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Abstract. To study the influence of basal melting of the Ross Ice Shelf (BMRIS) on the Southern Ocean (ocean southward

of 35˚ S) in quasi-equilibrium, numerical experiments with and without the BMRIS effect were performed using a global

ocean-sea ice-ice shelf coupled model. In both experiments, the model started from a state of quasi-equilibrium ocean and

was integrated for 500 years forced by CORE (Coordinated Ocean-ice Reference Experiment) normal year atmospheric10

fields. The simulation results of the last 100 years were analyzed. The melt rate averaged over the entire Ross Ice Shelf is

0.25 m a-1, which is associated with a freshwater flux of 3.15 mSv (1 mSv = 103 m3 s-1). The extra freshwater flux decreases

the salinity in the region from 1500 m depth to the sea floor in the southern Pacific and Indian Oceans, with a maximum

difference of nearly 0.005 PSU in the Pacific Ocean. Conversely, the effect of concurrent heat flux is mainly confined to the

middle depth layer (approximately 1500 m to 3000 m). The decreased density due to the BMRIS effect, together with the15

influence of ocean topography, creates local differences in circulation in the Ross Sea and nearby waters. Through advection

by the Antarctic Circumpolar Current, the flux difference from BMRIS gives rise to an increase of sea ice thickness and sea

ice concentration in the Ross Sea adjacent to the coast and ocean water to the west. Warm advection and accumulation of

warm water associated with differences in local circulation decrease sea ice concentration on the margins of sea ice cover

adjacent to open water in the Ross Sea in September. The decreased water density weakens the sub-polar cell as well as the20

lower cell in the global residual meridional overturning circulation. Moreover, we observe accompanying reduced southward

meridional heat transport at most latitudes of the Southern Ocean.
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1 Introduction

Ice shelf melting, which accounts for 55% of ice mass loss from Antarctica, is one of the main sources of freshwater to the

Antarctic coastal ocean (Mathiot et al.,2017). Ice accumulated on ice sheets is mostly lost to the oceans by melting

underneath the ice shelves or by calving of icebergs. Floating ice shelves around Antarctica are thinning substantially, driven

primarily by melting at the ice-ocean interface (Paolo et al., 2015; Rignot et al., 2013). Ice shelf melting exceeds the calving5

flux (Rignot et al., 2013; Depoorter et al., 2013) and contributes significantly to the fresh water balance in ice shelf areas

around Antarctica (Beckmann and Goosse, 2003). The circulation that occurs in sub-ice-shelf cavities is markedly different

from that in the open ocean, consisting largely of thermohaline circulation forced by melting and freezing processes at the

ice shelf base. This circulation is of more than local importance because it plays a key role in the production of Antarctic

bottom water (AABW), a driver of global thermohaline circulation (Walker and Holland, 2007). The sub-ice freshwater10

input has various implications for the Southern Ocean. These are most pronounced in the Weddell and Ross Seas where large

caverns are connected to broad continental shelves (Hellmer, 2004). Mass exchange between the Antarctic Ice Sheet and the

Southern Ocean has drawn substantial research attention (Rowley et al., 2007; Kusahara and Hasumi, 2013).

Basal melting of the ice shelves has long been of interest because of its importance to the mass balance of the Antarctic ice

sheet (Nost and Foldvik, 1994). The amount of basal melting from ice shelves has been estimated by many studies (for15

example, Hellmer and Jacobs (1995); Rignot et al. (2013); Moholdt et al. (2014); and others). Ice shelf basal melting is

approximately 0.85 m a-1 over the circumpolar continental shelf area (Rignot et al., 2013), exceeding P–E (Precipitation

minus Evaporation) by a factor of at least two (Beckmann and Goosse, 2003). Because injection of this freshwater occurs at

depth rather than at the ocean surface, it has a different impact on the stability of the coastal ocean than P–E forcing. The

quantification of basal mass loss under changing climate conditions is important for projections of the dynamics of Antarctic20

ice streams and ice shelves, as well as global sea level rise (Hellmer et al., 2012).

The need for numerical modeling of ice shelf–ocean interactions is particularly acute due to a lack of extensive

observational data, which results from the physical inaccessibility of the areas of interest. Besides, it is difficult to infer sub-

ice-shelf circulation from borehole observations, creating a significant need for numerical models (Walker and Holland,

2007; Dinniman et al.,2016). As illustrated in Table 1, in ice shelf-sea ice-ocean coupled modeling, researchers use different25

types of ice shelf representations, such as dynamic ice-shelf geometry permitting two-dimensional flow (Grosfeld and

Sandhager, 2004), simplified and computationally inexpensive representations that are nevertheless capable of handling

significant changes to the shape of the sub-ice-shelf cavity as the shelf profile evolves (Walker and Holland, 2007),

thermodynamics with fixed cavity techniques (Losch, 2008; Timmermann et al., 2012), and parameterized schemes for the

interaction between ice shelves and the adjacent ocean (Beckmann and Goosse, 2003). The models are mostly circumpolar30

(Hellmer, 2004; Kusahara and Hasumi, 2013; Mathiot et al., 2017), regional (Galton-Fenzi et al., 2012), or two-dimensional

in the yz-plane (Walker et al., 2009).
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A few global models were also used for numerical studies. For example, Beckmann and Goosse (2003) studied the ice

shelf basal melting effect using a global ocean-sea ice coupled model with a first order parameterization of ice shelf-ocean

interaction. Losch (2008) introduced ice shelves into the Massachusetts Institute of Technology general circulation model

(MITgcm) and conducted ISOMIP (Ice Shelf–Ocean Model Intercomparison Project) experiments and nearly global

(excluding the Arctic Ocean) ocean circulation experiments. In these experiments, results with and without explicit modeling5

of ice shelf cavities were presented and the analysis was mainly focused on the Weddell Sea and circulation in the Filchner-

Ronne Ice Shelf cavity. Timmermann et al. (2012) presented results of ice shelf basal mass loss from a global sea ice-ice

shelf-ocean model based on the finite element method, in which the model was forced with daily data from the NCEP/NCAR

reanalysis for the period 1958–2010. There are also numerous other recent modeling studies on ice shelves that employed

regional, circumpolar, or global models (Table 1); Asay-Davis et al. (2017) provided a thorough review of these studies.10

However, to research the effect of ice-shelf melting on the ocean in quasi-equilibrium, it is necessary to use a global model

with thermodynamically active ice-shelf cavities and perform integration over hundreds of years. This type of research has

not previously been conducted.

