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Ice shelf basal melt rates around Antarctica from simulations
and observations
M. P. Schodlok'-2, D. Menemenlis2, and E. J. Rignot23

'Joint Institute for Regional Earth System Science and Engineering, University of California Los Angeles, Los Angeles,
California, USA, %Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA, 3Department of
Earth System Science, University of California Irvine, Irvine, California, USA

Abstract we introduce an explicit representation of Antarctic ice shelf cavities in the Estimating the Cir-
culation and Climate of the Ocean, Phase Il (ECCO2) ocean retrospective analysis; and compare resulting
basal melt rates and patterns to independent estimates from satellite observations. Two simulations are car-
ried out: the first is based on the original ECCO2 vertical discretization; the second has higher vertical resolu-
tion particularly at the depth range of ice shelf cavities. The original ECCO2 vertical discretization produces
higher than observed melt rates and leads to a misrepresentation of Southern Ocean water mass properties
and transports. In general, thicker levels at the base of the ice shelves lead to increased melting because of
their larger heat capacity. This strengthens horizontal gradients and circulation within and outside the cav-
ities and, in turn, warm water transports from the shelf break to the ice shelves. The simulation with more
vertical levels produces basal melt rates (1735 = 164 Gt/a) and patterns that are in better agreement with
observations. Thinner levels in the sub-ice-shelf cavities improve the representation of a fresh/cold layer at
the ice shelf base and of warm/salty water near the bottom, leading to a sharper pycnocline and reduced
vertical mixing underneath the ice shelf. Improved water column properties lead to more accurate melt
rates and patterns, especially for melt/freeze patterns under large cold-water ice shelves. At the 18 km grid
spacing of the ECCO2 model configuration, the smaller, warm-water ice shelves cannot be properly repre-
sented, with higher than observed melt rates in both simulations.

1. Introduction

The Antarctic Ice Sheet loses mass through iceberg calving at the ice shelf front and basal melt at the base
of the ice shelves. The latter is a larger contribution by ~20% [Rignot et al., 2013] and has a larger impact on
local water mass formation. On the one hand, ice shelves, which comprise about 45% of the Antarctic coast-
line, provide heat and freshwater fluxes through basal melt at the ice-shelf-ocean interface, transforming
water masses in the sub-ice-shelf cavity and on the continental shelf. These water masses subsequently con-
stitute an important part of deep and bottom water mass formation on the southern continental shelf and
beyond [Foldvik et al., 1985; Hellmer et al., 2005; Schodlok et al., 2008]. Icebergs, on the other hand, float
away from their region of calving and provide heat and freshwater fluxes farther away from the ice shelf,
constituting local sources for, e.g., bio-productivity [Smith et al., 2007], but not contributing to water mass
formation near the ice-shelf-ocean interface. One exception is when icebergs become grounded, in which
case they can impact continental shelf circulation with consequences to exchanges between continental
shelf and ice-shelf cavity water masses [Grosfeld et al., 2001], hence changing ice-shelf-ocean heat and fresh-
water fluxes and the ice-shelf mass balance.

Previous studies [e.g., Gille, 2002; Jacobs, 2006; Schmidtko et al., 2014] have reported significant recent
changes in Southern Ocean water masses. The general trends are toward increased temperature and
decreased salinity, which might cause or result from increasing Antarctic Ice Sheet mass loss, changes in
precipitation, sea ice formation, wind regime and associated changes in ocean and atmosphere circulation.
To quantify the ocean contribution to the mass loss of the Antarctic ice sheet, we need to investigate and
understand the mechanisms of heat and freshwater fluxes between the open ocean and the ice shelf cav-
ities and the impact of these fluxes on basal melt patterns and rates. Improved quantification and under-
standing of ice-shelf-ocean interaction will enable better description and prediction of the impact of ice
shelves on ice sheet mass balance and global sea level change. Changes in ice shelf thickness and
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grounding line position affect the stability and flow speed of outlet glaciers that nourish them with ice from
the continent. Improved representation of ice shelves and of their interaction with the ocean is therefore
also critical to study the stability of the Antarctic Ice Sheet and its current and future contribution to sea
level rise [e.g., Thomas and Bentley, 1978].

Estimates of basal melt are currently derived from ocean heat content analyses [e.g., Jacobs et al., 2011], sat-
ellite data [e.g., Joughin and Padman, 2003; Rignot et al., 2013; Paolo et al., 2015], noble gases or stable iso-
topes and CFC's [Loose et al., 2009], and sparse measurements [e.g., Stanton et al., 2013]. In situ observations
of basal freezing and melting rates, spatial patterns, and temporal variability for the majority of the ice
shelves are nonexistent or scarce. Hence, most numerical simulations are poorly constrained or uncon-
strained by observations. Modeling ice-shelf-ocean interaction in global or Antarctic circumpolar configura-
tions dates back to Beckmann et al. [1999] who used a steady-state approach, whereby the ice shelf is a
rigid slab without flexural response and all basal retreat is compensated with a northward advance of gla-
cier ice. Most model studies since then, including the present study, have followed this steady state
approach. Circumpolar numerical simulations estimate basal melt rates ranging from 900 Gt/a when only
the larger well documented ice shelves are included [Hellmer, 2004] to 1600 Gt/a when a more complete
set of ice shelves is included [Timmermann et al., 2012]. Higher-resolution regional models focused, among
others, on the Antarctic Peninsula [Holland et al., 2010; Dinniman et al., 2012], Amundsen-Bellingshausen
Sea [Schodlok et al., 2012], and Sabrina Coast [Khazendar et al., 2013], and may be used to assess the circum-
polar/global model estimates.

Ice-shelf-ocean interactions are not represented in current-generation models used for climate change pro-
jections (IPCC AR5) [Stocker et al., 2013]. Ice-shelf-ocean interactions are also not represented in current-
generation global-ocean retrospective analyses [e.g., Xue et al., 2012; Wunsch and Heimbach, 2013]. A key
motivation and objective of the present study is to explore the impact of including an explicit representa-
tion of ice-shelf-ocean interaction in a state-of-the-art ocean reanalysis, and by extension in the oceanic
components of IPCC-class climate simulations.

Specifically, we evaluate the impact of incorporating an explicit representation of ice-shelf-ocean interaction
in the Estimating the Circulation and Climate of the Ocean, Phase Il (ECCO2) [Menemenlis et al., 2008] ocean
model configuration. A recent study by Dotto et al. [2014] showed that one of the ECCO2 solutions had
trouble reproducing observed water masses in the Weddell Sea, a limitation that we investigate in this
study. The missing fresh water fluxes from basal melt in current-generation ECCO2 solutions also have
implications for the global overturning circulation [Hellmer, 2004]. In this study, we evaluate versus inde-
pendent, satellite-derived basal melt estimates the impact of (i) explicitly representing ice-shelf-ocean inter-
action and (ii) improving the vertical resolution of the ECCO2 model configuration. The goal is to gain an
understanding of what aspects of ice-shelf-ocean interaction may be improved by an explicit representation
of the processes at model resolutions that are typical of current-generation ocean reanalyses and IPCC sim-
ulations. We also discuss the remaining discrepancies and their causes.

The paper is organized as follows. First, we present the satellite observations of basal melt rate used for
model evaluation. Second, we describe the ECCO2 model configuration and the two model sensitivity
experiments. Third, we discuss the model simulation results and compare them to the observations. Fourth,
we discuss the causes of model-data discrepancies in basal melt rate and patterns. We conclude with rec-
ommendations for future studies and for improved representation of ice-shelf-ocean interaction in ocean
reanalyses and climate simulations.

2. RJMS Observations

Rignot et al. [2013, hereinafter RIMS] use the volume flux divergence of ice shelves in Antarctica, the surface
mass balance (from regional atmospheric climate models), and the rate of ice shelf thickening (from laser
altimetry) to determine melt rate and mass balance for the period 2003-2009 (Figure 1, top). They find that
the basal melt of 1325 = 235 Gt/a is larger than the total calving flux of 1089 = 139 Gt/a and accounts for a
larger fraction of Antarctic mass loss than previously thought. They also find that the large cold-water ice
shelves in the Weddell and Ross Seas contribute only 15% of the net melt while about 50% of the basal
melt originates from ice shelves in the Amundsen-Bellingshausen Seas (see Figure 2b for ice shelf locations).
The latter region shows a high melt/area ratio, which is also found in several East Antarctic ice shelves. The
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Figure 1. Mean circumpolar basal melt rates and pattern (m/a) for (top) RIMS and (bottom) simulation L100. Melt rates are color coded
from < —3 m/a (freezing) to > +3 m/a (melting) and overlaid on an image of a MODIS mosaic of Antarctica (MOA) [Haran et al., 2005].

highest melt rates are found in the Southeast Pacific Sector of the Antarctic Continent, ranging from George
VI to Getz Ice Shelf (IS). On slow-moving to nearly stationary ice shelves like the Wilkins, George VI, Abbot,
and Sulzberger IS, basal melting entirely consumes the inflow of individual glaciers within a few kilometers
of their grounding zones. High melt rates are also revealed in the grounding zones of the Amery, Moscow
University, Shackleton, and Totten IS in East Antarctica. Another finding is a complex spatial pattern of ice
shelf melt water production around the continent, with an outsized contribution of smaller, fast-melting ice
shelves in West and East Antarctica.

