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Abstract. Previous studies show accelerations of West Antarctic glaciers, implying that basal melt rates of these glaciers were

previously small and increased in the middle of the 20th century. This enhanced melting is a likely source of the observed

Ross Sea (RS) freshening, but its long-term impact on the Southern Ocean hydrography has not been well investigated. Here,

we conduct coupled sea-ice/ice-shelf/ocean simulations with different levels of ice shelf melting from West Antarctic glaciers.

Freshening of RS shelf and bottom water is simulated with enhanced West Antarctic ice shelf melting, while no significant5

changes in shelf water properties are simulated when West Antarctic ice shelf melting is small. We further show that the fresh-

ening caused by glacial meltwater from ice shelves in the Amundsen and Bellingshausen Seas propagates further downstream

along the East Antarctic coast into the Weddell Sea. The freshening signal propagates onto the RS continental shelf within a

year of model simulation, while it takes roughly 5-10 years and 10-15 years to propagate into the region off Cape Darnley and

into the Weddell Sea, respectively. This advection of freshening modulates the properties of dense shelf water and possibly10

impacts the production of Antarctic Bottom Water.

1 Introduction

Ice shelves in the Amundsen Sea (AS) and Bellingshausen Sea (BS) are melting and thinning rapidly, based on satellite-based

estimates of the last ∼20 years (Depoorter et al., 2013; Rignot et al., 2013; Paolo et al., 2015), contributing significantly to

ongoing sea level rise and ocean freshening through a high discharge of grounded ice (Shepherd et al., 2012; Rignot et al.,15

2013). The main cause for high basal melt rates is the relatively warm Circumpolar Deep Water (CDW, about 0.5–1.5 ◦C,

located below ∼300–500 m depth), which flows via submarine glacial troughs from the continental shelf break into the ice

shelf cavities (e.g. Jacobs et al., 1996; Nakayama et al., 2013; Dutrieux et al., 2014; Webber et al., 2017; Jenkins et al., 2018).

Their recent high basal melt rates coincide with a few glaciological observations, that show evidence for a sustained increase of

ice discharge for most glaciers in the eastern AS since 1973 (e.g. Ferrigno et al., 1993; Lucchita and Rosanova, 1997; Rignot,20

1998; Mouginot et al., 2014). There exist a few other evidences implying that basal melt rates of these glaciers were previously

small and started increasing from the middle of the 20th century (Hillenbrand et al., 2017; Smith et al., 2017).

In the Ross Sea (RS), shelf water is freshening, leading to a change in the Antarctic Bottom Water (AABW) properties

(Jacobs et al., 2002; Jacobs and Giulivi, 2010). Since the salinity decrease leads to a change in AABW characteristics formed
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in the RS (Jacobs et al., 2002; Aoki et al., 2005; Rintoul, 2007; Jacobs and Giulivi, 2010) and may influence the global25

thermohaline circulation, understanding the possible link between the melting of West Antarctic ice shelves and RS freshening

is important for assessing long-term changes in the Southern Ocean.

Nakayama et al. (2014) showed the spreading pathways of glacial meltwater from ice shelves in the AS and BS, which may

end up on the RS continental shelf. However, due to the difficulties in a realistic representation of Southern Ocean hydrography

as well as basal melt rates, their global model simulations are limited to 10 years. Using circum-Antarctic or global domains,30

Kusahara and Hasumi (2014); Dinniman et al. (2016); Kusahara et al. (2017) also showed pathways of glacial meltwater using

passive tracers, confirming that glacial meltwater from the AS and BS ice shelves flows westwards onto the RS continental

shelf. However, in these studies, pathways of glacial melt tracers are mostly discussed for steady (or control) simulation and

the impact of glacial melt on the Antarctic coastal freshening is not discussed. Recently, many ocean simulations are developed

for studying oceanographic conditions in the Amundsen Sea, but they employ regional models with more focuses on CDW35

intrusions onto the Amundsen Sea continental shelf (e.g. Thoma et al., 2008; Schodlok et al., 2012; Assmann et al., 2013;

St-Laurent et al., 2015; Kimura et al., 2017; Nakayama et al., 2018; Webber et al., 2019).