The Antarctica possesses the majority of the world’s ice shelves, of which the Ross Ice Shelf (RIS) has the largest area.

Nost and Foldvik (1994) studied the circulation under the RIS with a simple analytical model. Using a two-dimensional15

channel flow model forced by thermohaline differences between the open boundaries and the interior cavity, Hellmer and

Jacobs (1995) studied the flow under the RIS and estimated an ice shelf base loss rate of 18–27 cm a-1. By comparing model

estimates of oceanic CFC-12 concentrations along an ice shelf edge transect to field data collected during three cruises

spanning 16 years, Reddy et al. (2010) estimated that the residence time of water in the RIS cavity is approximately 2.2 years

and that basal melt rates for the ice shelf average 0.1 m a-1. Arzeno et al. (2014) used data from two moorings deployed20

through RIS, ~6 and ~16 km south of the ice front east of Ross Island, and numerical models to show how the basal melting

rate near the ice front depends on sub-ice-shelf ocean variability. However, these studies do not deepen our understanding of

the influences of RIS on the Southern Ocean in quasi-equilibrium because the domains of the models employed were not

sufficiently large and modeling results were significantly impacted by boundary conditions.

The marginal Ross Sea is an area of deep and bottom water formation. Approximately 25% of the total production rate of25

AABW comes from the Ross Sea, and basal melting of the ice shelves modifies the characteristics of water masses during

the processes of AABW production along the Antarctic continental shelves (Budillon et al, 2011). Antarctic Bottom Water is

distinctly colder and fresher than North Atlantic Deep Water and flows northward underneath it in the Atlantic at depths

below 4000 m. In this study, we aim to estimate the effect of BMRIS on the Southern Ocean in quasi-equilibrium using a

global ice shelf-sea ice-ocean coupled model. The model represents ice shelf-ocean interaction by assuming the RIS to be in30

a steady state, interacting with the ocean only through thermodynamics.
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2 Model, datasets and experimental set up

MITgcm (Marshall et al., 1997) is used to carry out the numerical experiments and an Antarctic cavity geometry dataset

(Timmermann et al., 2010) is used to obtain the RIS draft. CORE (Coordinated Ocean-ice Reference Experiment) normal

year data (Large and Yeager, 2009) are used for atmospheric forcing fields. The MITgcm consists of packages such as

atmosphere, ocean, sea ice, and ice shelf for flexible configuration. The parameterizations used in this study include the5

Gent-McWilliams-Redi eddy parameterization (Redi, 1982; Gent and McWilliams, 1990) and the non-local K-profile

vertical mixing parameterization (Large et al., 1994). A sea ice model package with zero-layer thermodynamics (Hibler,

1980) and viscous-plastic rheology (Zhang and Hibler, 1997) is employed. A package of ice shelf thermodynamics (Losch,

2008) named ‘shelfice’ is ready for use in the MITgcm1.

Two experiments are implemented, one with RIS basal melting and one without, denoted as EI and EN, respectively. In10

both experiments, bathymetry of the RIS cavity is included. Both experiments start from a model restart state of one

integration over 1000 years (Liu and Liu, 2012). To improve the vertical resolution of the RIS, that of the upper 1000 m is

increased and that below 1500 m is coarsened, whilst maintaining the number of model layers at 30. The layer thicknesses

are 10 (x 2), 15, 21, 28, 36, 45, 50 (x 13), 100, 200, 300, 400, 500, 600, 700, and 800 (x 3) m. The current vertical

discretization meets the minimum vertical resolution required to resolve ice shelf-ocean processes, where the layer thickness15

is 100 m (Losch, 2008). The vertical resolution near the bottom is poor; however, this problem is somewhat alleviated by the

partial cell treatment of topography (Adcroft et al., 1997). If the RIS cavity is too thin to be resolved by the vertical grids, it

will be set to zero.

Vertical interpolation is used to obtain the model initial fields. Because the RIS was treated as land in the former

integration covering more than 1000 years, the initial ocean states in the RIS cavity of the experiments are derived from20

extrapolation. Cubed sphere grids are used and the horizontal resolution is approximately 150 km. In the original dataset of

Antarctic cavity geometry (Timmermann et al., 2010), the area of the cavity is 502024.1 km2; however, in the model, it is

only 476924.2 km2 due to the coarse model resolution. This would lead to a reduced freshwater flux. Except for vertical

layer division and the shelfice package, model parameters used here are identical to those in Liu and Liu (2012). The major

parameters for the shelfice package used in EI are given in Table 2. The model has been integrated for 500 years for each25

configuration.

Under the current configuration, the whole model domain in the horizontal consists of six cubed sphere faces with

Antarctica situated on the 6th face. The ocean bathymetry around Antarctica and the cavity geometry of RIS are shown in Fig.

1. There are 64 x 64 grid cells on each cubed sphere face and the maximum depth of the Southern Ocean is over 6000 m (Fig.

