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Abstract15

Pine Island Ice Shelf, in the Amundsen Sea, is losing mass due to increased heat trans-16

port by warm ocean water penetrating beneath the ice shelf and causing basal melt. Trac-17

ing this warm deep water and the resulting glacial meltwater can identify changes in melt18

rate and the regions most affected by the increased input of this freshwater. Here, op-19

timum multi-parameter analysis is used to deduce glacial meltwater fractions from in-20

dependent water mass characteristics (standard hydrographic observations, noble gases21

and oxygen isotopes), collected during a ship-based campaign in the eastern Amundsen22

Sea in February-March 2014. Noble gases (neon, argon, krypton and xenon) and oxy-23

gen isotopes are used to trace the glacial melt and meteoric water found in seawater and24

we demonstrate how their signatures can be used to rectify the hydrographic trace of glacial25

meltwater, which provides a much higher resolution picture. The presence of glacial melt-26

water is shown to mask the Winter Water properties, resulting in differences between27

the water mass analyses of up to 4 g kg−1 glacial meltwater content. This discrepancy28

can be accounted for by redefining the ”pure” Winter Water endpoint in the hydrographic29

glacial meltwater calculation. The corrected glacial meltwater content values show a per-30

sistent signature between 150 - 400 m of the water column across all of the sample lo-31

cations (up to 535 km from Pine Island Ice Shelf), with increased concentration towards32

the west along the coastline. It also shows, for the first time, the signature of glacial melt-33

water flowing off-shelf in the eastern channel.34

Plain Language Summary35

Pine Island Ice Shelf in the Amundsen Sea, Antarctica, is melting due to warm ocean36

waters. The glacial meltwater that is produced is less salty and carries essential food for37

biological organisms, so where the glacial meltwater goes once it leaves the front of the38

ice-shelf is important to understand: less salt in the ocean at the surface makes it eas-39

ier to form sea ice, and increased productivity from biological organisms can help draw40

carbon down into the ocean from the atmosphere. We use noble gases to identify where41

this glacial meltwater is, as the signature that the meltwater leaves in the gases is unique42

like a fingerprint. We use the noble gas meltwater signature to improve our identifica-43

tion of glacial meltwater using temperature, salinity and dissolved oxygen (hydrographic44

observations), which are easier and cheaper to collect so cover a larger area. Using the45

improved signature from hydrographic observations we identify the presence of glacial46

meltwater between 150-400 m depth everywhere across the continental shelf. We also show,47

for the first time, glacial meltwater from the ice-shelf flowing off-shelf in the easternmost48

channel. These results are important as they show where glacial meltwater is affecting49

the ocean column most.50

1 Introduction51

The addition of glacial meltwater (GMW) to the ocean results in cooling and fresh-52

ening of the water masses that it mixes with. In the seas surrounding Antarctica, stud-53

ies have shown increasing volumes of GMW entering the water column, associated with54

calving of icebergs and basal melt from ice shelves (Pritchard et al., 2012; Shepherd et55

al., 2018). This fresher, colder water mass has been linked to freshening of Antarctic Bot-56

tom Water (AABW) in the Ross Sea (Jacobs & Giulivi, 2010; Schmidtko et al., 2014),57

and implicated in changes in sea ice extent and thickness surrounding the continent (Bintanja58

et al., 2013). In regions with more in-situ observations and focused modeling studies, such59

as the Amundsen Sea (Heywood et al., 2016), GMW has been shown to play an impor-60

tant role in modulating the strength of local circulation (Jourdain et al., 2017; Silvano61

et al., 2018; Webber et al., 2017). The presence of GMW affects the stratification and62

mixing of the upper ocean, resulting in changes in ocean-atmosphere heat and carbon63

exchange, altering biological and chemical properties of the mixed layer (Biddle et al.,64
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2017; Kim et al., 2016; Randall-Goodwin et al., 2015; St-Laurent et al., 2017). The po-65

tential impacts of GMW on the ocean, and linkages to the climate system, make it im-66

portant to understand where this water mass is most frequently found, and understand67

its spatial (horizontal and vertical) and temporal variability.68

The Amundsen Sea contains several ice shelves fed by the West Antarctic Ice Sheet,69

with Pine Island Ice Shelf (PIIS), Thwaites Ice Shelf and Getz Ice Shelves among these70

(Figure 1). This is also a location where warm modified Circumpolar Deep Water (mCDW)71

accesses the continental shelf through glacially carved channels, in particular through72

the eastern and central channels (Walker et al., 2007). The warm mCDW flows towards73

the grounding line of the ice shelves, resulting in higher basal melting rates (Jacobs et74

al., 1996; Payne et al., 2004; Jacobs et al., 2011), and linked to subsequent unstable re-75

treat. Since the 1990s, multiple field campaigns have taken place in this region, oper-76

ated by the British, US, Swedish, German, Korean research communities (Jacobs et al.,77

2012; Nakayama et al., 2013; Heywood et al., 2016; Kim et al., 2016). Within these stud-78

ies, focus has been placed on identifying the mechanisms for the warm water to access79

the continental shelf and ice shelf (Walker et al., 2007; Thoma et al., 2008; Arneborg et80

al., 2012; Assmann et al., 2013; Wåhlin et al., 2013; Mallett et al., 2018), and identifi-81

cation of GMW has mainly occurred directly in front of the ice shelves, with the excep-82

tion of three more recent studies (Nakayama et al., 2013; Kim et al., 2016; Biddle et al.,83

2017). This location bias is mainly due to the reliability associated with the tracers used84

to identify GMW, as it was unknown how reliable conservative tracers (and pseudo-conservative85

tracers such as dissolved oxygen concentration) would be with increasing distance from86

the ice shelves (Jenkins, 1999).87

Recent work has shown that up to 500 km from PIIS, hydrographic tracers (con-88

servative temperature, absolute salinity and dissolved oxygen concentrations) identify89

possible GMW signatures (Biddle et al., 2017). However, these conservative tracers are90

affected by atmospheric exchange in the mixed layer, and deeper in the water column91

by other water masses mixing in with the GMW. This will result in a loss of the melt-92

water signature. Noble gases are used as a reliable indicator of GMW, as the lighter no-93

ble gases (helium, He; neon, Ne; and argon, Ar) are highly oversaturated when the ice94

melts into the ocean water, and there are no other processes known to create this sig-95

nature in the ocean (Hohmann et al., 2002; Loose & Jenkins, 2014; Beaird et al., 2015).96