The RIMS freeze/melt distribution shows strongest basal melting near the grounding line/zone of the major
ice shelves/glaciers and also along the ice fronts of some of the larger ice shelves. While the larger ice
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Figure 2. (a) Bathymetry (m) of circumpolar model domain. Red lines depict the section locations used in Figures 9 and 11. (b) Ice shelf
thickness (m) for 50 ice shelves and glaciers.

shelves exhibit basal freezing and marine ice formation (negative melt rate), this only occurs in a few of the
smaller, cold-water ice shelves. Freezing is often concentrated on the western sides, which is consistent
with the physical processes of the ice pump, formation of ice shelf water, and its subsequent circulation in
the sub-ice-shelf cavity. Meltwater production from several small East Antarctic ice shelves in the Wilkes
Land sector is surprisingly large. Area-averaged melt rates from Dibble through Vincennes are comparable
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to Amundsen Sea ice shelf melt rates from Crosson through Land, while meltwater produced by Shackleton
and West IS rivals that from Thwaites and Sulzberger IS.

3. Circumpolar Model Configuration

The ECCO2 project produced a global-ocean and sea-ice data synthesis by constraining a global-ocean con-
figuration of the Massachusetts Institute of Technology general circulation model (MITgcm) [Marshall et al.,
1997] to a comprehensive compilation of the available ocean and sea ice data. The ocean/sea-ice model
has horizontal grid spacing of approximately 18 km with 50 vertical levels in its original set up, whereby 20
levels are within the top 320 m. The model is volume conserving and uses a C-Grid finite volume discretiza-
tion. The ocean component of the MITgcm is coupled to a sea ice model, as described in Losch et al. [2010].
In this study we used a circumpolar Southern Ocean domain from the global ECCO2 configuration in order
to reduce computational cost while exploring the impact of ice-shelf-ocean interaction. Freezing/melting
processes in the sub-ice-shelf cavity are represented by the three-equation thermodynamics of Hellmer and
Olbers [1989] with modifications by Jenkins et al. [2001] and implemented in the MITgcm by Losch [2008].
Exchanges of heat and freshwater at the base of the ice shelf are parameterized as diffusive fluxes of tem-
perature and salinity using a constant friction velocity and the turbulent exchange coefficients of Holland
and Jenkins [1999].

In a first simulation (referred to as L050) the vertical and horizontal resolutions remain the same as in the
global ECCO2 model configuration. In a second simulation (referred to as L100) we double the number of
vertical levels to 100 in order to accommodate higher vertical resolution in the depth range of the ice shelf
cavities and the continental shelf (200-1200 m).

The bathymetry (Figure 2, left) is a blend of Smith and Sandwell [1997] v14.1 and, south of 60°S, the Interna-
tional Bathymetric Chart of the Southern Ocean (IBCSO) [Arndt et al., 2013]. The latter includes the best
possible data available in the ice shelf cavity (i.e, BEDMAP2) [Fretwell et al., 2013] and the most recent ship-
based observations on the continental shelf.

With the chosen horizontal grid spacing, 50 ice shelves and glaciers are represented with at least 2 model
grid points. Ice shelf thicknesses (Figure 2, right) are from Griggs and Bamber [2011] and grounding line
locations from Rignot et al. [2011]. Interpolation onto the grid leads to under/overestimation of the ice shelf
area compared to observed areas (see Table 1) due to the location of the grounding line with respect to the
center of the grid cell. Ice front melting is not represented in this model set up as the ice front area is small
compared to the area of the ice shelf base.

The MITgcm uses the partial cell formulation of Adcroft et al. [1997] to accurately represent the shape of the
sea floor, the continental slope, and the base of ice shelves. Some adjustments to bathymetry and ice shelf
thickness are necessary in areas with negative water column thickness (e.g. Totten Glacier) to allow
exchange of water between the ice shelf cavity and the continental shelf. We apply a bottom boundary
layer scheme that allows downslope flow of dense water masses into the abyss while limiting artificial
numerical mixing due to the size of the vertical grid cells. Tidal forcing is not included.

In modeling ice-shelf-ocean interaction, we use the steady-state assumption where basal melting or freez-
ing is balanced by glacier flow, and the ice shelf is treated as a rigid slab of ice with no flexural response or
change of shape. Mass loss through calving of icebergs at the ice shelf front is assumed to be 2016 Gt/a
[Jacobs et al., 1992], which is used in the ECCO2 project, and is different to the value estimated by Rignot
et al. [2013]. This amount is added as surface freshwater flux near the Polar Front of the Antarctic Circumpo-
lar Current (ACC), and the freshwater input due to iceberg melt is estimated to be small on the continental
shelf [Schodlok et al., 2006; Jansen et al., 2007]. Hence, areas of interest are not likely to be affected by
choosing the larger value. No estimates of glacial runoff exist for the ice shelf grounding lines nor the coast-
line in areas without ice shelves.

Initial and lateral boundary conditions are provided by the so-called “cube92” global-ocean and sea-ice
ECCO2 simulation. Temperatures and salinities of the sub-ice-shelf cavities are prescribed where observa-
tions are available; otherwise the initial conditions are extrapolated from the cube92 initial conditions at the
mouth of the cavities. The L050 and L100 simulations are started in 1992 and integrated to 2013, followed
by a second set of integrations for the 1992-2013 period. As the cavity temperatures and salinities need
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Table 1. Mean Basal Melt of Antarctic Ice Shelves for Period 1992 to 2013*