1 For more information on the MITgcm see the latest online document on the MIT website:

http://mitgcm.org/public/r2_manual/latest/online_documents /manual.html.
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1a). A total of 19 grid boxes are covered by the ice shelf, of which 15 have non-zero cavity thickness and include basal melt

calculations in the model. The water-column thickness of the RIS cavity ranges from 50 m to 500 m (Fig. 1b). For the four

grid boxes whose ice shelf cavity are removed, the thicknesses of the water columns are less than 42 m, which cannot be

resolved with vertical grid cells 50 m in size (from the 8th layer, which is approximately 200 m below the sea surface, the

vertical grid size is 50 m). The cavity thickness in the model may be smaller than that in the original dataset with a maximum5

difference of less than 50 m.

Grid position in x direction

G
rid

 p
o

si
tio

n
 in

 y
 d

ir
ec

tio
n

m

Grid position in x direction

a b

Fig. 1. (a) Bathymetry of the 6th cubed sphere face in the experiments and (b) cavity geometry of RIS in EI. The numbers on the

axes indicate the positions of grids on the model domain. Grid boxes shaded light green in (b) indicate the locations covered by RIS

in the model and the numbers in (b) indicate the thickness of the water column in the cavity. The units of bathymetry and water10

column thickness in the cavity are in m.

3 Results

3.1 Simulated basal melting of RIS and its local effects

There is significant interdecadal variability in the simulated basal melt rate, which is smaller in the last 100 years than in

other periods (Fig.2a). This difference in the interdecadal variability may be due to the influence of ocean system15

adjustment processes. After approximately 400 years of adjustment, the ocean reaches a quasi-equilibrium state and the

decadal variability becomes smaller. Therefore, in this study, only integration data of the last 100 years is used. In the

simulation result, only 2 out of 15 grid boxes of RIS experience annual mean freezing and the largest melt occurs near the
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ice shelf front (Fig. 2b). As illustrated in Table 3, the melt rate averaged over the entire RIS is 0.25 m a-1, which is

comparable to the results of Hellmer and Jacobs (1995), Assmann et al. (2003), Arzeno et al. (2014), and Mathiot et al.

(2017), but higher than that of Shabtaie and Bentley (1987), Holland et al. (2003), Dinniman et al. (2007,2011), Depoorter et

al. (2013), and Moholdt et al. (2014), and lower than that of Timmermann et al. (2012). There is no clear difference in the

basal melt rate between Ross East and Ross West, as revealed by Rignot et al. (2013). The highest melt occurs in April5

(approximately 0.269 m a-1) and the lowest melt occurs in November (approximately 0.238 m a-1) (Fig. 2c). This differs from

the results of Holland et al. (2003), in which the largest basal melt rate occurs in November. This difference in seasonality

may be due to the combined effects of such factors as melting mechanisms in the modeled ice shelf, adjustment processes of

the model system, atmospheric forcing, and the influence of boundary conditions. The modeling system used by Holland et

al. (2003) did not incorporate wind and sea ice and the surface temperature and salinity was restored. In a two-year10

simulation after six years of spin up using a regional model, Dinniman et al. (2007) obtained a maximum basal melt rate in

February and a minimum value in September.
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Fig. 2. Basal melting rates of RIS (m a-1) in EI. (a) Variation of the annual and areal mean melting rate over the last 250 years.

(b) Spatial distribution of the mean melting rate over the last 100 years. (c) Seasonal cycle averaged over the ice-shelf area and the15

last 100 years.
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Due to the inclusion of ice shelf melting in EI, cold and fresh water is supplemented into the RIS cavity and the water

there becomes colder and fresher than its counterpart in EN (Fig. 3). The relationship between salinity differences and

temperature differences of RIS cavity water for the two experiments is quasi-linear, implying that larger salinity differences5

correspond to larger temperature differences. This is fundamentally governed by the latent heat formula in the model

equations. The maximum decrease of water temperature and salinity in the cavity can reach 0.50 °C and 0.25 PSU,

respectively, due to the RIS melting effect and there seems to be no significant difference between inflow and outflow in the

cavity (Fig. 3). This implies that, in quasi-equilibrium, a significant amount of outflowing freshwater recirculates into the

cavity.10
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Fig. 3. Salinity difference-temperature difference distribution of water in the RIS cavity (EI minus EN). The horizontal axis is for

salinity difference and the vertical axis is for temperature difference. The inflow difference and outflow difference are marked

with red and black, respectively. The units for salinity and temperature are PSU and °C, respectively.

15
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3.2 Influence of BMRIS on the Southern Ocean

BMRIS contributes to salinity changes in the Southern Ocean (ocean south of 35º S; separation of the global ocean in 1 x 1

longitude-latitude grids is shown in Fig. S1). The area-averaged salinity decreases in water deeper than 1500 m (Fig. 4). In

the Southern Atlantic Ocean, the salinity increases in water deeper than 4000 m. From the surface to 1500 m, the curves of

salinity difference have similar shapes, whereas the curves of temperature difference do not. In the middle layer of the water5

body (approximately 1500–3000 m), the water in EI becomes colder and fresher due to the addition of cold and fresh water.

In the deep ocean (deeper than 3100 m), the water in EI predominantly becomes warmer. In the shallow ocean (shallower

than approximately 550 m), the temperature biases are more varied (see Fig. 4a-4c). At the sea bottom, water in most of the

area south of 45° S becomes fresher (Fig. 5), which is consistent with the results from Fig. 4; large differences mostly appear

in the cavity of RIS (Fig. 5). The BMRIS has the biggest influence on bottom water in the Southern Pacific Ocean, especially10

the Ross Sea and its adjacent western (looking from the north) deep ocean. The signal of the BMRIS effect is weak in the

Southern Atlantic Ocean compared to those in the Southern Pacific Ocean and the Southern Indian Ocean. This result agrees

with the results of thermohaline circulation, in which the deep current moves southward in the Atlantic Ocean

15
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Fig. 4. Area-averaged differences of salinity (solid circle) and potential temperature (open circle) (EI minus EN). The horizontal

axis represents the difference and the vertical axis represents ocean depth. (a) Southern Pacific Ocean. (b) Southern Atlantic

Ocean. (c) Southern Indian Ocean. The units for salinity and temperature are PSU and °C, respectively.