The heavier noble gases, krypton (Kr) and xenon (Xe), are undersaturated in GMW, and97

so are used as additional ’fingerprints’ to identify the GMW (Loose & Jenkins, 2014).98

The signature of GMW from noble gases has some variability associated with physical99

effects (such as air content in the ice), but this is relatively small compared to the vari-100

ability and atmospheric effects seen with the hydrographic tracers. Previous studies have101

successfully used noble gases to identify GMW (Nakayama et al., 2013; Loose & Jenk-102

ins, 2014; Beaird et al., 2015; Kim et al., 2016; Huhn et al., 2018), but noble gas sam-103

ples are both money- and time-expensive to collect and analyse. Oxygen isotope ratios104

are used in conjunction with absolute salinity to distinguish ocean water from meteoric105

water (GMW or local precipitation) or sea ice melt (Weiss et al., 1979; Jenkins, 1999;106

Randall-Goodwin et al., 2015). Together, these measurements distinguish GMW from107

surface input freshwater (from precipitation or sea ice melt).108

In this study, we present hydrographic, noble gas and oxygen isotope data collected109

from the Amundsen Sea as part of the 2014 iSTAR research cruise (Section 2). We cal-110

culate freshwater distribution from oxygen isotope ratios (Section 3) and the distribu-111

tion of glacial meltwater using noble gases (Section 4). The hydrographic GMW calcu-112

lations are compared with the noble gases and improved using the noble gas GMW con-113

tent as ground-truth, revealing a higher spatial resolution and more extensive dataset114

of GMW content (Section 5). Finally, we combine the GMW content with current ve-115

locity data to identify meltwater pathways across the eastern Amundsen Sea (Section116

6).117
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Figure 1. Map showing location of sample region in Antarctica (red box in inset), and en-

larged map showing the CTD-only stations (pink dots), oxygen isotope and CTD only stations

(blue squares) and all tracer stations (yellow triangle). Sections of interest are highlighted in

black; A: central channel, B: eastern channel, C: south of Burke Island and D: ice shelf section.

Bathymetry shown in the background, and local ice shelves are labelled: AIS, Abbott Ice Shelf;

CIS, Cosgrove Ice Shelf; PIIS, Pine Island Ice Shelf; TIS, Thwaites Ice Shelf; Cr, Crosson Ice

Shelf; DIS, Dotson Ice Shelf; GIS, Getz Ice Shelf.

2 Observations118

The analysis included in this paper was conducted using data and water samples119

collected during the iSTAR Ocean2ice 2014 research cruise (Heywood et al., 2016) to the120

Amundsen Sea in the West Antarctic (Figure 1). In total, 105 Conductivity-Temperature-121

Depth (CTD) stations were occupied across the continental shelf, also measuring dissolved122

oxygen (using SBE911 with a SBE43 dissolved oxygen sensor). Temperature and salin-123

ity values are reported as conservative temperature (Θ) and absolute salinity (SA), fol-124

lowing TEOS-10 (IOC et al., 2010). The conservative temperature was calibrated using125

a deep SBE sensor, and dissolved oxygen values were calibrated using Winkler titrations126

of water samples.127

In Θ, SA and dissolved oxygen concentration (c(O2)) space (Figure 2), the water128

masses encountered in 2014 are described in detail by Biddle et al. (2017). The mCDW129
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is found as the warmest, most saline and least oxygenated water mass on shelf, whilst130

the Winter Water (WW) is cooler, fresher and more oxygenated through interaction with131

the atmosphere (Table 1; Figure 2a). The GMW appears as a warmer, more saline and132

less oxygenated water mass than the WW due to its admixture with mCDW, but as a133

pure water mass GMW is cold, fresh and highly oxygenated (Table 1). All water mass134

content is reported as g kg−1, which is comparable to h. Four sections are focused on135

in this paper (Sections A-D, Figure 1), and the Θ, SA and c(O2) sections for these can136

be found in Heywood et al. (2016), Biddle et al. (2017) and as Figure S1 (Section B).137

Water samples for oxygen isotope analysis were taken at 53 stations, and for no-138

ble gas (helium, neon, argon, krypton and xenon) analysis at 31 stations (Figure 1, Fig-139

ures S2-5), with the two techniques coinciding at 19 stations. Noble gas samples (of 45140

ml) were collected in copper tubes, which were sealed by crimping at both ends (Loose141

et al., 2016). The samples were analysed in the Isotope Geochemistry Facility at Woods142

Hole Oceanographic Institution. Samples are opened at both ends by compressing the143

chamber along the bellows. Subsequent to opening the samples, dissolved gas is quan-144

titatively extracted from the water and captured inside an aluminosilicate glass bulb that145

is maintained at -196 ◦C using a liquid nitrogen bath. After gas extraction, the bulbs146

are attached to a dual mass spectrometric system and analyzed for He, Ne, Ar, Kr, and147

Xe (Stanley et al., 2009). The noble gases are isolated on two cryogenic traps and se-148

lectively warmed to sequentially release each gas into the Hiden Quadrupole Mass Spec-149

trometer (QMS) for measurement by peak height manometry (Lott, 2001). The repro-150

ducibility from N = 6 duplicate samples was 1.8% for He, 1.6% for Ne, 0.5% for Ar, 0.1%151

for Kr and 0.3% for Xe. Analytical precision is 0.5% or better for Ar, Kr, and Xe and152

approximately 1% for He and Ne (Stanley et al., 2009). All gases are reported as µmol153

kg−1. Helium concentrations are not reported in this study, due to local influence from154

mantle sources (Loose et al., 2018).155

The water samples for oxygen isotope ratios (δ18O) were collected in 100 ml glass156

bottles and sealed further with Parafilm. Samples were transported by dark cool stow157

to the Natural Environment Research Council Isotope Geosciences Laboratory (NIGL)158

at the British Geological Survey. Water samples were analysed for δ18O using an Iso-159

prime mass spectrometer. Isotopic ratios are given as h deviations from VSMOW2, and160

analytical reproducibility was <0.04 h on duplicates.161

We use current velocity data from a RDI 300kHz Workhorse Lowered Acoustic Doppler162