After development of the global Finite-Element Sea-ice/ice-shelf/Ocean Model (FESOM) (Timmermann et al., 2012; Nakayama

et al., 2014), we are now able to carry out longer integration of our simulation with more realistic hydrographic representations

of the Antarctic coastal regions. In this study, we conduct 32-year simulations to analyze the impact of glacial meltwater on40

the Southern Ocean freshening. We also conduct three other sensitivity experiments with different ice shelf melt rates in the

AS and BS.

2 Model

Here, we investigate ocean states in the AS and BS using the FESOM (Timmermann et al., 2012; Nakayama et al., 2014). Ice

shelf draft, cavity geometry, and global ocean bathymetry are derived from the RTopo-1 dataset (Timmermann et al., 2010). We45

use a tetrahedral mesh with a horizontal spacing of∼100 km along non-Antarctic coasts, refined to∼20 km along the Antarctic

coast, 10-20 km under the large ice shelves in the RS and Weddell Sea (WS), and ∼5 km in the central AS and BS (Fig. 1).

We apply a hybrid vertical coordinate system with 46 layers and a z-level discretization in the mid- and low-latitude ocean

basins. The top 21 layers along the Antarctic coast are terrain-following (sigma coordinate) for depths shallower than 650 m.

In the z-coordinate region, bottom nodes are allowed to deviate from their nominal layer depth in order to allow for a correct50

representation of bottom topography, similar to the shaved-cell approach in finite-difference models. A Gaussian function with

a width depending on the model’s horizontal resolution is applied to smooth ice shelf draft and sea-floor topography in the

sigma-coordinate region. Ocean bathymetry south of 55◦S of the global model is shown in Fig. 1. We assume a steady state for

ice shelf thickness and cavity geometry, and compute the mass loss rate at ice-shelf bases (Hellmer and Olbers, 1989; Holland

and Jenkins, 1999). Unlike the previous study (Nakayama et al., 2014), no restoring is applied to any region of our model55

domain. Model parameters used in this study are summarized in Table S1.
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We carry out two sensitivity simulations for 32 years using the ERA-Interim reanalysis product (1979-2010) (Dee et al.,

2011). Low and realistic rates of ice shelf melting (Table S2, referred to LMELT and CTRL, respectively) are introduced by

changing the heat and salt transfer coefficients at the interface between ocean and those ice shelves fringing the AS and BS

(Table S3). For the LMELT case, the coefficients are chosen following previous studies (Hellmer and Olbers, 1989; Holland60

and Jenkins, 1999), while they are set to 3-times larger values for the CTRL case. We note that adjusting the heat and salt

transfer coefficients is a convenient way to force the ocean model with realistic freshwater fluxes from ice shelves (Jourdain

et al., 2017; Nakayama et al., 2017). We conduct a model spin-up of 10 years (1979-1988) using the LMELT set up, while the

CTRL case represents the transient response of the ocean to a step change of AS and BS ice shelf melting. We further conduct

two other sensitivity experiments (MMELT and HMELT), which are discussed in section 3.2. To track the basal meltwater, we65

use a virtual passive tracer, which is released at the same rate as the glacial melt only from ice shelves in the AS and BS.

3 Results

3.1 Model Evaluation

Both LMELT and CTRL produce many features of ocean circulation, water mass properties, and sea-ice distribution in good

agreement with observations. The integrated transport of the Ross Gyre is ∼30 Sv (1Sv=106 m3 s−1) and the Antarctic Cir-70

cumpolar Current (ACC) carries ∼160 Sv through Drake Passage (Mazloff et al., 2010; Renault et al., 2011). The simulated

austral winter (September) sea-ice extent is similar to observations (Cavalieri et al., 2006), while the austral summer (March)

sea-ice extent is underestimated by ∼35%. The bottom temperature on the continental shelf is mostly close to the freezing

point except for regions with CDW intrusions onto the AS and BS continental shelves (Figs. 2 and S1). Bottom salinity shows

local salinity maxima towards the western WS and RS, and a zonal-shelf gradient with higher salinity at the eastern side in the75

AS and BS (Figs. 2 and S1). These features are present both in the observations and the model results (Schmidtko et al., 2014;

Jenkins et al., 2016).