5
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Fig. 5. Annual mean salinity differences (EI minus EN, shaded) at the sea bottom. The contour lines represent the water thickness

with intervals of 1000 m. The unit for salinity is PSU.

Using the International Thermodynamic Equation of Seawater-2010 (TEOS-10), the total differential in density  can be

expressed as5
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 ; AS is absolute salinity, is conservative temperature, p is pressure,  is

the coefficient of thermal expansion, and  is the coefficient of haline contraction. Using the Gibbs Seawater

Oceanographic Toolbox in Fortran (https://github.com/TEOS-10/GSW-Fortran), such variables as AS ,  ,  ,  , and 

can be easily computed. The AS difference- difference distribution of water in the RIS cavity (EI minus EN) is similar to10

that in Fig. 3. In polar oceans,  is at least several times  (see Fig. S1). This implies that the change of density is more
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sensitive than that of salinity. The added fresh water reduces the salinity in water near the RIS. This reduced salinity gives

rise to a reduction in sea water density (Fig. S2).

BMRIS therefore adds a freshwater flux of 3.15 mSv (1 mSv=103 m3 s-1) to the upper ocean. This surplus of fresh water

decreases the ocean water density and generates anticlockwise circulation anomalies in the Ross Sea. In addition, due to the

topography effect near the location (65° S, 170° E), a clockwise circulation anomaly is induced and superimposed on the5

Antarctic circumpolar current (ACC) in EI (Fig. 6). The two circulation anomalies work together to produce a warm

advection anomaly near the location (67° S, 180° E). Associated with this warm advection anomaly is a warm sea surface

temperature (SST) anomaly (Fig. 6a). The cold water from BMRIS is advected clockwise by ACC, which contributes to a

cold SST anomaly, an anomalous surplus of sea ice concentration (SIC), and a sea ice thickness (SIT) surplus over a broad

area (Figs. 6 and 7). In the austral winter, the sea ice extent increases due to decreased SST. The anticlockwise circulation10

anomaly associated with the low water density anomaly in the Ross Sea and the circulation anomaly in the north forms a

convergence anomaly at the margins of the ice cover, approximately along the latitude circle of 62° S. This leads to warm

water accumulation and SST increases in EI (Fig. 6b), as well as SIC and SIT decreases (Fig. 7b). These observed SIT

differences contrast to those of Hellmer (2004), in which SIT in the Ross Sea increases and shows no significant difference

in ocean areas downstream the Ross Sea. His study reports the results of the 20th model year from a regional coupled ice-15

ocean model and the RIS cavity geometry is not included in the model bathymetry for the no sub-ice freshwater input

experiment. Thus, differences between these studies may largely be due to the different treatments of RIS cavity geometry in

the no sub-ice melting experiments. In this study, the difference of quasi-equilibrium states is discussed and the magnitude of

the SIT difference is far smaller than that reported in Hellmer (2004).
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Fig. 6. Differences of sea surface temperature (shaded contours) and current (arrows) (EI minus EN). (a) March. (b) September.

The units for temperature and current are °C and m s-1, respectively.
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Fig. 7. Differences of sea ice concentration (SIC) and sea ice thickness (SIT) (EI minus EN). (a) March. (b) September. The5

differences of SIT are shaded. The contours in black represent the differences of SIC, in which contour intervals are 0.02 and 0.05

for (a) and (b), respectively, and lines of 0 are not plotted. The units for SIC and SIT are 100% and m, respectively.

Similar to the pattern of surface currents (Fig. 6), the ACC is weakened in the depth-averaged ocean currents in regions

other than that north of the Ross Sea when the BMRIS effect is considered (Fig. 8). There are two clear differences in10

circulation near the Ross Sea. One is anti-clockwise and the other is clockwise. This circulation pattern is maintained until

approximately 2000 m depth (Fig. S4), implying a combined influence of salinity difference from BMRIS and the

characteristics of local bathymetry. As the density field is dynamically linked with the flow field, the ultimate pattern of

ACC differences is the result of the mutual adjustment between the velocity and density fields.
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Fig. 8. Differences of annual mean depth-averaged ocean currents (EI minus EN). The unit of velocity is m s-1.

The meridional overturning circulation (MOC), which is a system of surface and deep currents encompassing all ocean

basins, is usually depicted by the meridional transport stream function. When the BMRIS effect is introduced, the strength of

the Antarctic Subpolar Cell and Lower Cell weakens (Fig. 9a) (here, the cell names follow the convention of Farneti et al.5

(2015)). This is because the enrichment of fresh water from BMRIS decreases the water density and dampens the sink of

surface dense water, thus significantly weakening the downward branch of MOC over the Antarctic continental slope. As a

consequence, the formation and spreading of the AABW will also be influenced.

Because the meridional transport stream function in depth-latitude space cannot reflect real diapyncnal transport in the

ocean (the path of overturning circulation may parallel the contour of potential density in some places), it is recommended10

that it be evaluated in density-latitude space (Ballarotta, et al., 2013). When zonal integration is performed along potential

isopycnals, the positions and strength of cells in the meridional-isopycnal frame cannot always be traced back to their

counterparts in depth-latitude space. As seen in Fig. 9b (the calculation of potential density follows the algorithm of Jackett

et al. (2006) and the reference pressure used here is 2000 dbar), there are more isolated cells that have no counterparts in Fig.