Ice Shelf Area Mod BMF 50 BML 50 BMF 100 BML 100 Lat Lon Area Obs BMF Obs BML Obs
Larsen-B 954 0.59 £ 0.71 0.5+06 1.02 = 0.95 09*08 —65.55 298.58 6755 1.80 2.0 12214
Larsen-C 64212 0.17 = 0.04 104 +26 147 =024 87.0+14.2 —67.46 297.27 46465 045*1.0 20.7 £ 67
Larsen-D 9944 0.24 = 0.52 22+48 0.51 = 0.46 47 £43 —70.24 298.42 22548 0.06 = 0.6 14+14
Larsen-E 7086 0.11 =041 0.7 +26 0.29 =047 1.9+3.0 —73.40 298.92 1184 120+ 0.9 141
Ronne 323579 0.86 = 0.14 258.1 £42.1 0.20 = 0.02 59.7 £ 6.3 —7845 296.49 338887 150 = 0.6 191 + 80
Filchner 128025 455+ 034 5346 +403 0.41*0.04 48.6 = 4.7 —80.28 317.71 104253 040 *=0.1 41.9*10
Brunt 39661 036 *+0.11 13.1+4.0 0.31*0.11 11.3+4.1 —74.93 337.39 36894 0.03+0.2 1.0 =6
Riiser-Larsen 45523 0.40 = 0.09 16.7 = 4.1 0.26 = 0.09 10.8 = 4.1 —73.13 343.52 43450 0.20 = 0.2 87*+8
Ekstrom 11819 0.61 £ 0.15 6.7*+16 040 *0.16 44+17 —71.04 351.38 6872 0.63 0.2 43 £2
Jelbart 14014 1.43 +0.30 184 +39 1.26 = 0.41 16.2*+53 —70.88 355.34 10844 —0.09 £ 0.3 -1.0=*3
Fimbul 45255 133+0.32 552 +135 1.13+0.32 469+ 136 —70.36 359.57 40843 0.57 0.2 235+9
Nivl 7801 0.46 = 0.27 33*+19 0.11 = 0.08 0.8+ 0.6 —70.29 11.11 7285 0.54 0.2 39*2
Lazarev 15607 0.90 + 0.26 129 =37 0.52 +0.32 74+47 —69.93 1447 8519 0.73 0.2 63+2
Borchgrevink 13695 2.74 = 0.56 345+7.1 2.92 +0.80 36.7 = 10.1 —70.26 19.81 21580 035+03 75*6
Baudouin 38831 1.07 =042 38.1 £15.2 1.08 = 0.55 385+ 19.8 —70.06 28.89 32952 043 +04 141 £12
Weddell Sea 766013 1.43 =0.20 1005.6 = 56.5 0.53 £0.33 3759+ 49.7 N/A N/A 729331 0.89 =04 336.9 =108
Prince Harald 5597 2.56 = 1.07 13.2*55 2.54 +1.22 13.1£63 —69.36 36.19 5392 —0.37 =06 —20+*3
Rayner Thyer 625 0.31+0.20 0.2*0.1 0.22+0.18 0.1x0.1 —67.73 48.45 641 1046 = 2.0 6.7*1
Edward 8 627 —0.01+0.01 —0.01 = 0.01 —0.02 = 0.001 —0.01 = 0.00 —66.73 56.43 411 1022 +2.0 42+08
Amery 62850 1.13*=0.23 65.6 =135 1.25*0.15 72.1 9.1 —70.38 7043 60654 0.58 =04 355*23
Publications 1875 1.30 = 0.46 22+0.8 1.56 = 0.50 27+0.8 —69.76 75.16 1551 0.95*+1.0 152
West 18497 1.57 =037 26.6 = 6.3 0.87 +0.27 147 =47 —66.95 85.00 15666 1.74+0.7 27.2+10
Indian Ocean 90075 130 +0.32 107.9 =139 1.24+0.39 102.7 £12.7 N/A N/A 84315 0.86 = 0.5 73.1+25
Shackleton 34015 0.59 =0.33 184 *+104 0.52 +£0.32 16.2 =10.2 —65.98 97.50 26080 278 0.6 72615
Conger 3205 0.69 +2.20 20*65 0.80 = 2.40 24+71 —65.78 103.41 1547 23109 36+ 1
Vincennes 1269 1.08 = 0.47 1.2+05 1.06 = 0.48 13+05 —66.72 109.95 935 534+20 50*2
Totten 8202 787 £1.11 59.2 84 1.51 = 0.55 11.4+42 —67.06 115.70 6032 1047 = 0.7 63.2*4
Moscow 5981 8.57 =£2.02 47.0*+11.1 2.80 = 1.01 154=*56 —67.01 120.27 5798 473*+0.8 274*4
Bell 629 045 * 0.67 02+04 043 £ 0.64 02+04 N/A N/A N/A N/A N/A
Holmes 2828 3.50 = 0.84 9.0*+22 1.73+0.39 1.9+1.0 —66.78 127.22 1921 34620 6.7*+4
Dibble 1257 7.59 +1.56 87*18 2.79+0.78 20*09 —66.24 13474 1482 546 = 0.9 811
Mertz 6280 232*047 13427 1.28 =0.29 74*+17 —67.26 145.35 5522 143 *+0.6 79=*3
Ninnis 2503 453+ 152 104 =35 1.25+0.35 2.8+0.8 —68.26 147.54 1899 1.17£20 22+3
Cook 4386 3.52+0.93 141 +37 1.35+0.39 54*16 —68.56 152.74 3462 133+1.0 46=*5
Pacific Ocean 70562 2.84*1.01 183.9 = 30.6 1.02 = 0.69 66.4 * 24.1 N/A N/A 54624 368 +£0.8 201318
Rennick 3421 0.57 £0.21 1.8*0.6 0.08 = 0.02 0.3+ 0.06 —70.73 161.78 3273 215*03 70=*1
Aviator/Mariner 3693 0.50 = 0.19 1.6 =06 0.34+0.19 1.1+£06 —73.91 165.44 3490 177 03 14+02
Drygalski/Nansen 4882 1.36 = 0.46 6.1 =20 127 =047 57*21 —75.39 163.37 4323 327 +05 76*1
Ross 506413 041=*0.13 1904 +63.8 0.36 +0.14 167.1 = 68.3 —80.82 192.08 500809 0.25*+0.1 491 =14
Sulzberger 16357 5.69 = 0.98 853148 533*£1.25 799 +18.7 —77.09 211.10 12333 148 =03 182*3
Nickerson 6388 4.15*1.21 243+72 3.77 £1.07 22.1*63 —75.80 214.19 6495 0.64 0.3 42+2
Wrigley 9155 12.12+1.88 101.7 =158 9.53 +1.54 799+ 129 N/A N/A N/A N/A N/A
Ross Sea 550312 0.81 =032 411.2 =305 0.51*+0.17 356.1 = 30.0 N/A N/A 530722 033 0.1 875+ 14
Getz 26903 1233 £1.01 303.9 = 25.0 11.05 = 0.81 2724+ 20.1 —7235 290.38 34018 3.80 = 0.7 89.0*+17
Crosson/Dotson 9778 8.10 £ 0.76 72.6 = 6.8 5.85 + 0.68 524+62 —75.00 249.63 9032 11.92+1.0 385+3
Thwaites 4885 13.87 =274 62.1 123 8.84 +1.94 39.6 87 —75.07 253.59 5499 1773 +1.0 975+7
Pine Island 6725 19.38 £1.98 1194 £12.2 1491 = 1.04 91.9*6.5 —74.93 259.28 6249 16.20 = 1.0 101.2+8
Cosgrove 3997 11.98 £ 2.13 438*+78 8.80 =145 322*53 —73.53 259.54 3033 279 0.7 85*2
Abbot 33030 2.05*+0.57 620174 123 =044 372+134 —72.79 263.63 29688 175+ 06 51.8 +20
Naville 1549 1.10 =031 15+04 0.61*0.27 09*04 N/A N/A N/A N/A N/A
Venable 3699 12.87 = 2.01 436 + 6.8 8.52 +2.60 289+ 88 —73.09 272.81 3194 6.07 £0.7 194 +2
Stange 9234 3.92 =046 33.1 =39 3.03*£0.38 256 *3.2 —73.22 283.33 8027 349 0.7 280*6
Bach 5255 4.13 +0.80 19.9+38 6.15+0.74 29.6 3.6 —72.04 287.90 4579 22803 104 £1
Wilkins 15574 1.71+0.83 244+119 1.53+0.70 21.8*+99 —70.49 287.93 12866 146 = 1.0 18816
George VI 27469 14.82 = 0.68 3731171 7.99 = 0.88 201.2+223 —74.41 235.62 23434 426 +04 1449 =13
Am Bel Sea 148103 854 *=1.19 11599 =515 6.14 = 0.99 833.82 =475 N/A N/A 139619 482 *+0.7 599 + 35
Total Antarctica 1625065 0.61*=0.15 2868.6 + 183.1 0.37 = 0.09 1735.0 == 164.1 N/A N/A 1553978 0.85 = 0.1 1325 =235

2Latitude (Lat), longitude (Lon), and area (km?) are taken from RJMS. Average means of Basal Ice Mass Flux (BMF, m/a), and total Basal Mass Loss (BML, Gt/a) using an ice density of
917 kg m™ %; BMF, and BML with suffix 50 refer to Model Run L050, with suffix 100 to Model run L100, and suffix Obs to observations. Positive values indicate melting (mass loss), and
negative values indicate refreezing (mass gain).

adjustment from initial conditions, the first 22 years are taken as spin-up and only the second cycle is used
for analysis. Under the large ice shelves temperatures and salinities of the cavities reached quasi-steady-
state within the first few years of integration. The boundary conditions for sea ice and ocean include tem-
perature, salinity, and horizontal velocity fields. Surface forcing fields are from the Japanese 25 year
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Reanalysis and the Japan Meteorological Agency Climate Data Assimilation System (JRA-25 and JCDAS)
[Onogi et al., 2007].

The 18 km horizontal grid spacing of the model cannot resolve eddy activity on the Antarctic continental
shelf and near the ice shelves; hence eddies are parameterized using the Redi [1982] and Gent and
McWilliams [1990] schemes. We use the flux-limited, seventh-order, monotonicity-preserving advection
scheme of Daru and Tenaud [2004] and horizontal viscosity follows the modified Leith scheme of Fox-
Kemper and Menemenlis [2008]. Bottom-drag is quadratic, side-drag is free-slip, and vertical viscosity and
diffusivity are parameterized according to the K-profile parameterization (KPP) of Large et al. [1994].

4, Circumpolar Model Results

In this section, we present the main circumpolar model characteristics, that is, the large-scale ocean circula-
tion, water mass properties, and sea ice distribution and thickness.