As a result of the different heat and salt transfer coefficients, the total ice shelf basal mass losses are 192 Gt yr−1 and 336 Gt

yr−1 in the AS, and 131 Gt yr−1 and 223 Gt yr−1 in the BS for LMELT and CTRL, respectively (Table S3). For the AS and BS,

the CTRL loss rates are slightly lower than satellite-based estimates between 2003-2009 (Depoorter et al., 2013; Rignot et al.,80

2013) (Table S3). The total LMELT loss rate of all AS and BS ice shelves is 323 Gt yr−1, which is ∼130 Gt yr−1 smaller than

the steady state melt rates (assuming zero thickening) of 459 Gt yr−1 estimated based on 2006-2007 ice shelf configurations

(Rignot et al., 2013). However, LMELT case may represent the melt rates at that the time in the middle of the last century,

considering the fact that ice shelf cavity geometry should have evolved largely since then (Jenkins et al., 2010; Smith et al.,

2017) and West Antarctic glaciers should have flown much slower at the time (Mouginot et al., 2014).85

For the LMELT case, the impact of freshening is small and the LMELT case does not show significant shelf water property

changes during the model integration (Fig. 3, left column). For example, RS shelf salinity at 200-m depth remains stable at

∼34.7 g kg−1 for the LMELT case (Fig. 3). Both LMELT and CTRL cases show glacial meltwater spreading downstream onto

the RS continental shelf further along the east Antarctic coast and towards the northwestern WS within the ACC (Nakayama
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et al., 2014; Dinniman et al., 2016) (Fig. 2). In response to enhanced ice shelf melting, CTRL shows glacial meltwater spreading90

further downstream (Fig. 2). The simulated bottom salinity difference between LMELT and CTRL shows a freshening along

the western AS coast (year 5, Fig. 3c), which spreads further westward onto the RS continental shelf (year 10-32, Fig .3). This

freshening extends down to the bottom of the RS basin as a result of the formation and descent of dense shelf water. We note

that the RS is the only location where a large amount of glacial melt from the AS and BS reaches the deep ocean (Fig. 4). For

CTRL, 19% and 36% of the total glacial meltwater tracer from ice shelves in the AS and BS descend to depths of 700-1600m95

and 1600m-bottom, respectively, most of which is found in the RS basin after 32 years of simulation (Fig. 4).

We compare the CTRL results with recent observations. RS dense shelf water observed for about 50 years shows a salinity

decline of 0.03 g kg−1 per decade (Jacobs et al., 2002; Jacobs and Giulivi, 2010). Warming and freshening of Ross Sea Bottom

Water (RSBW) (Purkey and Johnson, 2013) extend further westward off the Adélie Land (Aoki et al., 2005; Rintoul, 2007) and

RSBW shows warming and freshening of ∼0.1◦C and ∼0.01 g kg−1, respectively, between 1992-2011 at 180◦E along S04P100

section (Purkey and Johnson, 2013). Despite underestimated by ∼50% in magnitude, these features are reproduced in CTRL,

as the RS dense shelf water freshens by∼0.045 g kg−1 over 32 years (Fig. 3l, Table S4). This dense shelf water descends to the

deep ocean causing a simulated RSBW warming and freshening of ∼0.02◦C and ∼0.005 g kg−1, respectively, over 32 years

(see the black arrow in Fig. S2).

3.2 Spreading of glacial meltwater from West Antarctic ice shelves105

We conduct two additional sensitivity experiments and investigate the impact of enhanced ice shelf melting in the AS and

BS focusing on both small (200-m depth) and large (bottom) depths. Medium and high rates of ice shelf melting (Table S2,

referred to MMELT and HMELT, respectively) are introduced with heat and salt transfer coefficients being set to 2-times and

30-times larger values, respectively. The total ice shelf basal mass losses are 280 Gt yr−1 and 592 Gt yr−1 in the AS, and 186

Gt yr−1 and 385 Gt yr−1 in the BS for MMELT and HMELT, respectively (Table S3).110