9a. The strength and position of the Subpolar Cell, Upper Cell, and Lower Cell in this model much more closely resemble15

those in ACCESS and GFDL-MOM given in Farneti et al. (2015). The strength and position of simulated cells in Farneti et

al. (2015) are variable; the biggest discrepancy among the models exists in the strength of the anti-clockwise Lower Cell,
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which ranges from 20 Sv to zero. The simulated strength of the Lower Cell from EI is approximately 15 Sv. In density-

latitude space, the Subpolar Cell and Lower Cell in the Southern Ocean also weakens (Fig. 9b). This is also shown in Fig. 9a.
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Fig. 9. Meridional transport stream function of EI (shaded contours) and its difference from EN (EI-EN, contours): (a) in depth-

latitude space and (b) in density-latitude space. The contour intervals for the meridional transport stream function difference in (a)5

and (b) are 0.1 Sv and 0.2 Sv, respectively, and the 0 Sv line is not plotted.

The simulated heat transport in EI is similar to that derived from the NCEP reanalysis dataset given by Trenberth and

Caron (2001) with an exception in latitudes around 55° S, where the simulated southward heat transport is approximately 0.2

PW weaker. The BMRIS contributes to the ocean heat transport anomaly by changing MOC. Considering the global ocean10

as one water body, the BMRIS contributes to reduced southward heat transport in most latitudes of the Southern Ocean; the

maximum reduction occurs at approximately 70° S (Fig. 10). Compared to the magnitude of the full heat transport, the

maximum reduction of southward heat transport occurs at 71° S with an approximate value of 6%, whereas the relative

reduction is less than 1% at most other latitudes.

15
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Fig. 10. Meridional heat transport for the global ocean from EI (blue line on the right vertical axis) and its deviation from EN (EI

minus EN, black line on the left vertical axis). The units for the vertical and horizontal axes are PW and degrees, respectively.

4 Conclusion and discussion

Through numerical modeling, we studied the influences of BMRIS on the Southern Ocean in quasi-equilibrium. The aim of5

the study was to show that, through steady basal melting, the BMRIS leads to some interesting long-term phenomena. In

quasi-equilibrium, the freshwater flux from BMRIS is 3.15 mSv, which is associated with a basal melt rate of 0.25 m a-1.

This freshwater decreases the salinity and density in the Antarctic Ocean. The decreased density from BMRIS together with

the influence of ocean bathymetry generates local circulation differences in the Ross Sea and adjacent regions. These

differences in circulation contribute to increased SST and decreased sea ice concentration in the affected ocean area. The10

cold anomaly from BMRIS is advected clockwise by ACC and then increases sea ice thickness and sea ice concentration in

the affected region. In quasi-equilibrium, the strength of ACC in most areas except the northern part of the Ross Sea is

reduced. The density anomaly from BMRIS stabilizes the water near Antarctica and weakens the sub-polar cell as well as the

lower cell in the global MOC, which is accompanied by reduced southward meridional heat transport in the Southern Ocean,

except for a very small area of ocean adjacent to Antarctica.15
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According to a simulation study by Beckmann and Goosse (2003), in which ice shelf basal melting was parameterized as a

function of oceanic temperature on the shelf/slope area of the adjacent ocean as well as an effective area of interaction, the

basal melt rate of RIS differs substantially with different atmospheric forcing fields. Atmospheric forcing resolution affects

the delivery of ocean heat to Antarctic floating ice shelves; higher-resolution winds can lead to more heat being delivered to

the ice shelf cavities from the adjacent ocean and an increased efficiency of heat transfer between water and ice (Dinniman et5

al., 2015). Thus, simulations with other atmospheric forcing fields may be useful to ascertain the effects of BMRIS on the

Antarctic Ocean.

Ice shelves range in size from 500 000 km2 (RIS) to approximately 100 km2 (Ferrigno ice shelf). Current global ocean

model configurations cannot explicitly resolve all the ice shelf cavities, especially in large-scale simulations. As illustrated

by some studies (for example, Rignot et al., 2013; Nakayama et al., 2014), small ice shelves can produce significantly more10

freshwater than RIS and impact the Antarctic climate both locally and regionally in significant ways. Not all ice shelves are

in a stable state (some are thickening and some are thinning) (Rignot et al., 2013). To study the long-term influences of

stable ice shelf basal melting on the Southern Ocean, the RIS was included with an appropriate model resolution for long

integration in this study. However, model horizontal resolution is important not only for simulating the conditions

underneath the ice shelf that lead to basal melting but also for the open-ocean conditions that deliver heat to ice shelf cavities15

and for identifying relevant water masses (Dinniman et al.,2016; Little and Urban, 2016). Increasing the model resolution

dramatically improves the representation of Circumpolar Deep Water on the Amundsen Sea continental shelf (Nakayama et

al., 2014; Dinniman et al., 2015). More research using a finer resolution should be conducted to reduce the uncertainty in the

simulation of the BMRIS effect on the Southern Ocean. Moreover, the effects of other ice shelves, such as the Filcher-Ronne

ice shelf, should also be evaluated.20

In this study, ISOMIP thermodynamics were used, which neglect the velocity dependence of heat- and salt-transfer

coefficients. In velocity-independent melt rate parameterizations, the impact of currents or tides on the distribution of sub-

ice-shelf melting is indirect, and therefore limited (Dansereau et al.,2014). If the velocity dependence of transfer coefficients

is considered, as in the most recent modeling studies using fine grids (Dansereau et al.,2014; Asay-Davis et al.,2017),

differences in melt rate patterns may be observed. These differences may be more significant in higher resolution modeling25

because of the improved resolution of high boundary layer currents.

Acknowledgments I would like to thank X. Asay-Davis and R. Walker for their thorough review and helpful comments and

suggestions. The experiments in the work were designed and performed during visits to Cecilia M. Bitz at the University of30



17

Washington in Seattle. I would also like to thank X. Zhang for his helpful questions on the manuscript. This work is partly

sponsored by the China Special Fund for Research in the Public Interest (Grant No. GYHY201506011) and the Natural

Science Foundation of China (Grant No. 41276190).