4.1. Ocean Circulation

The main features of the large-scale Southern Ocean circulation include the ACC, and the Weddell, Ross,
and Kerguelen Gyres. Drake Passage transport is used to indicate the strength of the ACC. Estimates of
Drake Passage transport range from 133.8 = 11.2 Sv [Whitworth, 1983; Whitworth and Peterson, 1985] to
154 = 38 Sv [Firing et al., 2011]. The simulated mean Drake Passage transports are 136 = 7 Sv for L050 and
149 = 6.4 Sv for L100. The LO50 transport shows a drift of 0.4 Sv/yr. This drift is caused by a freshening of
Antarctic continental shelf waters in LO50 due to an overestimation of melt rates. The enhanced freshwater
input raises sea level near Antarctica, reduces the meridional sea level gradient, and hence reduces Drake
Passage transport.

The simulated Southern Ocean Gyres (Wed-
dell, Ross, and Kerguelen, Figure 3) are less
symmetric, more elongated, and shifted to

= more southerly locations compared to previ-
e ous modeling studies [e.g., Beckmann et al.,
850 1999; Timmermann et al,, 2002]. The double
2 300 = cell structure of the Weddell Gyre, as shown
§250 % by observations and model studies [Mosby,
G o 1934; Beckmann et al., 1999], is reproduced

in the simulations as a seasonal and interan-
nual feature and less disctinct in the mean
shown in Figure 3. The western cell is
smaller in size and transport compared to
50 100 150 200 250 300 350 400 450 the larger more elongated eastern cell, and

Grid points is more pronounced in L050. For L100 both
cells are lower in magnitude (east: 50.5 =9
Sv, west: 425+ 8 Sv) compared to LO50
(east: 58.8 == 9 Sv, west: 46.4 = 8 Sv). Further-
more, L050 has an additional gyre maximum
(53.6 = 8 Sv) centered around 25°W appear-
ing intermittently in between the main cells.
This gyre is less well defined in L100 (42 =8
Sv). On the continental shelf a cyclonic gyre
is established over the Filchner Trough with
higher transports for L050 (3.66 = 0.60 Sv)
100 compared to L100 (1.62 = 0.32 Sv).

100

Grid points
PSI(Sv)

The simulated Weddell Gyre transport can be
compared to observation-based estimates.
Schroder and Fahrbach [1999] estimated
Figure 3. Time-mean horizontal stream function for (a) L050 and (b) L100. 60 =10 Sv for the eastern cell along the

50 100 150 200 250 300 350 400 450
Grid points
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Greenwich Meridian. Klatt et al. [2005] found 45 = 7 Sv and 56 = 8 Sv for, respectively, the northern and souh-
tern limbs of the Weddell Gyre. Fahrbach et al. [1994] estimated a transport of 30 = 10 Sv for the western cell
along the Kapp Norvegia-Joinville Island section. This section does not cross the maximum of the gyre and
thus the lower value.

The Ross Gyre transport (L100: 33.5 = 8 Sv, L050: 37.8 = 8 Sv) is larger than in previous model estimates
(e.g., ~20 Sv) [Assmann and Timmermann, 2005] while the Kerguelen Gyre (L100: 12.5 =9 Sv, L0O50:
17 = 11.5 Sv) is less well defined as a gyre and also low in transport (compare with, e.g., ~45 Sv, Beckmann
and Timmermann [2001]).

4.2, Water Masses

In this section, we evaluate the simulated Temperature and Salinity (T/S) characteristics and the volume
of major water masses in the Weddell Sea. The water mass structure of the circumpolar model domain
reflected in the T/S diagram (Figure 4) reveals the main differences between the two runs and the World
Ocean Atlas 2009 (WOAO09) [Locarnini et al., 2010; Antonov et al., 2010]. The T/S diagram shows the
improvements of doubling the number of vertical levels in the water mass structure on the continental
shelf. While surface water masses (Antarctic Surface Water, AASW) and warm intermediate water masses
(Circumpolar Deep Water, CDW) are well represented, High Salinity Shelf Water (HSSW, see water mass
definitions in Table A1, Appendix A) is
underrepresented in both model simula-
tions. Although the sea ice model produces
dense water masses through brine rejec-
tion on the continental shelf, the gener-
ated water mass remains in the Low
Salinity Shelf Water (LSSW) class for L0O50.
For L100, the salinity of sea-ice affected
waters increases toward salinities in the
lower salinity class of HSSW (Figure 4). The
volume of LSSW in the Weddell Sea is
larger for LO50 compared to L100 (Figure
> 5); HSSW is almost absent in L050. In L100,
LSSW . Hssw ' HSSW is mainly present in the lower salin-
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® | 050
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Pot. Temperature ('C)

33.5 34.0 34,5 35.0 ity class compared to observations. The
Salinity

lack of higher salinities in HSSW has conse-
quences for bottom water production,
which is missing in L050. In fact, Weddell
Sea Bottom Water (WSBW) is gradually
eroded during the integration [see also
Dotto et al., 2014]. WSBW is not replenished
by sea ice formation and mixing with WDW
(Warm Deep Water); instead it forms a less
dense water mass that descends to mid
depths to form WSDW (Weddell Sea Deep
Water) class waters. In the case of L100 the
volume of WSBW is renewed and hence its
el ¥ I volume maintained (Figure 5). Figure 5a
074 LSSW . _HSSw " also shows the interannual variability of
Salinity ’ HSSW and WSBW and hence their close

relationship. The HSSW curve has a maxi-
Figure 4. T/S diagrams of Southern Ocean Domain, excluding ice shelf cav- mum in 2001 and two minima in 1996 and

ities, for annual mean World Ocean Atlas (black, data interpolated onto . . .
model grid) and time-mean model output (red) of (a) L0O50 and (b) L100. 2009, while WSBW has a maximum in 2002

® WOA09
® 100

cow |

Pot. Temperature ('C})

The dots represent T and S at each grid cell. The main water masses
(AASW-Antarctic Surface Water, CDW-Circumpolar Deep Water, HSSW-High
Salinity Shelf Water, and LSSW-Low Salinity Shelf Water) are indicated on
the figures. The black line marked T, at bottom of each diagram indicates
the surface freezing point temperature.

and two minima in 1997 and 2011. The
interannual variability of LSSW shows a less
distinct cycle (Figure 5b). It exhibits a mini-
mum at the beginning of the time series
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8 r r—t—t—t—T and a maximum in 2001. The later
@ e HSSW part of the time series shows no dis-
7F ——WSBW|4 tinct minimum but rather a period of

low LSSW formation. The seasonal
cycles of HSSW and LSSW show a lag
of about 2 months for LSSW with
respect to HSSW. It remains to be
seen whether this is a transformation
of HSSW into LSSW or independent
formation processes.

(<]

(%]

Volume (1013 m3)
w D

2t 4.3. Sea Ice Properties
Sea ice area and extent (defined where
1p the sea ice concentration is larger than
15%) are well represented in both the
0ot— 9'4 — 9'7 — 0'0 — 0'3 — 0‘6 — 0'9 — 1'2 L050 and L100 simulations for seasonal
Year (Figure 6, right) as well as interannual
variability (not shown here). The mean
8 ('b)' = 1 : sea ice area in L100 of 10.2X10% km?
)l ===L100 (sea ice extent: 12.13X10% km?) is
2.1% (2.9%) larger than SSM/I-derived
"g 6 values. While the interannual variability
o of sea ice area and extent matches
Hs 5 observations, the seasonal cycle is
; slightly offset (Figure 6). The Septem-
g4r ber sea ice maximum occurs 5 days
% 5l later and February sea ice minimum 13
> days later than observed. The disinte-
E 2\ gration of the sea ice occurs quicker
97 compared to SSM/I data but the
1t growth phase of sea ice is comparable.
There are longer periods of stagnation
o in the maximum/minimum phase. The
94 97 00 03 06 09 - steeper freezing and melting of sea ice
Year is caused, in part, by the zero-layer
Figure 5. Weddell Sea water mass volume of (a) High Salinity Shelf Water (HSSW, black) thermodynamic sea ice model, which
and Weddell Sea Bottom Water (WSBW, gray) for the period 1992-2013 for simulation does not account for sensible heat

L100 and (b) Low Salinity Shelf Water (LSSW) for simulations L0O50 (gray) and L100 (black). storage in the ice [cf. Losch et al., 2010

Figure 7]. The September sea ice area
minimum is lower by 20% and the maximum February sea ice area is larger by 14%. The circumpolar sea ice
edge with concentrations less than 50% is only slightly overestimated in September (2%); in February the
extent is lower by 14%. The largest differences in simulated summer sea ice area compared to SSM/I data are
found in the Pacific Ocean sector (~35% overestimation) and the Amundsen-Bellingshausen Sea sectors
(~46% overestimation). For September sea ice areas, the largest differences occur in Indian and Pacific Ocean
sectors with, respectively, ~12% and ~15% overestimation. The smallest differences in February and Septem-
ber sea ice area are found in the Weddell Sea sector with lower values in L100 compared to L050. Sea ice pro-
duction between simulations differs by about 8% (L050 > L100). Sea ice thickness is larger by up to 22 cm in
the north-western Weddell Sea (Weddell Scotia Confluence) for L050 and by up to 57 ¢cm in the southern
Weddell Sea for L100 (not shown here). This shift in ice volume between L050 and L100 primarily results from
the stronger Weddell Gyre circulation of L050.