Current Profiler unit fitted to the CTD rosette frame. We are using LADCP velocity pro-163

files that are co-located with the CTD stations and tracers collected.164

3 Freshwater distribution165

The freshwater sources in the Amundsen Sea consist of precipitation, glacial melt-166

water and sea ice melt (and sea ice growth as a sink). These sources are identified by167

the use of oxygen isotope ratios, where precipitation and glacial meltwater are grouped168

together as Meteoric Water Input (MWI), as they both form through snowfall. By us-169

ing measured absolute salinity and oxygen isotope ratios, mCDW, MWI and Sea Ice Melt170

(SIM) are calculated and the distribution of freshwater in the Amundsen Sea observed.171

3.1 Calculation of freshwater from oxygen isotopes172

To calculate the fractions of mCDW and the two freshwater sources, the oxygen173

isotope ratios, δ18O, are used in combination with the absolute salinity (SA) observa-174

tions, following previous studies (Meredith et al., 2008; Price et al., 2008; Randall-Goodwin175
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Table 1. Endpoints used for the water masses in the Amundsen Sea.

Θ SA c(O2) c(Ne)
×10−3

c(Ar) c(Kr)
×10−3

c(Xe)
×10−3

δ18O

(◦C) (g kg−1) ————— (µmol kg−1) ————— (h)

mCDW 1.15 34.87 187 8.12 16.42 4.01 0.604 0.05
WW -1.76 34.27 291 – – – – –
pWW -1.80 34.32 295 – – – – –
AEW – – – 8.43 17.52 4.32 0.660 –
GMW -90.8 0 1125 91.6 44.46 5.84 0.414 –
MWI – 0 – – – – – -25
SIM – 7 – – – – – 2.1

et al., 2015)(Equation 1),176  δ18OmCDW δ18OSIM δ18OMWI

SA,mCDW SA,SIM SA,MWI

1 1 1

 FmCDW

FSIM

FMWI

 =

 δ18Oobs

SA,obs

1

 , (1)177

where δ18OmCDW represents the oxygen isotope ratio endpoint for mCDW, F is the wa-178

ter mass fraction, and δ18Oobs is the observed oxygen isotope ratio.179

The mCDW that is present on the eastern Amundsen Sea shelf has a δ18O of 0.05180

h and absolute salinity of 34.87 g kg−1 (Biddle et al., 2017) (Figure 3a; Table 1). Sea181

ice forms from seawater, which will have an oxygen isotope ratio close to VSMOW2 (δ18O182

= 0 h), but during sea ice formation, the oxygen isotopes experience slight fractiona-183

tion, with the sea ice preferably forming with the heavier oxygen isotopes (Price et al.,184

2008). This gives the resulting SIM a slight positive shift from seawater δ18O with an185

endpoint of 2.1 h and due to slight brine inclusions an absolute salinity of 7 g kg−1 (Randall-186

Goodwin et al., 2015) (Table 1). MWI around Antarctica has a very low (large nega-187

tive) oxygen isotope ratio due to the loss of 18O through precipitation north of the con-188

tinent and therefore the ratio of 18O to 16O decreases. Typical values from the Antarc-189

tic Ice Sheet are between -20 h and -40 h (Meredith et al., 2008; Price et al., 2008).190

Here, we use a δ18O of -25 h and salinity of 0 g kg−1 to define MWI, following a recent191

study in the same region by Randall-Goodwin et al. (2015) (Table 1).192

We use Monte Carlo simulations to estimate the uncertainties in the water mass193

calculation. Each endpoint is perturbed around the reported endpoint (Table 1) by the194

uncertainty associated with each tracer (environmental and measurement uncertainty).195

We run 10,000 simulations with end-point values randomly chosen within these prescribed196

bounds. The uncertainty is then represented by the standard deviation of the difference197

between the simulated runs and the unperturbed run. We find that the uncertainty as-198

sociated with the MWI water mass fractions is 0.5 %, or 5 g kg−1. This ± 5 g kg−1 vari-199

ation in MWI content is anti-correlated with the SIM content whilst mCDW content re-200

mains stable.201

3.2 Freshwater distribution in the Amundsen Sea202

Using these calculations, we assess the water masses in the Amundsen Sea, and de-203

scribe the vertical and spatial distribution of the different sources of freshwater. In ver-204

tical profile, both SIM and MWI have maximum concentrations at the surface (36.5 g205

kg−1 and 33.6 g kg−1 respectively), and MWI then decreases with depth (Figure 3b).206

The MWI content is most significant above 400 m, where the mean MWI content is 18207

g kg−1, correlating with the depth at which GMW is observed to flow out from beneath208

the ice shelf (Biddle et al., 2017; Garabato et al., 2017). Negative values of SIM indicate209
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net sea ice formation. Whilst the surface (< 40 m) shows SIM, below 60 m shows a net210

effect of sea ice growth, with values reaching -8.7 g kg−1. This sea ice growth compo-211

nent decreases with depth to negligible sea ice contributions at depths below 600 m. As212

the measurements were taken at the end of the austral summer, the high surface SIM213

content reflects the result of the seasonal heating of the upper ocean, and also the strong214

stratification this produces, shown by the restriction of this signal to the top 40 m. The215

net sea ice growth throughout the rest of the water column is consistent with previous216

studies on the Amundsen Sea continental shelf (Randall-Goodwin et al., 2015), where217

significant sea ice export results in higher sea ice growth rates than sea ice melt rates218

(Stammerjohn et al., 2015).219

These freshwater distributions are assessed spatially by calculating column inven-220

tories. To do this, profiles with 4 or more samples (excludes three stations) are linearly221

interpolated vertically, and MWI or SIM content is integrated over the top 500 m (Fig-222

ure 3c,d). Out of 50 stations, 36 have negative column integrated SIM (indicating net223

sea ice growth), with mean SIM of -1.4 m. The stations south of Burke Island show net224

sea ice growth (27 out of 30), whilst half of those at the continental shelf edge show net225

