity) as inputs rather than
© and S, these will be referred to in this section. They were deduced from the glider measurements as the average
for each water mass. Nutrient end-members for mCDW and WW, required for the CO2SY'S calculation, are taken
from Yager et al. (2016).

The percentage of each water mass present was calculated using Equation 3. In the outflow, the mean glacial
meltwater, WW and mCDW percentages were 1.04%, 3.33% and 95.63%, respectively. We assume that the
WW-to-mCDW ratio remains constant between the inflow and outflow, that is, unchanged by the addition of 1.04%
of glacial meltwater to the water column. Under this assumption, any outflow property can be expressed as a
weighted mixture of the three water mass end-member properties:

(95.63 X Prcpw) + (104 X paaw ) + (3.33 X pyy) 3)

where p represents properties and is substituted for the properties of each variable input for each water mass
(Table S3 in Supporting Information S1). We check the validity of these water mass percentages using practical
salinity (as a conservative variable) assuming a salinity of 0 in GMW, 33.99 in WW and 34.56 in mCDW. The
output of 34.18 is close to the observed outflow average of 34.19 (Table S3 in Supporting Information S1),
suggesting that the percentages in our mixing equations are robust.

Using the percentage contributions of each water mass, observed values for mCDW and WW, and estimations of
0 pmol kg~! for GMW (Table S3 in Supporting Information S1), we estimate values of DIC of 2,236 umol kg™",
TA of 2,318 pmol kg™! and pH of 7.93 in the outflow. The observed values in the outflow are also reported in
Table S3 of the Supporting Information S1. Observed DIC in the outflow is 2,210 umol kg™', which is slightly
lower than our estimated value. A comparison for TA in the outflow cannot be made as the samples are yet to be
analyzed.

There are uncertainties associated with this estimation, as we assume DIC and TA are 0 pmol kg™! in glacial
meltwater. In reality, there will be a small amount of both as a result of precipitation and mineral weathering. For
example, at the West Antarctic Peninsula, Legge et al. (2017) deduced meteoric DIC and TA end-members from
ice samples as 16 # 5 pmol kg~" and 100 + 5 pmol kg~!, respectively. Yet, no measurements of DIC and TA in
ice exist for the Amundsen Sea region. It is not possible to quantify these uncertainties on our pH estimation, but
they are important to consider when interpreting the results. The estimated pH calculated from DIC and TA is
associated with an uncertainty of 0.01 (Section 2.1, Table S1 in Supporting Information S1).

4. Discussion
4.1. How the Circulation Under Dotson Alters pH

This study presents the first direct measurements of pH at both the inflow (east) and outflow (west) of the DIS
cavity. Our findings for glacial meltwater content on the western side of the transect agree with those of Yang
et al. (2022) who observed meltwater between 272 and 540 m depth in the same location, and those of Miles
et al. (2016) who saw it between 100 and 500 m depth. Their calculated glacial meltwater contents of approxi-
mately 0.75% and 1.2%, respectively, compare well with our finding of 1.04% (Figure 4f). Both studies used the
method of Jenkins (1999) to calculate their meltwater content with Miles et al. (2016) also incorporating O,
concentration. Their choices in endpoints varied slightly to each other and to those used in our study which is
likely due to interannual variability of water masses (Jenkins et al., 2018; Kim et al., 2021; Zheng et al., 2021).
This should be considered when comparing between studies as it will lead to slight differences in the deduced
meltwater concentration (Table S4 in Supporting Information S1). The chosen end-members for this study are
consistent with Jenkins et al. (2018) who collated temperature and salinity data from a decade of observations in
front of DIS.

Within the outflow, the observed pH (7.94) differs by 0.01 from the estimated pH (7.93), which is within the
propagated uncertainty of 0.01 pH units associated with the DIC and TA repeatability (Table S1 in Supporting
Information S1). We therefore consider the estimated and observed pH values to be consistent and attribute the
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0.03 increase in pH from the inflow to the outflow (east to west) to changes in carbonate chemistry resulting from
mixing between the inflow and glacial meltwater under DIS. The low DIC concentration of glacial meltwater is
the result of the low CO, (and DIC) concentration of precipitation (mainly as snow) in unpolluted, clean air.
Subsequently, the glacial meltwater that mixes with the inflow lowers the DIC concentration such that the
meltwater-laden outflow has a lower DIC concentration than the inflow, which is predominantly mCDW. This
reveals the role of glacial meltwater input on pH, and by proxy on other carbonate chemistry variables, in the
Amundsen Sea. Changes to other carbonate chemistry variables in meltwater outflows in East Antarctica have
also shown evidence of modification by glacial meltwater dilution (Kiuchi et al., 2021).