5. Ice Shelf-Ocean Interactions

The mean L100 circumpolar melt rate of 1735+ 164 Gt/a is consistent within error bars with the
1325 =+ 235 Gt/a derived from satellite observations by RIMS (Figure 7 and Table 1). In the LO50 simulation,
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Figure 6. (a) Mean seasonal cycle of sea ice area, (b) mean September sea ice
extent, and (c) mean February sea ice extent for simulations L050 and L100 com-
pared to SSM/I-derived estimates. Note that the sea ice area differences between
runs are small compared to the difference with observed sea ice area.

however, the amount of freshwater
input through ocean-ice shelf interac-
tion into the Southern Ocean is too
high: 2868 =183 Gt/a. While the
overall freshwater input in L100 is
close to observed values, the melt
pattern is only well represented in
certain regions. On the one hand,
cold water ice shelves in this model
configuration have a large areal
extent, i.e., they are represented by a
large number of grid points. Also, the
large ice shelves have been exten-
sively surveyed during the last deca-
des, which leads to a better
knowledge of cavity bathymetry, ice
shelf thickness, cavity hydrography,
etc. For these reasons, the L100 esti-
mates of melt rates and pattern are
closer to the observed ones. On the
other hand, warm water ice shelves
are less well represented with respect
to grid points and associated grid
spacing and hence, in addition to
misrepresentations  of  turbulent
exchanges [Dansereau et al., 2013],
the discrepancy to observations in
terms of melt rate and pattern is
expected to be larger.

The temporal variability of basal
melt on daily to interannual time
scales is largest near the ice shelf
front. Although melt rates at the
grounding line are highest, their
temporal variability is small. Even
with better-resolved ice shelves, the
large variability at the ice shelf edge
is not easily transferred to the
grounding line [e.g., Schodlok et al.,
2012]. Khazendar et al. [2013]
showed that coastal polynya and
sea ice formation associated with
them, alter the dense shelf waters that
can enter the sub-ice-shelf cavities.
This changes the heat content avail-
able for basal melt. In the LO50 and
L100 simulations, coastal polynya for-
mation is restricted to a small number
of places, e.g., off the Ronne IS. In
other areas with observed polynya for-
mation, the horizontal resolution is
too coarse to allow a coastline repre-
sentation that favors polynya forma-
tion, e.g., off Sabrina Coast near
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Totten Glacier. Also, the coarse horizontal grid spacing (~125 km) of the surface forcing does not resolve kata-
batic winds, which limits the capability to model polynya formation.

In the following section, we present more detailed basal melt rates in the Southern Ocean sectors defined
by Zwally et al. [2002] with the exception that the eastern bound of the Weddell Sea Sector is slightly modi-
fied to include all ice shelves located along the coast of Queen Maud Land, i.e,, it is 45°, here as opposed to
20° in Zwally et al. [2002].
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Figure 7. Mean basal melt rate (m/a; left column) and mean basal mass loss (Gt/a; right column) for the five sectors of the Southern Ocean (from top to bottom: Weddell Sea, Indian
Ocean, Pacific Ocean, Ross Sea, and Amundsen-Bellingshausen Seas). Estimates are from RIMS (gray), L050 (blue), and L100 (red). Note that y axis ranges are different for each sector.
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Figure 7. (continued)

5.1. Weddell Sea

The Weddell Sea sector comprises two distinct regions, the Southwestern and the Eastern Weddell Sea.
The Eastern Weddell Sea Ice Shelves (EWIS) include those ice shelves that have a narrow continental shelf
just to the north. They are in close vicinity to WDW, which is a potential source of heat that may enter the
cavities (as shown by, e.g., Nicholls et al. [2006]) and contributes to basal melting. In the southwestern
Weddell Sea a wide continental shelf with cold water masses may shield the sub-ice-shelf cavities from

WDW.

The major ice shelf in this sector is the Filchner Ronne IS. Its melting and freezing pattern is similar (L100)
not only compared to the recent RIMS pattern, but also to the one estimated by Joughin and Padman
[2003]. The Ronne IS shows basal melting close to the grounding line in the deep channels, as described in
RIMS, and considerable refreezing of marine ice near the Henry and Korff Ice Rises. The area-averaged melt
rates are larger than observations in L050 (0.86 = 0.14 m/a) because of an area of very high melt to the
west of Berkner Island. In L100, the areas of melt and freeze are similar in size leaving a lower average
(0.20 = 0.02 m/a), which is below observed values (0.30 = 0.1 m/a). However, the melt and freeze patterns
match better in L100, with the spatial minima and maxima being smaller in magnitude by about 2 m/a (Fig-
ure 8, left column).

Compared to observations the Filchner IS melting is better represented in simulation L100 (Figure 7 and
Table 1). A mass loss of 534 = 40 Gt/a in LO50 means an overestimation by a factor of 10. In contrast, a mass
loss of 48.6 = 4.7 Gt/a in L100 is closer to the RJMS estimate of 41.9 = 10 Gt/a. This, in turn, has consequen-
ces for the Larsen IS, which is located downstream. The larger amount of fresh and cold water in L0O50 may
contribute to a smaller influence of WDW on continental shelf waters, i.e., there is less heat available that
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Figure 8. Mean basal melt rates (m/a) for Filchner Ronne (left column) and Ross (right column) ice shelves for (top) RIMS, (middle) L100, and (bottom) L050. Negative melt rates indicate
freezing and positive indicate melting. Land imagery is from MODIS mosaic of Antarctica (MOA) [Haran et al., 2005]. Contour intervals for model output are 1 m/a for positive and 0.5 m/

a for negative values.

can add to Larsen IS melting. The melt rate for Larsen-C as the largest portion of the ice shelf is
0.17 £ 0.04 m/a in L050. By reducing this amount of fresh and cold water in L100, the melt rate of Larsen-C
IS increases to 1.47 = 0.24 m/a. This is contrary to most ice shelf melt rates, which decrease with increasing
vertical levels. Larsen-C IS mass loss increases from 10.4 = 2.6 Gt/a in L050 to 87.0 = 14.2 Gt/a in L100 com-
pared to 20.7 = 67 Gt/a in RJMS. The melt pattern of Larsen-C IS, however, shows little resemblance to
RIMS, who reveal a large area of marine ice formation in the southern part of the ice shelf. The model
includes refreezing in the northern part and a small area in the southern part close to the Larsen-D IS. This
is due to inflowing water masses that originate from the southern Weddell Sea continental shelf.

Temperature and salinity characteristics of the water masses in the Filchner-Ronne cavity are different
between the two runs (Figures 9 and 10a). In L050, the Filchner and Ronne parts of the cavity are well sepa-
rated, with higher temperatures and salinities in the Filchner part and lower temperatures and salinities in
the Ronne part. Exchanges between the Filchner and Ronne cavities are seen in the T/S mixture between
the two cavities. In L100, the T/S characteristics are more compact and the two subcavities cannot be distin-
guished in the T/S diagram (Figure 10a). Furthermore, the L100 T/S values are well below the surface freez-
ing point temperature at higher salinities. With increased melting in the Filchner Ronne Cavity in L050, the
T/S curve is stretched to lower salinities. At the higher salinity part of the LO50 T/S characteristics,
the warmer WDW is able to enter the cavity leading to temperatures of around —1°C. The water column in
the LO50 cavity is more heterogenous and more stratified stretching the T/S characteristics over a larger
density range. In L100, the water column is more homogeneous below the surface freezing point tempera-
ture (T in most parts of the cavity, except at the ice shelf front where warmer surface water masses (T >Ty)
lead to melting (Figure 10).