References

Adcroft, A., Hill, C., and Marshall, J.: Representation of topography by shaved cells in a height coordinate ocean model,5

Mon. Weather Rev.,125(9), 2293–2315, doi:10.1175/1520-0493(1997)125<2293:ROTBSC>2.0.CO;2, 1997.

Asay-Davis, X. S., Nicolas C. J., and Nakayama, Y.: Developments in Simulating and Parameterizing Interactions Between

the Southern Ocean and the Antarctic Ice Sheet, Current Climate Change Reports, 3, 316–329, doi:10.1007/s40641-017-

0071-0, 2017.

Arzeno, I. B., Beardsley, R. C., Limeburner, R., Owens, B., Padman, L., Springer, S. R., Stewart, C. L., and Williams, M. J.10

M.: Ocean variability contributing to basal melt rate near the ice front of Ross Ice Shelf, Antarctica, J. Geophys. Res. Oceans,

119, 4214–4233, doi:10.1002/2014JC009792, 2014.

Assmann, K., Hellmer, H., and Beckmann, A.: Seasonal variation in circulation and water mass distribution on the Ross Sea

continental shelf, Antarctic Science, 15, 3–11, doi: 10.1017/S0954102003001007, 2003.

Beckmann, A., and Goosse, H.: A parameterization of ice shelf- ocean interaction for climate models, Ocean Modell., 5,15

157–170, doi:10.1016/S1463-5003(02)00019-7, 2003.

Ballarotta, M., Drijfhout, S., Kuhlbrodt, T., and Döös, K.: The residual circulation of the Southern Ocean: which spatio-

temporal scales are needed? Ocean Modell., 64, 46–55, doi: 10.1016/j.ocemod.2013.01.005, 2013.

Budillon, G., Castagno, P., Aliani, S., Spezie G., and Padman L.: Thermohaline variability and Antarctic bottom water

formation at the Ross Sea shelf break, Deep Sea Res., 58, 1002–1018, doi:10.1016/j.dsr.2011.07.002, 2011.20

Depoorter, M. A., Bamber, J. L., Griggs, J. A., Lenaerts, J. T. M., Ligtenberg, S. R. M., van den Broeke, M. R., and Moholdt,

G.: Calving fluxes and basal melt rates of Antarctic ice shelves, Nature, 502, 89–92, doi: 10.1038/nature12567,2013.

Dinniman, M. S., Klinck, J. M., and Smith, Jr. W. O.: Influence of sea ice cover and icebergs on circulation and water mass

formation in a numerical circulation model of the Ross Sea, Antarctica, J. Geophys. Res., 112, C11,013,

doi:10.1029/2006JC004036, 2007.25



18

Dinniman, M. S., Klinck, J. M., and Smith, Jr. W. O.: A model study of circumpolar deep water on the West Antarctic

Peninsula and Ross Sea continental shelves, Deep-Sea Res. Pt. II, 58, 1508–1523, doi:10.1016/j.dsr2.2010.11.013,2011.

Dinniman, M. S, Asay-Davis, X. S., Galton-Fenzi, B. K., Holland, P. R., Jenkins, A.,and Timmermann, R.: modeling Ice

Shelf/Ocean Interaction in Antarctica: A Review, Oceanography, 29, 144–153, doi:10.5670/oceanog.2016.106, 2016.

Döös, K. and Webb, D.: The Deacon Cell and the other meridional cells of the Southern Ocean, Journal of Physical5

Oceanography, 24, 429–442, doi: 10.1175/1520-0485(1994)024<0429:TDCATO>2.0.CO;2, 1994.

Farneti, R., Downes, S.M., Griffies, S.M., Marsland, S.J., Behrens, E., Bentsen, M., Bi D., Biastoch, A., Böning, C., Bozec,

A., Canuto, V.M., Chassignet, E., Danabasoglu, G., Danilov, S., Diansky, N., Drange, H., Fogli, P.G., Gusev, A., Hallberg,

R. W., Howard, A., Ilicak, M., Jung, T., Kelley, M., Large, W.G., Leboissetier, A., Long, M., Lu, J., Masina, S., Mishra, A.,

Navarra, A., George Nurser, A.J., Patara, L., Samuels, B.L., Sidorenko, D., Tsujino, H., Uotila, P., Wang, Q., and Yeager,10

S.G.: An assessment of Antarctic Circumpolar Current and Southern Ocean Meridional Overturning Circulation during

1958-2007 in a suite of interannual CORE-II simulations. Ocean Model., 93, 84–120, doi:10.1016/j.ocemod.2015.07.009,

2015.

Galton-Fenzi, B. K., Hunter, J. R., Coleman, R.S., Marsland, J., and Warner, R. C.: Modeling the basal melting and marine

ice accretion of the Amery Ice Shelf, J. Geophys. Res., 117, C09031, doi:10.1029/2012JC008214, 2012.15

Gent, P. R., and McWilliams, J. C.: Isopycnal mixing in ocean circulation models, J. Phys. Oceanogr., 20, 150–155, doi:

10.1175/1520–0485(1990)020<0150:IMIOCM>2.0.CO;2, 1990.

Grosfeld, K. and Sandhäger, H.: The evolution of a coupled ice shelf-ocean system under different climate states, Global and

planetary change, 42, 107–132, doi: 10.1016/j.gloplacha.2003.11.004, 2004.

Hellmer, H. H., and Jacobs, S. S.: Seasonal circulation under the eastern Ross Ice Shelf, Antarctica. J. Geophys. Res., 100,20

10873–10885, doi: 10.1029/95JC00753, 1995.

Hellmer, H. H.: Impact of Antarctic ice shelf basal melting on sea ice and deep ocean properties, Geophys. Res. Lett., 31,

L10307, doi:10.1029/ 2004GL019506, 2004.