Whilst there is an increase in pH relative to mCDW, the pH of the meltwater-laden outflow is 0.01 lower relative
to the pH of ambient seawater. This reflects its substantial mCDW component. It suggests that ice shelf outflows
in warm shelf regimes may act as a pathway for redistributing relatively low pH waters higher up within the water
column through a mechanism known as the glacial meltwater pump. The implications of this are dependent on the
fate of the meltwater outflow but likely to become more prominent as the melt rate in West Antarctica increases
throughout the twenty-first century (Naughten et al., 2023). Modeling of glacial meltwater pathways suggest that
the majority of the meltwater from DIS is transported west with the coastal current and some circulates within the
Dotson-Getz Trough (Nakayama et al., 2017; St-Laurent et al., 2017). The observations presented here
demonstrate that glacial meltwater from basal melt can modify subsurface carbonate chemistry immediately
downstream of DIS through the glacial meltwater pump. However, our observations do not constrain the extent to
which this signal persists, which depends on the pathways and spatial distribution of meltwater. Southern Ocean
pH is changing on large spatial scales, with observed trends being attributed to changes in ocean circulation and
increased anthropogenic CO, (Mazloff et al., 2023). Whether processes associated with basal melt contribute to
these larger scale changes depends on how far the meltwater signals are transported beyond the continental shelf.
Better understanding of the meltwater pathways and observations along them are therefore needed to link our
study to larger scales.

The processes observed at DIS may also be present at other high melt rate ice shelves which are prominent in the
Amundsen and Bellingshausen Seas. The extent to which surface and subsurface waters are affected by glacial
meltwater, however, is linked to the outflow depth and settling depth of the meltwater laden plume. Observations
at the nearby Pine Island Glacier demonstrate that meltwater can be exported laterally and settle at depth (Naveira
Garabato et al., 2017) and further work suggests that the depth at which meltwater settles is seasonally dependent,
reaching shallower depths during winter meaning nutrients are within the euphotic zone once the spring bloom
begins (Zheng et al., 2021). In contrast, ice shelves in colder regions such as the Ross and Weddell seas may
experience a weaker meltwater pump effect as lower basal melt rates result in smaller glacial inputs (Reese
etal., 2018). Furthermore, a study by Dinniman et al. (2020) highlights that iron from the meltwater pump is only
the dominant source in regions with lots of warm CDW suggesting impacts will be more prominent in regions
with warm cavity ice shelves, like the Amundsen Sea.

4.2. Relationships Between Upper Ocean pH and Other Variables

To understand the drivers of pH variation in the upper ocean (shallower than 50 m), we investigate its relationship
with ©, S, and chlorophyll fluorescence. Note that these three variables do not provide information on the effect
of air-sea CO, exchange on pH which will also contribute to variability. S, explains little of the observed pH
variability (Figure 5a). This may reflect the seasonal timings of our observations, as seasonal sea ice melt had
largely occurred months before our February observations, especially as the area in front of DIS is one of the first
areas of the ASP to open up in spring (Macdonald et al., 2023). Consequently, the influence of recent sea ice melt
and associated freshening on surface carbonate chemistry may have been limited during our observations.

The similar, high coefficients of determination for pH and ® (Figure 5b) and for pH and chlorophyll fluorescence
(Figure 5c) suggest that temperature and chlorophyll fluorescence co-vary, confirmed by the coefficient of
determination for chlorophyll and temperature of 0.9 (not shown). When pH is standardized to a constant tem-
perature (using Equation 1), the coefficient with ® changes only slightly to 0.89, indicating temperature is not the
primary driver of pH variability. The relationship between temperature and pH is a 0.0158 pH change for every
1°C change (Millero, 1995). Given the range in pH (8-8.3) and range in ® (—1.45°C to —0.50°C), temperature
only accounts for approximately 5% of the pH change, or approximately 0.02 units. That means that the resulting
pH variability is as a result of processes such as biological production and respiration, mixing, sea ice melt and air-
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Figure 5. Upper ocean (less than 50 m depth) relationships between glider pH and (a) S4, (b) ® and (c) chlorophyll
fluorescence with their corresponding R? value.