A section along the Filchner Trough from the deep Weddell Sea into the Filchner cavity (Figure 9) illustrates
the differences of water mass characteristics on the continental shelf and in the cavity. T/S Measurements
south of Berkner Island [Nicholls et al., 2001] indicate cold temperatures below the surface freezing point
with little seasonal variability [Nicholls, 2004] over the entire water column. Considering the deep cavity part
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Figure 9. Section of mean temperature (°C) along Filchner Ice Shelf covering the deep Weddell Sea onto the continental shelf and into the sub-ice-shelf cavity for simulation (a) L0O50
and (b) L100. Land is shaded gray and ice shelf in white. Section location is indicated in Figure 2. (top) Top 1300 m and (bottom) the entire water column depth.

of the section (Figure 9, grid point 64) to be in the vicinity of the measurement location, LO50 temperatures
are warmer than the surface freezing point, with a warm inflow at the bottom of the cavity. In contrast L100
temperatures are well below the surface freezing point being homogenous throughout the water column.
Overall, LO50 temperatures at the base of Filchner IS are about 0.5°C warmer than in L100.

The water column on the continental shelf shows the stratified ocean with a distinct pycnocline in L0O50,
while L100 shows the more mixed, homogenous water column. Both simulations show a strong frontal
component at the continental shelf break. The structure of L100 resembles the frontal structure shown in
Nicholls et al. [2003] more closely. It is likely that due to the misrepresentation of the frontal structure in
L050, more warm water can penetrate onto the continental shelf and into the cavity, hence an increase in
basal melt.

EWIS consists of a series of small ice shelves. It is unclear whether the sub-ice-shelf cavities are linked or sep-
arated from each other by bathymetric features. As only a few of these ice shelves are well studied (e.g.,
Fimbulisen) [Hattermann et al., 2012] the geometry of most cavities is not well known. The mean modeled
melt rate of this part is 1.13 = 0.32 m/a for L100 and 1.33 = 0.32 m/a for LO50 compared to 0.46 m/a for
RIMS. The Temperature and Salinity variability along the coastal current on the continental shelf in front of
the Weddell Sea ice shelves is not large and thus the mean melt rates along these ice shelves rather is uni-
form. The T/S characteristics of L050 and L100 in the cavities of the eastern Weddell Sea are not distictly dif-
ferent (Figure 10), hence the reduction of basal melt rate by 0.3 m/a from L050 to L100 is due to the thinner
levels in the L100 cavity. Thinner levels mean that less heat is available to contribute to melting at the base
of the ice shelves.
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Figure 10. Time-mean T/S Diagrams for selected ice shelf cavity regions (a) Filchner Ronne, (b) Eastern Weddell (EWIS), (c) Ross, and (d) Amundsen-Bellingshausen Seas (WAIS). Red
depicts T/S space for L050 and blue for L100. The dots represent T and S at each grid cell.

All 12 ice shelves located in the eastern Weddell Sea show a positive trend (both runs) in basal melt rates
for the period 1992-2013. This trend is in agreement with a warming trend of the WDW [Smedsrud, 2005]
and is a likely reason for the increase in basal melting of Fimbulisen.

5.2. Indian Ocean Sector

The melt rate in the Indian Ocean Sector ranges from 0.22 m/a to 2.54 m/a and has the smallest deviation
from observed mean melt rates (1.24 m/a in L100 versus 1.09 m/a in RJMS). The smaller ice shelves, Rayner
and Edward 8, have negligible melt rates, which is due to the size of the ice shelves on the model grid. In
the observations, these two ice shelves have the highest melt rates (~10 m/a) in this sector but the fresh-
water contribution (~5 Gt/a) may have local influences with less impact on the coastal current and
downstream-located ice shelves. Also, Prince Harald IS, which has a negative melt rate in RIMS, has a large
melt rate in the simulations.

Water masses on the continental shelf off Amery IS resemble the cold water ice shelf situation. The overall
simulated melt rates of Amery and Publications IS are small and close to observed melt rates. However, the
melt rate pattern of Amery deviates from the observed pattern as only small areas contain marine ice for-
mation near the ice front in the simulations. Amery IS has a small positive trend (~0.1 m/a, both runs) of
melt during the integration period, which is opposite to the small negative trend of ~—0.1 m/a of other ice
shelves in this sector. West IS is one of the few ice shelves in the L050 and L100 simulations where an
increase of vertical resolution increases the model-data difference in area-averaged melt rate and mass loss.

5.3. Pacific Ocean Sector
The Pacific Sector contains smaller ice shelves with an average RIMS melt rate of 3.7 m/a. The mean mod-
eled melt rate (1.02 m/a in L100) underestimates this considerably (Figure 7 and Table 1) except in the
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immediate downstream area of the Ross Sea Sector. This suggests that the influence of the modified water
masses of the Western Ross Sea on the coastal current is limited as bathymetric features, i.e., broadening of
the shelf and northward guidance of the slope, steer the westward flow. An eastward return flow compo-
nent becomes apparent near Cape Hudson and Cook IS.

The ice shelves downstream of Cape Adare are either too small (e.g., Dibble and Holmes IS) to be affected
by or to impact the coastal current with higher melt rates. Also, the bathymetry might not allow exchanges
between subcavity and continental shelf water masses. This means less impact on these ice shelves by addi-
tional amounts of freshwater in the coastal current due to upstream ice shelf-ocean interaction.

The L100 melt rates for Totten IS (1.51 m/a) and Moscow University IS (2.80 m/a) are below the RIMS melt
rates of 10.5 m/a and 4.7 m/a, respectively. Bathymetry as well as grid spacing are the main causes for the
discrepancies. Khazendar et al. [2013] needed to adjust the existing near-shore bathymetry for Totten and
Moscow University IS in their regional high-resolution model to obtain basal melt rate close to estimates
derived from satellite data.

Overall, ice shelves in this sector are comprised by a small number of grid points. Thus, it is not possible to
distinguish a spatial variance pattern between ice shelf front and the rest of the cavity. Totten IS, e.g., should
have a more refined melt pattern, with large variance at the ice shelf front and little in the deep cavity.

5.4. Ross Sea Sector

The mean basal melt rate (0.51 m/a in L100 and 0.81 m/a in L050) for this sector is in good agreement com-
pared to the RIMS estimates of 0.33 m/a (Figure 7 and Table 1). Next to the large Ross IS in the center of the
sector, areas of interest lie to the east and west of Ross IS. The eastern part represents the region with water
masses flowing toward the Ross IS. That means that ice shelf-ocean interactions in this part have the poten-
tial to influence the melt/freeze behavior of the Ross IS. The western part represents the outflow region
whose water masses impact downstream-located ice shelves in the Ross Sea as well as along the continen-
tal shelf. The melt rates of ice shelves in the eastern region of the Ross Sea sector (Nickerson and Sulzberger
IS) are overestimated compared to RJIMS melt rates (Figure 7). The large melt rates result in large basal mass
loss and hence a large freshwater input modifying water masses that subsequently enter the Ross IS cavity.
This pattern of higher mass loss holds from Getz IS to the eastern Ross Sea sector. Hence, water masses on
the thin continental shelf flowing toward the Ross IS are misrepresented. In turn they are the cause for
higher modeled melt rates in the eastern part of the Ross IS, the region to the east of Roosevelt Island (Fig-
ure 8, right column). The water masses in the eastern part of the cavity are seen as lower salinity and
warmer temperatures in the T/S diagram (Figure 10), distinct from the rest of the T/S characteristics of the
cavity. The difference between L050 and L100 is small, with L100 being slightly more saline. The tempera-
ture of the inflow into the cavity is too warm and is not compensated by a finer resolution at the base of
the ice shelf as seen in Filchner IS or Pine Island IS. A higher vertical resolution does not change the proper-
ties of the water column enough to better represent the melting in the eastern part of the Ross Sea Sector
nor the Ross IS. Finer horizontal grid spacing accompanied with a high number of vertical levels is likely to
result in a better representation of the water masses on the continental shelf around Nickerson and Sulz-
berger IS and along the continental shelf slope, which in turn would result in reduced melting of the eastern
Ross IS.

Apart from high melting in the eastern region of the Ross IS, the melt rate and pattern of the central
and western Ross IS are in good agreement with observations. Despite the coarse horizontal grid spac-
ing of LO50 and L100, a wave like pattern in the central part of the ice shelf seen in RJMS is found in the
model results. It reflects the melting due to depth changes at the base of the ice shelf as a result of
crevassing

The simulated melt rates in the western region of the Ross Sea Sector are only slightly lower than
observed. The mass loss of the ice shelves in this area is small and slightly underestimated, with little
fresh water input (Figure 7). The warm temperatures at high salinities (L100, Figure 10c) are found in
the deepest part of the western Ross IS cavity, where they remain due to their density.

5.5. Amundsen-Bellingshausen Seas
The Amundsen-Bellingshausen Seas Sector is the most interesting sector to compare model results to obser-
vations since the largest observed Antarctic mass loss occurs in this region [Rignot et al., 2008, 2013]. Of
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particular interest are Pine Island and Thwaites Glaciers, as well as Getz IS, which contribute a large amount of
freshwater to the water column and in turn affect downstream-lying ice shelves, e.g., in the Ross Sea Sector.