Hellmer, H. H., Kauker, F., Timmermann, R., Determann, J., and Rae, J.: Twenty-first-century warming of a large Antarctic

ice-shelf cavity by a redirected coastal current, Nature, 485, 225–228, doi:10.1038/ nature11064, 2012.25

Hibler, III, W. D.: modeling a variable thickness sea ice cover, Mon. Wea. Rev., 1, 1943–1973, doi:10.1175/1520-

0493(1980)108<1943:MAVTSI>2.0.CO;2, 1980.



19

Holland, D. M., Jacobs, S. S., and Jenkins, A.: Modeling the ocean circulation beneath the Ross Ice Shelf, Antarct. Sci., 15,

13–23, doi:10.1017/S0954102003001019, 2003.

Jackett, D. R., McDougall, T. J., Feistel, R., Wright, D.G., Griffies, S.M: Algorithms for density, potential temperature,

Conservative Temperature, and the freezing temperature of seawater. J. Atmos. Oceanic Technol., 23, 1709–1728, doi:

10.1175/JTECH1946.1, 2006.5

Jenkins, A., Hellmer, H. H., and Holland, D. M.: The role of meltwater advection in the formulation of conservative

boundary conditions at an ice-ocean interface, J. Phys. Oceanogr., 31, 285–296, doi: 10.1175/1520-

0485(2001)031<0285:TROMAI>2.0.CO;2, 2001.

Kusahara, K., and Hasumi, H.: modeling Antarctic ice shelf responses to future climate changes and impacts on the ocean, J.

Geophys. Res. Oceans, 118, 2454–2475, doi:10.1002/jgrc.20166, 2013.10

Large, W., McWilliams, J., and Doney S.: Oceanic vertical mixing: A review and a model with nonlocal boundary layer

parameterization, Rev. Geophys., 32, 363–403, doi:10.1029/94RG01872, 1994.

Large, W. G., and Yeager S. G.: The global climatology of an interannually varying air–sea flux data set, Climate Dynamics,

33, 341–364, doi:10.1007/s00382-008-0441-3.,2009.

Little, C. M., and Urban, N. M.: CMIP5 temperature biases and 21st century warming around the Antarctic coast, Annals of15

Glaciology, 57, 69–78, doi:10.1017/aog.2016.25, 2016.

Liu, X. Y., and Liu, H. L.: Investigation of influence of atmospheric variability on sea ice variation trend in recent years in

the Arctic with numerical sea ice-ocean coupled model, Chinese J. Geophys. (in Chinese), 55, 2867–2875, doi:

10.6038/j.issn.0001-5733.2012.09.006, 2012.

Losch, M.: Modeling ice shelf cavities in a z coordinate ocean general circulation model, J. Geophys. Res., 113, C08043,20

doi:10.1029/2007JC004368, 2008.

Marshall, J., Hill, C., Perelman, L., and Adcroft, A.: Hydrostatic, quasi- hydrostatic and non-hydrostatic ocean modeling. J.

Geophys. Res., 102, 5733–5752, doi: 10.1029/96JC02776, 1997.

Mathiot, P., Jenkins, A., Harris, C., and Madec, G.: Explicit representation and parametrised impacts of under ice shelf seas

in the z* coordinate ocean model NEMO 3.6, Geosci. Model Dev., 10, 2849-2874, doi:10.5194/gmd-10-2849-2017, 2017.25



20

Moholdt, G., Padman, L., and Fricker, H. A.: Basal mass budget of Ross and Filchner-Ronne ice shelves, Antarctica, derived

from Lagrangian analysis of ICESat altimetry, J. Geophys. Res. Earth Surf., 119, 2361 – 2380,

doi:10.1002/2014JF003171,2014.

Nakayama, Y., Timmermann, R., Rodehacke, C. B., Schröder, M., and Hellmer, H. H.: modeling the spreading of glacial

meltwater from the Amundsen and Bellingshausen Seas, Geophys. Res. Lett., 41, 7942–7949, doi:10.1002/2014GL061600,5

2014.

Nost, O.A., and Foldvik, A.: A model of ice shelf ocean interaction with application to the Filchner Ronne and Ross Ice

Shelves, J. Geophys. Res., 99, 14243–14254, doi:10.1029/94JC00769, 1994.

Paolo, F. S., Fricker, H. A., and Padman, L.: Volume loss from Antarctic ice shelves is accelerating, Science, 348, 327–331,

doi:10.1126/ science.aaa0940, 2015.10

Reddy, T. E., Holland, D. M., and Arrigo, K. R.: Ross ice shelf cavity circulation, residence time, and melting: Results from

a model of oceanic chlorofluorocarbons, Continental Shelf Research, 30, 733–742, doi: 10.1016/j.csr.2010.01.007, 2010.

Redi, M. H.: Oceanic isopycnal mixing by coordinate rotation, Journal of Physical Oceanography, 12, 1154–1158, doi:

10.1175/1520-0485(1982)012<1154:OIMBCR>2.0.CO;2, 1982.

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl B.: Ice shelf melting around Antarctica, Science, 341, 266–270,15

doi:10.1126/science.1235798, 2013.

Rowley, R. J., Kostelnick, J. C., Braaten, D., Li, X. and Meisel, J.:Risk of rising sea level to population and land area. Eos,

88, 105–107, doi:10.1029/2007EO090001, 2007.

Shabtaie, S., and Bentley, C. R.: West Antarctic ice streams draining into the Ross Ice Shelf: configuration and mass balance.

J. Geophys. Res., 92, 1311–1336, doi:10.1029/ JB092iB02p01311, 1987.20

Timmermann, R., Le Brocq, A., Deen, T., Domack, E., Dutrieux, P., Galton-Fenzi, B., Hellmer, H., Humbert, A., Jansen, D.,

Jenkins, A., Lambrecht, A., Makinson, K., Niederjasper, F., Nitsche, F., Nøst, O. A., Smedsrud, L. H., and Smith, W. H. F.:

A consistent data set of Antarctic ice sheet topography, cavity geometry, and global bathymetry, Earth Syst. Sci. Data, 2,

261–273, doi:10.5194/essd-2-261-2010, 2010.