We subtract the LMELT results from MMELT, CTRL, and HMELT and use the last-2-year temporally averaged fields to

investigate the impact of enhanced ice shelf melting. We calculate spatial averages for the regions indicated in Fig. 1 but using

regions shallower than 1000 m and deeper than 2500 m for on-shelf 200-m and bottom spatially averaged salinity, respectively

(Table S4). For MMELT-LMELT, the salinity decrease is confined mostly to the AS, BS, and RS continental shelves with a

freshening of 0.025 g kg−1 and 0.0030 g kg−1 for the RS continental shelf and RS bottom basin, respectively (Table S4).115

Freshening in other regions is small at 200-m depth amounting to 0.0038 g kg−1 and 0.0003 g kg−1 for the continental shelf

off Cape Darnley (CD) and the WS continental shelf, respectively (Table S4). For the CTRL case, the freshwater signal extends

along the east Antarctic coast all the way to the WS with values of 0.045, 0.0048, 0.0078, and 0.0035 for the RS shelf, RS

bottom, off CD, and WS shelf regions, respectively (Fig. 5, Table S4). For the HMELT case, the spatial freshening pattern

remains similar to the CTRL case amounting to 0.14, 0.0015, 0.035, and 0.016 for the RS shelf, RS bottom, off CD, and WS120

shelf regions, respectively (Fig. 5, Table S4).

Our experiments clearly show the timescales for the freshening signal to reach other regions around the Antarctic continent.

For all cases, the freshening signal propagates onto the RS continental shelf within a year of model simulation (Fig. 6). It takes
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roughly 5 more years for this freshening signal to become visible in the deeper part of the RS basin (Fig. 6). Another branch

of the freshening signal further propagates near the surface along the east Antarctic coast taking roughly 5-10 years and 10-15125

years to propagate into the region off CD and into the WS, respectively. Since the salinity decrease continues even after model

year 32 in these regions (Figs. 6 c and d), it seems to take a long time (over 32 years) for the Southern Ocean to adjust to the

new state of enhanced ice shelf melting in the AS and BS.

4 Discussion

We show that enhanced ice shelf melting modifies the properties of RS shelf water (Figs. 5 and 6), possibly with consequences130

for the global thermohaline circulation. In the RS, the difference between high salinity shelf water and CDW is ∼0.2 g kg−1,

and RS dense shelf water production could be strongly affected, if the total ice shelf melting in the AS and BS would increase

to a level similar to or larger than in the HMELT case (Figs. 5 and 6). The model results also show that the Southern Ocean

freshening extends along the East Antarctic coast and into the WS, similar to the idea presented by (e.g. Beckmann and

Timmermann, 2001). Due to much stronger seasonal and interannual variability in the near-surface layers and long response135

time scales of 15-20 years (Figs. 6c and d), we are likely not able to extract the effect of enhanced ice shelf melting from the

existing observations in these regions. However, considering the magnitude of the salinity decrease in the CTRL experiment,

circum-Antarctic freshening could be possibly undergoing.

We also note that magnitudes of freshening caused by glacial meltwater from ice shelves in the AS and BS represent linear

and nonlinear behaviors. For the RS shelf and deep RS, magnitudes of freshening linearly increase as ice shelf melting in the140

AS and BS enhances (total melt rate difference in Table S4). For example, AS and BS ice shelf melting increases by 138 Gt

yr−1, 231 Gt yr−1, and 643 Gt yr−1 and simulated freshening is 0.025 g kg−1, 0.045 g kg−1, and 0.14 g kg−1 for the RS

shelf region and 0.030 g kg−1, 0.048 g kg−1, and 0.015 g kg−1 for the deep RS region for MMELT, CTRL, and HMELT cases

compared to the LMELT case, respectively. However, freshening off CD region is 0.0038 g kg−1, 0.0078 g kg−1, and 0.035 g

kg−1 and freshening in the WS shelf is 0.0003 g kg−1, 0.0035 g kg−1, and 0.016 g kg−1 for the MMELT, CTRL, and HMELT145

cases compared to the LMELT case, respectively, representing much enhanced freshening for HMELT. This implies that the

large-scale impact of freshening caused by ice shelves in the AS and BS may not be negligible especially for the region further

downstream along the Antarctic coast.