The model resolution is too coarse to compare melt rate pattern in small ice streams like Pine Island Glacier.
Similarly, bathymetric features like the seamount below Pine Island IS shown in Jenkins et al. [2010], are not
properly resolved.

The melt rates of Pine Island and Getz IS in LO50 are larger than observed while that of Thwaites is lower
(Figure 7 and Table 1). The increase in vertical layers decreases the melt rate in all three ice shelves. Contrary
to Pine Island and Thwaites IS, Getz IS model results are higher, possibly not only due to the coarse horizon-
tal grid spacing but also due to the fact that the shape of the cavity is less well known.

In LO50, the vertical temperature section of Pine Island Bay (Figure 11) shows that the pycnocline in the cav-
ity is broad and less defined. Warmer waters enter the cavity leading to higher than observed melting. Thin-
ner levels (L100) in the subice cavities improve the representation of a thin cold layer of water at the base
of the ice shelf. This improves the representation of the water column [see Jenkins et al., 2010] but reduces
the melting to lower than observed values. In LO50 the temperatures at the base of the ice shelf are higher
by about 0.5°C.

The mean T/S characteristics of the cavities in this sector show little differences between runs, with L100
values on the saltier side (Figure 10). Less melting means less freshwater input into the water column, which
leads to a saltier water column.

Melt rates in the Bellingshausen Sea are overestimated in L0O50 and reduced closer to RJMS in L100, with
the exception of Bach IS, which shows the same feature as Larsen and Amery IS, i.e., higher melt rate in
L100 than in L050. Stange and Abbot show the same feature as Pine Island IS, i.e., the increase in vertical
levels reduces melting to lower than observed values. Wilkins IS melt rates are similar to observations in
both simulations.

The largest modeled mass loss is found in Getz and George VI IS (272 = 20 Gt/a and 201 = 22 Gt/a, respec-
tively, in L100). Getz IS mass loss is larger than observations, possibly because the shape of the cavity in
terms of bathymetry and ice shelf thickness is not well known. George VI IS melt rates are higher because of
the coarse grid spacing that required an artificial opening of the eastern entrance of the ice shelf needed to
allow flow through the cavity.

Not only are George VI melt rates higher compared to observations but L0O50 rates are almost double com-
pared to L100. The circulation on the continental shelf, which is associated with the inflow of warmer water
into the western part of the cavity, is slightly higher in L050 than in L100. This leads to higher melt rates. By
way of contrast, the melt behavior of Bach Ice Shelf, which is in the inflow area of this warmer water, shows
lower melt rates in L050. The distribution of the vertical levels allows more warm water to enter the Bach
cavity in the bottom levels of L100 than in L050. Hence, the lower levels at the entrance of Bach IS are
warmer in L100 compared to L050. This increases the melt of Bach IS in L100 and subsequently the outflow
of ISW at the base of the ice shelf, setting up an ice pump circulation, which draws warmer water at the bot-
tom and leads to more melt.

6. Causes of Model-Data Differences in Basal Melt

In the previous section, we compared the RIMS estimates of ice shelf basal melt rates and patterns to the
LO50 and L100 numerical simulations. Both simulations were carried out in a model configuration with
18 km horizontal grid spacing and using the steady state assumption, that is, with time-invariant sub-ice-
shelf cavity shape. We find that cold water ice shelves in the Weddell and Ross Seas are reasonably well rep-
resented, provided that vertical resolution is sufficient, but warm water ice shelves, like the ones in the
Amundsen-Bellingshausen Sea, have large discrepancies relative to observed melt rates. In this section, we
discuss some possible causes for these model-data differences.

A principal reason for observed-to-simulated basal melt rate differences is model resolution. With 18 km
horizontal grid spacing, the representation of grounding lines and zones in sub-ice-shelf cavities is mar-
ginal, that is, the locations of the deepest part of the cavities are displaced relative to their real locations.
According to RIMS, the largest melting occurs within 20-30 km of the grounding line, which is
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Figure 11. Temperature section of Pine Island Ice Shelf covering the continental shelf as well as part of the deep Amundsen Sea for simulations (a) L050 and (b) L100. Gray shading
depicts land and white is ice shelf. Section location is indicated in Figure 2. (top) Top 1200 m and (bottom) the entire water column.

approximately one grid point in our simulations. While high basal melt values are simulated near the
grounding line of the Filchner Ronne IS, this is not the case for smaller ice shelves, e.g., the Pine Island IS.
This difference is in part caused by the model representation of the troughs where ice streams join ice
shelves; while these are reasonably well resolved for the Filchner Ronne IS with an 18 km grid, this is not
the case for the smaller ice shelves. Furthermore, bathymetric features, such as seamounts inside the cav-
ity, are smoothed resulting in different circulation patterns and hence in different melt patterns [e.g.,
Schodlok et al., 2012].

Model grid spacing is of importance not only in the sub-ice-shelf cavities but also on the continental shelf.
For example, Schodlok et al. [2012] showed that an eastern channel on the continental shelf is a main supply
route of heat for Pine Island Glacier. In our circumpolar model simulations, the coarse resolution smooths
the bathymetry and changes the route of warm waters toward the cavity. Also, the flow of water masses
toward the eastern Ross IS is misrepresented regardless of vertical discretization. Warmer than observed
waters on the narrow continental shelf are allowed to enter the Eastern Ross IS cavity leading to higher
than observed melt rates. Decreasing the horizontal grid spacing would improve the representation of the
narrow continental shelves and the structure of the adjacent water masses.

Recent observations, e.g., from Operation IceBridge (OIB), have improved estimates of cavity shapes for the
larger ice shelves and for a few smaller ice shelves in the Amundsen-Bellingshausen Seas and the Eastern
Weddell Sea. This means that ice shelf-ocean interactions will be better represented in higher-resolution
numerical simulations. However, there remain ice shelves, e.g., the Totten IS, for which the most recent
state-of-the art bathymetry and ice shelf thickness data used in BEDMAP2 show a negative water column
thickness. Modeling ice shelf cavities in these data-poor regions requires guessing the shape of the cavity in
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order to allow some water to circulate from the continental shelf to the grounding line. Therefore differen-
ces in observed versus simulated basal melt rates are caused not only by poor model resolution but also by
lack of accurate bathymetry in the cavities and on the continental shelf.

A source of melt rate errors and uncertainties is the parameterization of turbulent heat and freshwater
exchange at the base of the ice shelves. For the 18 km-grid simulations, we used constant heat and fresh-
water exchange coefficients that do not vary with velocity. For the cold water ice shelf Filchner Ronne IS,
this approach not only returns a realistic melt and freezing pattern over the shallow part of the ice shelves,
in the vicinity of the Henry and Korff Ice Rises, but also in the deep cavity and in the troughs where the ice
streams join the ice shelf. This approach works less well for the smaller, warm water ice shelves, as has been
discussed by Dansereau et al. [2013].

In general, the warm water ice shelves are smaller in extent and not as deep as the cold water ice shelves.
Furthermore, the warm water ice shelves have a stronger transient response that is not captured with the
steady-state cavity-shape approach. The shape of the cavity changes with consequences for water masses
entering the cavity. For example, the heat exchanged can be controlled by the depth of the thermocline rel-
ative to cavity shape [De Rydt et al., 2014].

The seasonality of atmosphere-ocean interaction is affected by the rapid retreat of sea ice from winter to
spring as discussed in Sect. 4.3. The earlier onset of melt and thus freshwater input in the water column sta-
bilizes the water column with less mixing of colder water to deeper levels. In this way, sea ice formation
and retreat affect melting at the ice shelf front edge, where the largest variability was found.

Khazendar et al. [2013] showed that polynya formation is important in modifying water mass properties on
the continental shelf, which in turn impacts heat exchange between ocean and ice shelf. The model does
not have the capability to simulate land fast ice with consequences for surface ocean circulation and poly-
nya formation. A lack of polynyas and higher sea ice concentration near the coastline results in less
atmosphere-ocean interaction and less sea ice formation, which in turn results in less HSSW formation.
More heat is available to enter the cavity and contribute to basal melt.