sea CO, exchange. The strong positive correlation between pH and chlorophyll fluorescence (Figure 5c) high-
lights the role of photosynthesis in driving upper ocean pH variation toward the end of the productive summer
season. Previous research determined that iron plays a limiting role for phytoplankton in the ASP (Alderkamp
et al., 2015), mostly toward the end of the summer (Twelves et al., 2021). As meltwater inputs are predicted to
increase in the future (Gourmelen et al., 2017), the addition of important micronutrients and the glacial meltwater
pump (St-Laurent et al., 2017; Twelves et al., 2021) could extend the duration of phytoplankton blooms. In the
Amundsen Sea region the fate of the micronutrients is especially key for the ASP which is more iron limited than
the adjacent Pine Island Polynya (Park et al., 2017). This indicates that carbon uptake in the ASP may increase,
facilitated by primary production as glacial meltwater inputs increase. Kimura et al. (2017) suggest that the glacial
meltwater pump enhances iron availability within the ASP. However, Twelves et al. (2021) argue that a stronger
coastal current may limit the supply of iron from the glacial meltwater pump directly to the ASP, such that it
therefore does not contribute to an increase in primary production in the ASP. Further earth system modeling
efforts are needed to understand the effect that the glacial meltwater pump may have on carbonate chemistry in the
future.

4.3. The Influence of the Coastal Current on Upper Ocean Carbonate Chemistry

To the east of DIS and Bear Island is an area often covered with fast ice (Nihashi & Ohshima, 2015; Ohshima
et al., 2016) (Figure 1a). This fast ice influences the timing and distribution of sea ice formation and melt (Bett
et al., 2020; Stammerjohn et al., 2015), thereby affecting the freshwater balance within the ASP. Its extent varies
year to year (Fraser et al., 2020), but it was present year-round for one year prior to our campaign in 2022
(Figure 1a). Similar to Zheng et al. (2025), we propose that the coastal current transports unventilated water from
under the fast ice westward toward DIS. This is supported by SADCP measurements in the upper 200 m that show
a westward current emanating from the fast ice area and flowing along the DIS front (Figure 6a). Shipboard
measurements show high surface water pCO, near the fast ice edge with values greater than 450 patm (Figure 6b)
along with a low dissolved O, concentration and an O, saturation of 70% (Figure 6¢). The low oxygen saturation
and high pCO, are typical of unventilated water in which remineralization has taken place (Bakker et al., 2008;
Tynan et al., 2016). As water travels westward in the coastal current and is subject to air-sea gas exchange and
biological productivity, it reaches O, saturation at approximately 111.5°W and CO, saturation (i.e., equilibrium
of surface water pCO, with atmospheric pCO,) by 111.0°W.

As water travels westwards with the coastal current from 111.0°W to DIS, biological CO, uptake further de-
creases pCO, (Figure 6b), increases O, saturation (Figure 6¢) and the chlorophyll fluorescence (Figure 3d). The
relatively low pH, ©, S, and chlorophyll concentration observed in the upper 50 m on the southern part of leg 4
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Figure 6. Current and surface water properties near Bear Island. (a) Current velocity (m s~!) in the upper 200 m from the
SADCP. (b) Shipboard surface water pCO, and (c) O, saturation. Satellite imagery of sea ice from Terra/MODIS on 21
January 2022.

(Figure 3) provide further evidence that water originating from the fast ice region has been transported westward
and that the signal extends to the eastern side of DIS.

The glider crosses the coastal current in the southeastern corner of the glider box, at the eastern extent of legs 1, 5
and 6 on the eastern side of DIS. As the glider travels west, legs 1, 5 and 6 reach waters around 10 km north of the
ice shelf front and are partly located north of the coastal current (Figures 3 and 6a). Therefore, some of the water
encountered by the glider north of the center of DIS, especially on leg 5, likely represents surface water more
typical of the open polynya, rather than of the coastal current. Chlorophyll fluorescence along leg 5, in particular,
is similar to those along leg 3, with values of 4-6 mg m~ (Figure 3d) but lower than the high values observed in
the central polynya (around 12 mg m™> (Alderkamp et al., 2015)). Along legs 1 and 6, some values of pH, ©, S,
and chlorophyll resemble those on leg 3. Part of the differences between legs 1, 5 and 6 may be temporal as leg 1
was completed 10-11 days before leg 5 and the rest may be spatial as legs 1 and 6 are slightly further south than
leg 5.