SIM (Figure 3c). This agrees with previous studies that have suggested that the region226

between 70◦ S to 72◦ S, which spans the continental shelf edge, is characterised by sea227

ice drift (Stammerjohn et al., 2015). This indicates that sea ice will be brought into this228

area by drift and then melts in location over the summer resulting in net SIM. Closer229

to the coast, katabatic winds blow off the ice shelves, allowing sea ice export and net sea230

ice growth (Stammerjohn et al., 2015). There are two locations where the SIM signa-231

tures do not follow this pattern: a positive SIM signature in the centre of the Pine Is-232

land Trough and a negative SIM signature at the western edge of the eastern channel233

at the continental shelf edge.234

Over all of the stations in the Amundsen Sea, the average MWI content is 7.5 m235

with a small standard deviation (1.8 m). This relatively small standard deviation is likely236

due to the combination of GMW and precipitation in the MWI content, as the Amund-237

sen Sea is a region of relatively high precipitation (Lenaerts et al., 2012). The MWI con-238

tent is greatest closest to PIIS and around Thwaites Ice Shelf, with values up to 10.7 m239

(Figure 3d). The mean MWI content for all stations south of Burke Island (Figure 3d)240

is 8.5 m, although they all have MWI content >6.1 m, with the exception of the most241

eastern station in the meridional section south of Burke Island (5 m). The mean column242

inventory of 9.5 m at the western end of the section is similar to values reported by Randall-243

Goodwin et al. (2015) 2◦ further west in 2010-11. The lowest column inventories are found244

in the off-shelf stations (<3.8 m), whilst the stations at the continental shelf edge have245

a mean MWI content of 6.4 m. The central channel shows lower MWI content than the246

eastern channel (6.2 m compared with 6.7 m). The stations that show negative SIM val-247

ues at the western edge of the eastern channel also display higher MWI content of up248

to 8.6 m.249

4 Distribution of glacial meltwater using noble gases250

As the oxygen isotope ratios cannot be used to distinguish glacial meltwater from251

local precipitation, we use other tracers measured during the fieldwork. By using a sim-252

ilar method to the one used for oxygen isotope ratios, we identify different water masses253

in the Amundsen Sea using noble gas concentrations.254

4.1 Calculation of water mass fractions255

As there are more noble gas tracer constraints (plus mass conservation) than there256

are water masses to be identified, we use Optimum Multiparameter Analysis (OMPA)257

to calculate the water mass fractions (Loose & Jenkins, 2014; Biddle et al., 2017). This258

method is identical to the one used for hydrographic tracers (Θ, SA, c(O2)) by Biddle259
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et al. (2017). OMPA uses a least squares regression with a non-negativity constraint to260

solve the over-determined equation261


χ1,mCDW χ1,AEW χ1,GMW

χ2,mCDW χ2,AEW χ2,GMW

...
...

...
χn,mCDW χn,AEW χn,GMW

1 1 1


 FmCDW

FAEW

FGMW

 =


χ1,obs

χ2,obs

...
χn,obs

1

 , (2)262

where χn,k is the noble gas tracer n of water mass k and Fk is the water mass frac-263

tion. The data are normalised and weighted, to account for variations between proper-264

ties in measurement or environmental accuracy (in observations and/or endpoint deter-265

mination). This approach is discussed further by Biddle et al. (2017).266

The reliability of these water mass calculations is estimated using Monte Carlo anal-267

ysis, where the endpoints used are varied by up to the largest uncertainty associated with268

each tracer. We find that the noble gas GMW concentrations are reliable to ± 0.5 g kg−1,269

compared with ± 1 g kg−1 found for the hydrographic tracers (Biddle et al., 2017).270

The water masses used in these calculations for the noble gases consist of mCDW,271

Air Equilibrated Water (AEW) and GMW. The atmospherically influenced water mass272

(AEW) represents surface saturation values of the noble gases (Loose & Jenkins, 2014),273

which differs slightly from the definition for WW used for identification with Θ, SA and274

c(O2) (Table 1, Section 5), due to the limitations associated with defining an atmospheric275

endpoint in temperature and salinity. Temperature, salinity and dissolved oxygen are276

excluded from these OMPA calculations in order to provide two independent estimates277

of the GMW content.278

The noble gases are useful for identifying GMW, as the sources and sinks of these279

gases are well known and they are not affected by biological or chemical processes within280

the water column. We use neon, argon, krypton and xenon to identify GMW (Figure 4).281

Neon has low solubility, and so is oversaturated in GMW, with values of 91.6 ×10−3 µmol282

kg−1 typical for Antarctic ice shelves (Loose et al., 2009), whilst argon acts similarly to283

dissolved oxygen, and is slightly oversaturated in GMW (44.46 µmol kg−1; Table 1; Fig-284

ure 4). The heavier noble gases, krypton and xenon are both undersaturated in GMW285

(Table 1; Figure 4). The other two water masses defined by noble gas characteristics are286

AEW and mCDW. As the concentration of noble gases in the atmosphere is known, we287

are able to use AEW as an endpoint, using surface values to represent the interaction288

of the atmosphere with the ocean (Table 1; Figure 4). Due to the few sources of noble289

gases in the deep ocean, the noble gas concentrations in mCDW are well established (Ta-290

ble 1).291

4.2 Glacial meltwater signature from noble gases292

We see similar GMW distributions from noble gases (NG GMW) through the wa-293

ter column and across the Amundsen Sea to those previously calculated from hydrographic294

observations by Biddle et al. (2017) (Figures 4e,f). The noble gases show the increased295

presence of GMW above the draft of the ice shelf at approximately 600 m and surface296

values directly in front of PIIS are up to 18 g kg−1. Unlike the MWI content deduced297

from the oxygen isotopes, NG GMW values decrease at the surface for all CTD stations298

further than 100 km from PIIS. This is an artefact due to interaction of the upper ocean299

with the atmosphere eradicating the noble gas signatures in the surface layer, visible as300

the inverse correlation between the low surface NG GMW values and high AEW con-301

tent (Figure 4e). Of particular interest though is the presence of GMW across all CTD302

stations between 50 - 400 m depth (Figure 4e), which differs from previous studies that303

reported negligible GMW content at the continental shelf edge when using hydrographic304
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data (Biddle et al., 2017). The noble gases indicate that the presence of GMW is widespread305

and persistent across the continental shelf.306

Following the same method as with the oxygen isotope water mass fractions, we307

assess the spatial distribution of NG GMW by calculating column inventories between308