Timmermann, R., Wang, Q., and Hellmer, H. H.: Ice-shelf basal melting in a global finite-element sea-ice/ice-shelf/ocean25

model, Ann. Glaciol., 53, 303–314, doi:10.3189/2012AoG60A156,2012.



21

Walker, R., and Holland, D. M.: A two-dimensional coupled model for ice shelf-ocean interaction, Ocean Modeling, 17,

123–139, doi: 10.1016/j.ocemod.2007.01.001,2007.

Walker, R. T., Dupont, T. K., Holland, D. M., Parizek, B. R., Alley, R. B.: Initial effects of oceanic warming on a coupled

ocean–ice shelf–ice stream system, Earth and Planetary Science Letters, 287, 483–487, doi:10.1016/j.epsl.2009.08.032, 2009.

Zhang, J., and Hibler III, W. D.: On an efficient numerical method for modeling sea ice dynamics, J. Geophys. Res., 102,5

8691–8702, doi:10.1029/96JC03744, 1997.

Table 1. An incomplete list of ice shelf-ocean coupled modeling studies

Publication Ocean model Ice shelf

implementation

Domain and time periods covered

Beckmann and

Goosse (2003)

Coupled Large-scale Ice Ocean

(CLIO)

parameterization

from an ice shelf-

ocean interaction

model

global, 100 years

Grosfeld and

Sandhager,

(2004)

Rigid-lid, hydrostatic primitive

equation model, formulated in

spherical coordinates

dynamic 900 km x 700 km in the horizontal, 300 years

Hellmer (2004) Bremerhaven Regional Ice Ocean

Simulations (BRIOS)

thermodynamics with

fixed cavity

circumpolar, 20 years

Walker and

Holland (2007)

A two-dimensional model in the yz-

plane

simplified dynamic 600 km x 1100 m, 600 years

Losch (2008) MIT general circulation model

(MITgcm)

thermodynamics with

fixed cavity

in ISOMIP (Ice Shelf–Ocean Model Intercomparison Project)

experiment: from 0º E to 15ºE and 80º S to 70º S, 10 000 days

in (nearly) global ocean model (excluding the Arctic Ocean)

experiment: 80ºN southward, 100 years

Timmermann et

al. (2012)

Finite Element Sea-ice Ocean Model

(FESOM)

thermodynamics with

fixed cavity

global, 53 years

Galton-Fenzi et Regional Ocean Modeling System thermodynamics with regional, 20 years
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al. (2012) (ROMS) fixed cavity

Kusahara and

Hasumi (2013)

Sea ice-ocean coupled model

(COCO)

thermodynamics with

fixed cavity

circumpolar, 25 years for CTRL run and 38 additional years for

ERA-INT case

Mathiot et al.

(2017)

Nucleus for European Modeling of

the Ocean (NEMO)

thermodynamics with

fixed cavity

in academic case: from 0ºE to 15ºE and 80º S to 70º S, 10 000 days

in real ocean application: circumpolar, 10 years
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Table 2. Major parameters for the shelfice package used in EI

Parameter Value Parameter Value

Heat transfer coefficient that determines

heat flux into ice shelf

10-4 m s-1 Salinity transfer coefficient that

determines the salt flux into the ice

shelf

5.05 10-7 m s-

1

If a simple ISOMIP (Ice Shelf-Ocean

Model Intercomparison Project)

thermodynamics is used

yes If conservative ice-ocean interface

boundary condition following Jenkins

et al. (2001) is used

no

If average over boundary layer width is

used

yes If slip condition for ice shelf is used yes
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Table 3. Basal melt rates averaged over the entire RIS derived in this study and other studies

Basal melt rates (m/a) Source Brief description

0.12 ± 0.03 Shabtaie and Bentley (1987) Calculated from the measured ice flux

into the Ross Ice Shelf and previous

measurements

0.18–0.27 Hellmer and Jacobs (1995) Calculated from a two-dimensional (y/z

plane) channel flow model forced by

density differences between the open

boundaries and the interior cavity

0.25 Assmann et al. (2003) Calculated from a circumpolar

numerical model

0.082 Holland et al. (2003) Calculated from a regional numerical

model (MICOM)

0.13–0.15 Dinniman et al. (2007) Calculated from a regional numerical

model (ROMS)

0.15 Dinniman et al. (2011) Calculated from the ROMS model

0.6 Timmermann et al. (2012) Calculated from a global finite element

ocean model (FESOM)

0.0± 0.1 for Ross West

0.3 ± 0.1 for Ross East

Rignot et al. (2013) Calculated from radar measurements and

output products from the Regional

Atmospheric and Climate Model

RACMO2

0.14 ± 0.05 Depoorter et al. (2013) Calculated from radar measurements and

a regional climate model (for firn air

content and compaction)

0.25 (without tidal forcing)

0.32 (with tidal forcing)

Arzeno et al. (2014) Calculated from the ROMS model

0.11 ± 0.14 (converted from the

basal melt budget of RIS dM/dt in

Table 3 with an ice density of 918

Moholdt et al. (2014) Derived from Lagrangian analysis of

ICESat (NASA’s Ice, Cloud and Land

Elevation Satellite) altimetry
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kg/m3)

0.24 (converted from basal melt in

Gt a-1 for the last year of simulation

in R_MLT in Table 3 with an RIS

area of 500 000 km2 and an ice

density of 918 kg m-3)

Mathiot et al. (2017) Calculated from a regional numerical

model (NEMO)

0.25 This study Calculated from quasi-equilibrium state

of a global numerical model (MITgcm)