Mu et al. (2014) saw high surface pCO, (400-490 patm) in front of DIS in December and early January, much
greater than our values of 300-350 patm (Figure 6b). Seasonal change could explain these differences as the water
sampled by Mu et al. (2014) would have been only recently exposed to the atmosphere upon sea ice melt as the
polynya opened, with less time for CO, outgassing and for biological CO, uptake than during our later survey.

The variability in pH demonstrates the close link between pH and biological carbon uptake in this region
(Figure 5c¢). These small-scale differences in pH were resolved by the glider-LOC pH combination with com-
parisons made to continuous underway pCO, measurements (this study; Mu et al., 2014). Our results demonstrate
the potential for this approach to capture spatial variability in coastal and polar environments.
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4.4. The Potential of Lab-On-Chip Technology for Coastal Southern Ocean Observations

The results of this study demonstrate circumstances in which LOC pH measurements may be particularly valuable
for autonomous ocean observations. The LOC sensor resolved spatial variability in pH which was important for
identifying relatively small-scale carbonate chemistry gradients that would be impossible to resolve with discrete
sampling alone. We suggest that this approach is particularly well suited to coastal and shelf environments where
strong horizontal and vertical gradients are expected, particularly polar regions with sea ice and glacial meltwater.
This is another benefit of utilizing stable LOC sensors, as deep samples for drift corrections are not required
unlike for the electrochemical sensors used on profiling floats. The deep samples needed for drift corrections also
limit the float use to further offshore than coastal regions. The observed bias between sensor and discrete samples
of 0.01 suggest that the sensor is not yet sufficiently accurate to resolve long-term ocean acidification trends, for
which an accuracy within 0.003 is needed (Newton et al., 2015) and instead is better suited to identifying regional
dynamics and variability within coastal regions where an accuracy of better than 0.02 is required (Newton
et al., 2015).

5. Conclusions

We present the first high-resolution, full-depth pH observations in front of the DIS in the Amundsen Sea using a
spectrophotometric Lab-On-Chip pH sensor onboard a profiling Seaglider. These measurements highlight the
contributions of both physical and biogeochemical processes to pH variability in front of DIS.

At depth, we show that mCDW entering the DIS cavity has a low pH and is altered through mixing with glacial
meltwater, increasing pH by 0.03. Agreement between observed and derived pH demonstrates that the dilution by
low DIC glacial meltwater is the primary driver of this pH change. However, as the outflow retains a strong
mCDW signature, the pH in the meltwater-laden outflow remains 0.01 lower than that of surrounding water at the
same density. This demonstrates that ice shelves with deep warm water intrusions may act to redistribute rela-
tively low pH waters into the upper water column through the glacial meltwater pump.

In the upper ocean, pH variability is strongly correlated with chlorophyll, indicating that the biological CO,
uptake during primary production has a dominant role. This study was carried out later in the summer season than
previous investigations in this region that also found that primary productivity had a key role in pH and pCO,
variability, highlighting its importance across the whole summer period. In contrast, within the coastal current, pH
is relatively low, reflecting the properties of water that has emerged from beneath fast ice. The ability to resolve
these small scale differences has been made possible by utilizing the LOC sensor-glider combination that in-
creases the vertical and horizontal resolution of sampling in comparison to traditional ship-based sampling
techniques.

As ice shelf melt rates are projected to increase over the coming decades, the processes identified are likely to
become more significant in shaping regional carbonate chemistry and, more importantly, in regional ocean carbon
uptake. Our study demonstrates the capability of LOC sensors on autonomous gliders to capture these dynamics at
high-resolution, providing a novel approach for the monitoring of rapidly evolving polar regions. The mea-
surements and findings presented in this study establish a baseline for assessing future changes in a region un-
dergoing rapid ice shelf melt.
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