150 - 700 m (Figure 4f). This depth range is selected in order to compare values more309

easily with the hydrographic GMW content, which cannot be used in the upper 150 m310

due to atmospheric interaction and SIM (Jenkins, 1999). This shows high NG GMW con-311

tent along the front of PIIS (4.95 m) and in stations to the west, surrounding Thwaites312

(4.07 m) and at the western end of the zonal section south of Burke Island, where val-313

ues are all higher than 1.9 m. The higher concentrations of NG GMW content in these314

locations is as previously reported (Nakayama et al., 2013; Biddle et al., 2017), and fol-315

lows expected current patterns associated with geostrophic currents in the region (Wåhlin316

et al., 2013; Thurnherr et al., 2014). However, our data also show non-negligible quan-317

tities of GMW at the continental shelf edge with column inventories up to 1 m and mean318

values of 0.68 m. The central channel has mean column inventories of 0.77 m, similar319

to recent modelling studies (Nakayama et al., 2014). However, the eastern channel shows320

higher concentrations than models predict (up to 0.85 m) (Nakayama et al., 2014), al-321

though a 10 year model run recently showed an accumulated 4 m of GMW here (Nakayama322

et al., 2017).323

5 Glacial meltwater from hydrographic tracers324

The hydrographic tracers (Θ, SA and c(O2)) are used to calculate GMW content325

with OMPA (equation 2). End-members of mCDW, WW and GMW are used, as shown326

in Table 1. Biddle et al. (2017) discussed two variations of mCDW, namely mCDW and327

pseudo-CDW (pCDW). The pCDW endpoint refers to the precise properties on the mCDW-328

WW mixing line that are able to flow underneath PIIS to cause ocean basal melt and329

is specific to each season’s characeteristics as the thermocline shoals or deepens (Biddle330

et al., 2017; Webber et al., 2017). The Θ-SA-c(O2) mCDW endpoint will include GMW331

from different pCDW characteristics (Biddle et al., 2017). Since the NG mCDW end-332

point does not vary between seasons or years, we use the mCDW endpoint for our hy-333

drographic GMW calculations.334

5.1 Comparison between GMW from noble gas and hydrographic trac-335

ers336

The GMW content from noble gas tracers differs to the GMW content calculated337

from hydrographic tracers, which are shown for comparison in Figure 5. Close to PIIS338

(solid lines, Figure 5a), the hydrographic and noble gas tracers capture the same pat-339

tern of GMW presence but with NG GMW approximately 1 g kg−1 greater than GMW340

from hydrographic tracers (Figure 5b). This increases to nearly 2.5 g kg−1 at 200 m depth.341

A similar disparity between the two tracer methods is seen with distance from PIIS (all342

stations greater than 300 km from PIIS; dashed lines in Figure 5), where hydrographic343

tracer values of GMW drop to zero in the upper ocean column (grey line, Figure 5a).344

This results in an average offset of 2.71 g kg−1 between the two methods, but individ-345

ual sampling locations between 150 - 400 m can differ up to 4.15 g kg−1 . If we use the346

NG GMW content as the representative content of GMW (± 0.5 g kg−1), this indicates347

that our hydrographic calculations have an average error of being nearly 3 g kg−1 lower348

than measured with noble gases.349

Since these differences occur at a depth that correlates with the presence of WW350

(Biddle et al., 2017), it indicates an error with how we are defining our hydrographic wa-351

ter masses. We follow methods described by Jenkins et al. (2016) to correct our WW352

to a pure WW (pWW) to account for the presence of GMW within the hydrographic353

observations.354
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5.2 Adjusting for pWW355

To obtain the pure WW (pWW) endpoint, we must first make some assumptions,356

following similar methods to Jenkins et al. (2016). WW is formed during the winter sea-357

son, and is heavily influenced by atmospheric exchange and sea ice processes. In the con-358

tinental shelf seas around Antarctica, this means that WW will reach the freezing point359

during sea ice formation. Using this knowledge, we extrapolate the existing WW end-360

point down to the freezing temperature line (Figure 2a; red dot). For this dataset, this361

provides a new Θ and SA endpoint for pWW of -1.86 ◦C and 34.32 g kg−1, which is com-362

parable to values used by Jenkins et al. (2016).363

However, for the hydrographic GMW calculation, c(O2) is also used to define the364

water masses. To derive the c(O2) pWW endpoint is slightly more complex, as biolog-365

ical activity must be accounted for. The mean c(O2) saturation in the Amundsen Sea366

observed in 2014 of approximately 70 % is used as a lower bound (Biddle et al., 2017),367

and GMW is recalculated with c(O2) pWW values ranging from c(O2) saturation (100368

%) to the lower bound of 70 % (Figure 2b). The observed mean oxygen saturation is used369

as the lower bound for the pWW as the admixture of mCDW-GMW will act to lower370

the dissolved oxygen concentration, therefore the pWW c(O2) endpoint should not be371

lower than what is observed for WW. Using this method, the c(O2) value used for the372

pWW endpoint is 295 µmol kg−1, at 80 % saturation.373

5.3 Improvement of glacial meltwater calculation from hydrographic trac-374

ers375

The GMW content is recalculated using the hydrographic tracers and mCDW, pWW376

and GMW endpoints (Figure 2a,b, Figure 6). Previously, the hydrographic calculation377

presented in Section 5.1 performed reasonably well in front of PIIS (Figure 5a), but both378

here and at the continental shelf edge showed a significant offset from the NG GMW con-379

tent between 150 - 300 m. With the new pWW endpoint, the GMW content is improved380

and differences between the GMW content from hydrographic tracers or noble gas trac-381

ers between 150 - 700 m are on average less than 1.06 g kg−1 across the whole region sam-382

pled, with no consistent offset (Figure 6b). This is close to the accepted reliability of the383

hydrographic GMW calculation (±1 g kg−1) and so can be considered a good improve-384

ment in the hydrographic GMW calculation.385

The change in the column inventories (calculated as before) from using WW to us-386

ing pWW averages to an increase of about 0.53 m GMW on each station, but it does not387

significantly change the spatial variability in GMW content (Figure 7). The average dif-388

ference between the hydrographic GMW and NG GMW column inventories is 11 cm (<389