Another source of melt rate errors is the difference between observed and simulated ice shelf areas
(Table 1). Although there is no systematic over- or underestimation of the ice shelf area, the 18 km grid
spacing does not allow the grounding zone to be accurately represented. In general, a 50% limit of inclusion
was applied, i.e., a grid cell is considered ice-shelf-free if it contains less than 50% of the ice shelf. In other
instances the ice shelf cavity needs to be artificially increased to allow for observed circulation features. For
example, grid cells needed to be added to the northern part of the George VI IS (entrance toward Margue-
rite Bay) in order to simulate the northward throughflow of water reported by Jenkins and Jacobs [2008].
Although this modification allows throughflow to occur, it increases the ice shelf area, resulting in higher
integrated melt rates compared to observations. At the southern part George VI IS (Ronne Entrance), the
simulated cavity is smaller than observed due to coarseness of model grid and inability to accurately repre-
sent the grounding line location.

7. Differences in Simulations With Respect to Number of Vertical Levels

In addition to differences in basal melt rates, simulations L050 and L100 also have substantial differences
in water mass properties (see section 4.2). In order to understand these differences, we performed sensi-
tivity experiments with a simplified model configuration. Specifically, we turned off all external forcing
(lateral, atmospheric, and sea ice) and prescribed homogeneous initial conditions of —1.9°C and 34.7
salinity. Starting from rest, homogeneous model configurations with 50 (H050) and 100 (H100) vertical
levels were integrated for 1 year. The only forcing applied to H050 and H100 is from ice shelf melting and
freezing.

Time series of Filchner Ice Shelf area-averaged melt rates for the H050 (gray line) and H100 (black line) simu-
lations are shown in Figure 12a. As expected, the initial melt rate is identical for both H050 and H100, since
temperature of water immediately adjacent to the ice is identical for both experiments. As the ice melts, a
layer of relatively cold, fresh water forms at the base of the ice shelf, which reduces melt rate. The thinner
levels adjacent to the ice in H100 have less heat capacity than those of HO50 and hence they cool faster
and more. After 1 year of model integration, the melt rate of H100 is approximately half that of H050. This
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Figure 12. (a) Time series of Filchner Ice Shelf melt rate (m/a),(b) horizontal gyre
strength in the Filchner cavity (Sv), and (c) gyre strength over the Filchner Trough
just outside the Filchner cavity (Sv) for two sensitivity experiments labeled HO50
(gray) and H100 (black). Initialization transients due to sea level adjustment to
presence of ice shelf have been removed in Figures 12b and 12c for clarity.

mechanism is also discussed in Losch
[2008] who find that the thicker the
vertical levels in simulated ice shelf
cavities, the higher the melt rate.

Although both H050 and H100 are ini-
tially at rest, buoyancy forcing from
melting water at the base of the ice
shelf establishes horizontal gyres and
vertical overturning in the two simula-
tions. For example, the two plots of
Figure 13 show that relatively strong
horizontal circulation patterns are
established, up to 1 Sv in magnitude
after 1 year of integration, despite the
absence of any other forcing apart
from basal melt and refreezing. In par-
ticular note the anticyclonic gyre
(negative contours) under the Filchner
Ice Shelf and the cyclonic gyre (posi-
tive contours) connecting the edge of
the cavity with the warmer waters of
the Weddell Gyre. The time evolving
strengths of horizontal circulation
under and in front of Filchner Ice Shelf
are documented on Figures 12b and
12c¢. In general the larger melt rates of
HO50 lead to stronger circulation fea-
tures, by a factor of approximately 2,
than in H100. The stronger horizontal
gyre circulation of H050 leads to more
warm water being transported from
the shelf break to the ice shelf cavity,
which in turn causes more basal melt-
ing. This mechanism explains the
warmer water column of LO50 versus
L100 (Figure 9a versus Figure 9b and
the generally larger melt rates of LO50
relative to L100. The increased south-
ward heat flux also explains the
warmer water column of LO50 versus
L100 (Figures 9a and 9b) and the gen-
erally larger melt rates of LO50 relative
to L100. For example, the southward
heat transport across a section
approximately at the edge of the con-
tinental shelf in the Southern Weddell
Sea increases from 0.5 TW in L100 to
8.3 TW in L050. By comparison surface
heating southward of that section by
atmosphere and sea ice (—0.6 TW in
L100 and 0.2 TW in L050) is an order
of magnitude smaller than the 8 TW
increase in Southward heat transport.
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Figure 13. Time mean horizontal stream function (Sv) for the southwestern Weddell Sea for simulations (a) H050 and (b) H100.

8. Summary and Conclusions

We have presented results from the addition of thermodynamic ice shelf cavity physics in a circumpolar
Southern Ocean configuration derived from the global ECCO2 model set up of Menemenlis et al. [2008]. A
first simulation, called LO50, resolves 50 ice shelves and glaciers at the Antarctic Continental margin and
has the same vertical discretization as the global ECCO2 configuration, that is, 50 vertical levels. The addi-
tion of ice shelf cavities in this configuration, keeping all other model parameters unchanged and using the
ice shelf melt rate parameterization of Jenkins et al. [2001], does not produce melt rates consistent with
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observations. For most ice shelves, the L050 simulation overestimates melt rates, which impacts stratification,
sea ice formation, and circulation. The overestimation of ice shelf melt rates cools and freshens the water col-
umn, inhibits bottom water mass formation, allows warmer circumpolar waters to enter the central Weddell
Sea, and erodes all preexisting Weddell Sea Bottom Water. This leads to, e.g., an overestimation of Filchner IS
melting, with a mean mass loss of 534 = 40 Gt/a in L050 versus 41.9 = 10 Gt/a in the Rignot et al. [2013]
observations.

In a second simulation, called L100, we increased the number of vertical levels to 100, leading to Az < 30 m
in the sub-ice-shelf cavities and improved resolution of the continental shelf depth range. Thinner levels in
the sub-ice-shelf cavities improve the representation of a thin, cold-water layer at the ice shelf base, thus
leading to a better representation of the T/S characteristics of the water column. Thinner levels at the conti-
nental shelf depth range lead to improved representation of open-ocean to continental-shelf exchanges.
This leads to to time-mean basal melt rates and patterns that are in closer agreement with the Rignot et al.
[2013] observations and to improved representation of ocean circulation within and outside the cavities
and of open-ocean to continental-shelf exchanges. In particular, the melt/freezing areas of large, cold water
ice shelves (Filchner-Ronne, Ross, and Amery) are well captured. In the case of Filchner Ronne, the L100
reduction of melt water input, compared to L050, leads to a warmer water column downstream near Larsen
IS, which now shows higher melt rates closer to observations.

The largest differences relative to observations occur under warm water ice shelves in the Amundsen-
Bellingshausen Sea, where the majority of mass loss is reported to occur [Rignot et al., 2008, 2013]. While
L100 melt rates are lower than LO50, they are still too high compared to observations. The crude representa-
tion of the shape of the cavity on an 18 km grid and errors in the model’s representation of continental
shelf water masses are the primary causes for a higher heat delivery to the warm-water ice shelves, thus
higher melt rates. Other sources of errors are the simplified parameterization of the turbulent exchange and
uncertainties in the, possibly time evolving, shape of the sub-ice-shelf cavities

This study demonstrates that the explicit representation of thermodynamic ice-shelf cavities in ocean retro-
spective analyses and ocean climate models that have horizontal grid spacing of 20 km or less can lead to
realistic representation of time-mean basal melt rates and patterns for the large cold water ice shelves (Filch-
ner-Ronne, Ross, and Amery), provided that vertical grid spacing is sufficiently small to resolve sub-ice-shelf
stratification. The explicit representation of thermodynamic ice-shelf cavities is a key requirement for ocean
climate analyses and simulations that aim to understand impact of time-evolving ice-shelf basal melt rates
on Antarctic ice sheets and global ocean circulation. Further improvements to the representation of ice
shelf-ocean interactions at this horizontal resolution (~20 km grid spacing) are expected to follow from spa-
tially varying time-independent adjustment of the model’s subgrid-scale parameterizations, e.g., ice-shelf
turbulent exchange coefficients, sea-ice and salt plume parameters, bottom boundary layer transport and
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The major difference is seen in the top

Table A1. Water Mass Characteristics of the Weddell Sea in ®/S Space . . .
P 2000 m, with finer spacing in L100. The

Watermass 0 (°Q) Salinity K

thickness of L100 levels does not
Warm Deep Water WDW 0.0-0.6 34.6-34.75 .
Low Salinity Shelf Water LSSW —19to—15 343-3435 exceed 30 m in the top 1000 m.
High Salinity Shelf Water HSSW —20to—1.5 34.55-34.85 Weddell Sea water mass definitions
Weddell Sea Deep Water WSDW —0.7 t0 0.0 34.64-34.70 - X
Weddell Sea Bottom Water WSBW —15t0—0.7 > 34.55 and characteristicsm, as used in sec-
Ice Shelf Water ISW <-19 34.56-34.70 tion 4, are listed in Table A1.
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