5 Conclusions

In this study, we conduct four 32-year simulations with different levels of ice shelf melting in the AS and BS to investigate150

the impact of glacial meltwater on the Southern Ocean hydrography. The total ice shelf melt rates from AS and BS are 333 Gt

yr−1, 466 Gt yr−1, 559 Gt yr−1, and 978 Gt yr−1 for LMELT, MMELT, CTRL, and HMELT cases, respectively (Tables S2

and S3). We show that the LMELT results represent a quasi-steady state with a stable RS shelf water salinity of ∼34.7 g kg−1,

and the CTRL results show a RS continental shelf and deep ocean freshening with some similarities to existing observations
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(Fig. 3). We further show that glacial meltwater from the AS and BS ice shelves propagates further downstream along the East155

Antarctic coast leading to salinity decreases in the WS and off CD (Figs. 5 and 6). The freshening signal propagates onto the

RS continental shelf within a year of model simulation, while it takes roughly 5-10 years and 10-15 years to propagate into the

region off Cape Darnley and into the Weddell Sea, respectively. This possibly modulates the properties of dense shelf water

and impacts the production of AABW. We also show that magnitudes of freshening caused by glacial meltwater from the AS

and BS represent linear and nonlinear behaviors (Table S4), emphasizing the importance of ice shelf melting in the AS and160

BS. Considering the spatial and temporal scales of how glacial meltwater from AS and BS spreads around Antarctica, further

investigations as well as model developments are required for understanding the impact of West Antarctic ice shelf melting on

the circum-Antarctic and global ocean.
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Figure 1. Horizontal grid (triangles) and model bathymetry (color) south of 55ºS in the global model. The bathymetry contours of 1000

m and 2500 m are shown as black lines. Locations of ice shelves are indicated by numbers summarized in Table S3. Basal melt rates are

integrated for several ice shelves in the WS and East Antarctica, bordered by ellipses, for model-data comparison (Table S3). The regions

enclosed by red lines represent the RS, RS Basin, CD, and WS regions in which spatially averages are calculated (Table S4 and Fig. 6).
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Figure 2. January mean bottom properties for (a) potential temperature and (b) absolute salinity for the CTRL case for year 32. Insets of

the observed bottom properties (Schmidtko et al., 2014) are shown in (a) and (b). (c-d) January mean vertically integrated tracer contents

representing the glacial meltwater only from ice shelves in the AS and BS for LMELT and CTRL cases for year 32. The letters C and L at

the bottom left of each panel indicate CTRL and LMELT, respectively. The bathymetry contours of 1000 m and 2500 m are shown as black

lines. AS, BS, RS, and WS stand for the Amundsen, Bellingshausen, Ross, and Weddell Seas.
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Figure 3. January mean bottom absolute salinity for LMELT (L) and CTRL (C) and the differences (C-L) for years 5, 10, 20, and 32. The

differences are shown for the region enclosed by the blue line in (a). The bathymetry contours of 1000 m and 2500 m are shown as black

lines. Ice shelves are shaded with transparent white.
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Figure 4. January mean vertically integrated glacial meltwater content between (a) 0-700 m, (b) 700-1600 m, and (c) 1600 m to bottom of

year 32 for CTRL case (C). The bathymetry contours of 1000 m and 2500 m are shown as black lines.
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Figure 5. January mean absolute salinity differences between MMELT and LMELT (M-L) for year 32 at (a) 200-m depth and (d) bottom.

Same for CTRL (C-L) and HMELT (H-L) shown in (b,e) and (c,f), respectively. Bottom properties are only shown for regions deeper than

1500m. The bathymetry contours of 1000 m and 2500 m are shown as black lines.
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Figure 6. Time series of spatially averaged salinity difference over (a) RS continental shelf at 200-m depth, (b) bottom RS basin, (c)

continental shelf region off CD at 200-m depth, and (d) WS continental shelf at 200-m depth. Spatial averages have been calculated for the

regions indicated in Fig. S1 but using regions shallower than 1000 m and deeper than 2500 m for on-shelf 200-m spatially averaged and

bottom spatially averaged salinity, respectively (Table S4). LMELT fields are subtracted from HMELT (blue), CTRL (orange), and MMELT

(red) fields to calculate the differences.
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