5% of the mean column inventory values) for comparable stations, with the hydrographic390

GMW column inventories showing slightly higher values.391

6 Distribution of glacial meltwater in the Amundsen Sea392

This correction to the hydrographic GMW calculation results in the ability to im-393

prove our hydrographic GMW calculations, resulting in an increase in the spatial res-394

olution of GMW content compared to noble gas tracers. This gives a more detailed map395

of GMW content (Figure 7). As shown by the NG GMW content and as previously de-396

scribed by (Biddle et al., 2017), the highest concentrations of GMW are found in front397

of PIIS (5.23 m) and to the west around Thwaites Ice Shelf (4.48 m). In both these lo-398

cations, the highest value is found at the station furthest to the west, which correlates399

with the known location of the strongest glacial outflow from PIIS (Jenkins et al., 2010;400

Thurnherr et al., 2014). Similarly, we can assume that the high GMW value at the west401

of Thwaites indicates the likely strongest glacial outflow in that location, following geostrophic402

currents underneath the ice shelf.403
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Across the zonal section to the south of Burke Island, the GMW content increases404

towards the west with values up to 1.98 m (section C; Figure 7). Column integrals at405

the eastern end of this section are the lowest values (0.35 m) calculated across the con-406

tinental shelf. North and east of Burke Island, there is a persistent signature along the407

eastern channel. On average, column inventories here are 1.33 m, increasing towards the408

continental shelf edge. These values were not shown by Biddle et al. (2017) due to the409

likelihood of a secondary source of GMW than PIIS in this region: this GMW signature410

could be coming from the Bellingshausen Sea further to the east (Zhang et al., 2016),411

or local melt from Abbot Ice Shelf or Cosgrove Ice Shelf.412

A significant change to previous GMW calculations using hydrographic tracers is413

that there is now a GMW presence at the edge of the continental shelf (sections A and414

B; Figure 7). In the central channel, this is 0.63 m on average, with only a small vari-415

ation across the channel. However, in the eastern channel, the column inventories are416

all greater than 0.7 m, with an average of 1.08 m. Towards the western edge of this chan-417

nel section, the column inventories are consistently over 1.09 m of GMW.418

By combining the GMW content with velocity fields measured by the LADCP, the419

distribution of GMW can be related to possible pathways. We use the four zonal sec-420

tions (Figure 1) to describe the GMW depth distribution and meltwater pathways, with421

the velocity fields rotated to along and across channel directions for each section (Fig-422

ures 8,9). Advection from PIIS off shelf is of most interest for this study and so only the423

along channel velocities are shown, with across channel velocities in supplementary ma-424

terial (Figure S6).425

All four sections show that the GMW is typically only present above the 27.72 isopy-426

cnal, which shoals from the seabed in front of PIIS (Figure 8a) to approximately 400 m427

depth at the continental shelf edge (Figure 9a,c). The mean GMW content between the428

27.6 and 27.7 isopycnals reduces by only 0.5 g kg−1 between PIIS and the continental429

shelf edge (3.77 g kg−1 to 3.28 g kg−1), whilst the signature of GMW between 100 - 200430

m reduces dramatically with distance from PIIS from an average of 12.6 g kg−1 to 3.18431

g kg−1. At the continental shelf edge, at distance from the ice shelf, the GMW content432

is approximately evenly distributed between 150 - 400 m. The hydrographic and NG GMW433

content match well below the 27.7 isopycnal across all of the sections, except for the east-434

ern end of the eastern channel (Figure 9c). This is due to a strong presence of the off-435

shore Upper CDW (UCDW) component, which is less saline and warmer than the Lower436

CDW component and so appears as a false GMW signature. This false GMW signature437

is henceforth ignored in this discussion.438

Directly in front of PIIS (Figure 8a), the hydrographic tracers capture small scale439

changes in GMW content in the upper 300 m, likely caused by the energetic export of440

highly buoyant meltwater from the ice shelf (Garabato et al., 2017). The GMW content441

is concentrated to the upper 600 m and towards the western end of the section (Figure442

8a). A largely off-shelf flow coincides with the high GMW content in the western por-443

tion of the section, with a stronger core at 400 m that also has some westward direction-444

ality (3.6 km along section; Figures 8a,b,S1). This agrees with previous studies of the445

transport of GMW in front of PIIS (Jenkins et al., 2010; Thurnherr et al., 2014).Below446

900 m depth, the GMW content appears to increase from a minimum of 1.14 g kg−1 be-447

tween 700 - 900 m to 2.52 g kg−1. Although there is one noble gas sample taken at 1000448

m depth at about 12 km distance along the section that contains 2.26 g kg−1, there is449

currently not enough evidence to confirm whether this increase at depth is a real fea-450

ture.451

The zonal section to the south of Burke Island (Section C; Figure 1, Figure 8c) is452

approximately 200 km from the front of the ice shelf. The eastern end of the section oc-453

curs over a shallow sill that separates the channel to the east of Burke Island and the454

main Pine Island Trough (bottom depth reported as 278 m). At this distance from PIIS,455
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there is still a stronger surface expression of GMW and the mean value of GMW between456

100 - 200 m at the western end of the section is 5.5 g kg−1. There is a second core of higher457

GMW content (5.85 g kg −1) towards the western side of Pine Island Trough at 400 m458

depth. The lowest column inventories are found at the eastern end of this section (Fig-459

ure 7) and this is visible in the low GMW content signature evident throughout the wa-460

ter column (Figure 8c). Across the section there are two clear flow regimes: a strong off-461

shelf flow on the western end of the section, and a strong toward-PIIS flow at the east-462

ern side (Figure 8d). The strongest off-shelf flow occurs at 45 km distance across the sec-463

tion and, combined with the across channel velocity, indicates flow towards the west along464

the coast line and/or off-shelf. The core of the strong off-shelf flow correlates well with465

the core of higher GMW content (Figure 8c,d).466

At the edge of the continental shelf, there is no significant increase in GMW con-467

tent towards the surface (Figure 9a,c). Across the central channel, 535 km from PIIS,468

the GMW content is lower than in the eastern channel and all values below 150 m depth469

are less than 3.9 g kg−1 (Figure 9a). This section is also different to the previous sec-470

tions, as the highest GMW values are found on the eastern side of the channel (50 km471

section distance, Figure 9a). There is a stronger on-shelf flow at the eastern end of the472

section, whilst the off-shelf flow is spread across the western portion (Figure 9b). The473

water with the higher GMW content to the east is flowing on-shelf (Figure 9a,b), which474

suggests that the GMW here may have a source elsewhere. It could be recirculated PIIS475

GMW, either flowing westwards along the continental shelf edge from the eastern chan-476

nel, or from the previously modelled and observed circulation patterns at the shelf edge477

of the central channel (Assmann et al., 2013).478

The zonal section across the eastern channel (Figure 9c) is 430 km from PIIS and479

is the longest section included in this analysis. Except for the anomalous UCDW GMW480

signature, GMW content here is typically below 5 g kg−1, with higher values towards481

the western edge of the section. In the first 80 km of the section there is an elevated sur-482

face signature (values up to 4.68 g kg−1), and another increase in GMW content at about483

300 m depth along the same isopycnal as the GMW signature at depth on section C (Fig-484

ures 8c, 9c). There is a strong off-shelf flow that characterises much of the section (from485

0-160 km), with the eastern end of the section showing an on-shelf flow dominated by486

a strong eddy-type feature that is associated with the UCDW signature. The location487

of higher GMW content (Figure 9c) is flowing off-shelf, implying that the GMW iden-488

tified likely has an origin from the Amundsen Sea.489

Our analysis has confirmed previous studies that focused on GMW pathways di-490

rectly in front of PIIS and has strengthened the analysis by Biddle et al. (2017) that the491

strongest GMW outflow occurs at the western end of PIIS. The GMW then flows along492

the coast to the west, as seen in the zonal section south of Burke Island (Figure 8c,d).493

We have also revealed new observations about the GMW at the continental shelf edge,494

showing off-shelf flow of GMW in the eastern channel, and possible recirculation in the495

central channel (Figure 9).496

7 Discussion497

We have presented new datasets from the iSTAR 2014 research cruise, including498

oxygen isotope ratios and noble gas concentrations. The oxygen isotope ratios provide499

estimates of SIM and MWI to the water column. We detected a strong signature of sea500

ice growth across the continental shelf and sea ice melt at the continental shelf edge, which501

agrees with satellite observations of sea ice concentrations in the Amundsen Sea (Stammerjohn502

et al., 2015). In particular, the MWI distribution highlights the increase in freshwater503

towards the western end of the eastern channel. Overall, the MWI was on average 4.8504

m greater than the column inventories of GMW, possibly indicating either a longer res-505
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idence time associated with oxygen isotopes or a high precipitation content in the wa-506

ter column, which has been reported for this region before (Lenaerts et al., 2012).507

The use of noble gases to quantify GMW provides reliable estimates that are used508

as a ground-truth for our other water mass calculations. The noble gases revealed a per-509

sistent signature between 150 - 400 m depth of GMW across all of the stations sampled,510

which has not been reported in the eastern Amundsen Sea before. It is likely that close511

to PIIS there is a significant GMW content that is excluded from this study between the512

surface and 150 m, but due to atmospheric effects these depths have been excluded. This513

indicates our column inventories of GMW content are likely under-estimates. GMW con-514

tent from the noble gas concentrations showed non-negligible values at the edge of the515

continental shelf, up to 535 km away from PIIS. These column inventories also showed516

GMW in the eastern channel for the first time using observational data.517

The GMW content from NG was used to improve our calculations of GMW from518

hydrographic tracers (temperature, salinity and dissolved oxygen). The differences be-519

tween using NG or hydrographic tracers to calculate GMW content highlighted an er-520

ror in the setting of the WW endpoint, as previously the in-situ hydrographic observa-521

tions were used to specify this endpoint. The GMW content from NG showed that GMW522

exists at the depth of WW (150 - 350 m), and so the observed ’Winter Water’ content523

must first be corrected for the presence of GMW, creating the ’pure Winter Water’ (pWW)524

endpoint. Whilst Jenkins et al. (2016) used the concept of pWW, we have shown the quan-525

tifiable difference using this endpoint makes when compared with the GMW from no-526

ble gases.527

When the improved WW endpoint is used in the revised hydrographic calculation,528

the differences between the two methods decrease significantly and the GMW signature529

is traced as it travels from PIIS. The strong surface (150 m) expression rapidly decreases,530

but is still visible in the section across Pine Island Trough approximately 200 km from531

PIIS. At the continental shelf edge, there is no significant signature of GMW at 150 m532

depth. A second signature of GMW between 400 - 600 m was recognisable across all sta-533

tions, between the isopycnals of 27.5 and 27.7. This was seen clearly in the central Pine534

Island Trough, flowing off-shelf, and was the main contributor to the GMW column in-535

ventories at the continental shelf edge.536

By combining the GMW patterns with observed velocity profiles, we were able to537

infer the meltwater pathways. This confirms the previously reported pathway of GMW538

from the western side of PIIS, flowing along the coastline to the west and towards the539

north, off-shelf. It supports both previous observations (Nakayama et al., 2013; Biddle540

et al., 2017) and modeling studies (Nakayama et al., 2014, 2017). The GMW signature541

observed at the western end of the eastern channel was shown to be flowing off-shelf, which542

has not been reported in observations as a pathway for GMW previously. The model re-543

sults presented by Nakayama et al. (2014, 2017) predicted that the central channel should544

contain higher GMW content than the eastern channel, yet our data show greater val-545

ues in the eastern channel, with the GMW content in the central channel associated with546

a recirculation and GMW flowing on-shelf. This emphasizes our need to improve the un-547

derstanding of the transport across these channels at the continental shelf edge, and how548

and where GMW flows off the continental shelf.549

Whilst the use of oxygen isotope ratios and noble gas concentrations are critical550

for identifying sea ice melt and reliable GMW content, the improvements we have made551

to the hydrographic GMW content indicate that when these tracers aren’t available we552

are still able to make a good estimate of it. If noble gas concentrations are not available553

for ground-truth, we can use the assumptions that the pWW endpoint can be extrap-554

olated from the existing in-situ WW to the freezing temperature with associated salin-555

ity and that the oxygen concentrations will be undersaturated (at 80% in the eastern Amund-556

sen Sea). The user can also run Monte-Carlo simulations with small perturbations of their557
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new pWW endpoints to determine the sensitivity of their results. As our pWW endpoints558

in Θ, SA and c(O2) are similar to those used by Jenkins et al. (2016) to the west of PIIS559

in front of Dotson Ice Shelf for 2014 data, this suggests that the pWW endpoint used560

here is reliable over a reasonable geographic area (approximately 20 ◦ longitude), but561

is likely to be variable on timescales greater than a year.562

The noble gas sampling locations where there are larger differences between the563

NG and hydrographic GMW contents may indicate the effects of other processes affect-564

ing the tracer signatures, in particular biological activity. The presence of GMW is of-565

ten associated with biological productivity (St-Laurent et al., 2017), which can increase566

the concentration of dissolved oxygen. Due to the admixture of mCDW-GMW having567

lower c(O2) values than WW, the biological productivity skews the apparent GMW con-568

tent towards lower values. Further work is required to understand the relationship be-569

tween glacial meltwater and biological activity – does it support productivity and res-570

piration, and how does this ratio vary across the continental shelf? In addition, this dataset571

has revealed more detail on the spatial and vertical distribution of GMW that can be572

used to validate existing circulation models for this region.573

8 Conclusions574

We have demonstrated the value of oxygen isotope ratios and noble gas concentra-575

tions in determining freshwater distribution across Amundsen Sea. Noble gas concen-576

trations enable a reliable calculation of GMW content that is used as a ground-truth for577

hydrographic water mass calculations to be tuned to, using the pWW endpoint.578

Our new observations of meltwater pathways across the eastern Amundsen Sea show579

the persistent presence of GMW between 150 - 400 m across the entire continental shelf580

sampled. Combining GMW content with velocity fields show strong outflows at the west-581

ernmost stations of both PIIS and Thwaites Ice Shelf, with the GMW flowing off-shelf582

and along the coast to the west. We have also shown that an important location of GMW583

export off the continental shelf exists in the eastern channel.584

Finally, the pWW endpoint should be used for future GMW calculations, even when585

noble gas tracers are not available for ground-truthing. The extrapolation of the in-situ586

WW endpoint to the freezing temperature and salinity, with an undersaturated oxygen587

concentration provides a more reliable GMW content than the observed WW endpoint.588
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Figure 2. Property-property diagrams showing (a) Θ-SA, (b) SA-c(O2). Inset on each fig-

ure shows the mixing direction for mCDW with WW (green) and GMW (dark blue). The grey

dots are all of the CTD data from the continental shelf (pink dots in Figure 1), all other colors

are consistent with Figure 1. The pink circles highlight the mCDW endpoint. The solid red dot

shows the pWW endpoint and pink squares in (b) show the different c(O2) saturation values

used.
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Figure 3. Figures showing SA-δ18O relationship (a), and distribution of mCDW, SIM and

MWI (b)-(d). (a) All δ18O data from the Amundsen Sea. Red circles show mCDW endpoint, and

the inset shows mixing direction between mCDW and SIM (green arrow) or MWI (blue arrow).

(b) Vertical distribution for all data points across Amundsen Sea of mCDW (red), SIM (green)

and MWI (blue) as a percentage of maximum observed fractions. Values are shown for -20, 20,

40, 60 and 80 % in g kg−1 for SIM and MWI and as a fraction of 1 for mCDW. (c) Vertically

integrated SIM (top 500 m). Negative values indicate sea ice growth. (d) Vertically integrated

MWI in the top 500 m.
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Figure 4. Figures showing SA-c(Ar) relationship colored by Θ(a), and c(Ar)- c(Ne), c(Kr)

and C(Xe) (b)-(d), colored by SA. Red circles show mCDW endpoint, and the inset shows

mixing direction between mCDW and AEW (green arrow) or GMW (blue arrow). (e) Vertical

distribution for all data points across Amundsen Sea of mCDW (red), AEW (green) and GMW

(blue) as a percentage of maximum observed fractions. Values for 20, 40, 60 and 80 % are shown

in g kg−1 for GMW and as a fraction of 1 for AEW and mCDW. (f) Vertically integrated GMW

(between 150 - 700 m).
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Figure 5. Vertical depth profiles of (a) GMW content from NG tracers (red) and hydrogaphic

tracers (grey) and (b) the difference (GMWNG-GMWT,S,O) between the two methods. Dashed

lines and dots represent the mean or point values of GMW content at the continental shelf edge

(>300 km from PIIS) and solid lines and squares show the mean or point values of GMW content

directly in front of PIIS (<100 km).
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Figure 6. Vertical depth profiles of (a) GMW content from NG tracers (red) and hydrogaphic

tracers, using the pWW endpoint (grey) and (b) the difference (GMWNG-GMWT,S,O) between

the NG method and pWW method. Dashed lines and dots represent the mean or point values

of GMW content at the continental shelf edge (>300 km from PIIS) and solid lines and squares

show the mean or point values of GMW content directly in front of PIIS (<100 km).
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Figure 7. Map of vertically integrated GMW content (between 150 - 700 m) in the eastern

Amundsen Sea, calculated using Θ, SA and c(O2) with a pWW endpoint.
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Figure 8. Figures showing GMW content (g kg−1) and along channel velocities (m s−1) for

sections D (panels a,b) and C (panels c,d) as located in Figure 1. (a) and (c) Background color is

GMW content from hydrographic tracers, colored dots show the GMW content from NG tracers.

CTD stations are marked as black dashed lines, and above relevant stations the column inven-

tories of SIM content (red) and MWI content (blue) are shown in metres. (b) and (d) Along

channel velocity from LADCP measurements, positive values are off-shelf.
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Figure 9. Figures showing GMW content (g kg−1) and along channel velocities (m s−1) for

sections A (panels a,b) and B (panels c,d)as located in Figure 1. (a) and (c) Background color is

GMW content from hydrographic tracers, colored dots show the GMW content from NG tracers.

CTD stations are marked as black dashed lines, and above relevant stations the column invento-

ries of SIM content (red) and MWI content (blue) are shown in metres. A false GMW is shaded

in grey in panel d. (b) and (d) Along channel velocity from LADCP measurements, positive

values are off-shelf.
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