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ABSTRACT

Warm water of open ocean origin on the continental shelf of the Amundsen and Bellingshausen Seas

causes the highest basal melt rates reported for Antarctic ice shelves with severe consequences for the ice

shelf/ice sheet dynamics. Ice shelves fringing the broad continental shelf in the Weddell and Ross Seas melt

at rates orders of magnitude smaller. However, simulations using coupled ice–ocean models forced with the

atmospheric output of the HadCM3 SRES-A1B scenario run (CO2 concentration in the atmosphere rea-

ches 700 ppmv by the year 2100 and stays at that level for an additional 100 years) show that the circulation

in the southern Weddell Sea changes during the twenty-first century. Derivatives of Circumpolar Deep

Water are directed southward underneath the Filchner–Ronne Ice Shelf, warming the cavity and dra-

matically increasing basal melting. To find out whether the open ocean will always continue to power the

melting, the authors extend their simulations, applying twentieth-century atmospheric forcing, both alone

and together with prescribed basal mass flux at the end of (or during) the SRES-A1B scenario run. The

results identify a tipping point in the southern Weddell Sea: once warm water flushes the ice shelf cavity a

positive meltwater feedback enhances the shelf circulation and the onshore transport of open ocean heat.

The process is irreversible with a recurrence to twentieth-century atmospheric forcing and can only be

halted through prescribing a return to twentieth-century basal melt rates. This finding might have strong

implications for the stability of the Antarctic ice sheet.

1. Introduction

The southern Weddell Sea continental shelf (Fig. 1)

is a key region of the World Ocean with regard to the

formation of the precursors of Antarctic BottomWater.

The shelf water characteristics are defined by 1) brine

rejection from strong sea ice formation resulting in

dense, saline shelf water (Nicholls et al. 2008; Haid and

Timmermann 2013) and 2) melting/freezing at the base

of the Filchner–Ronne Ice Shelf (FRIS), producing ice

shelf water (ISW), a component of the Weddell Sea

Deep and Bottom Waters (Foldvik et al. 2004). At

present, saline shelf water is the sole water mass fueling

basal mass loss (BML) beneath FRIS (Nicholls 1997),

which remotely sensed observations estimate as lying in

the range 50 6 40 (Depoorter et al. 2013) to 155 6
45Gt yr21 (Rignot et al. 2013). The relatively warmwater

of open ocean origin rarely reaches the southernWeddell

Sea ice shelf fronts (Årthun et al. 2012). This is in contrast

to the Amundsen and Bellingshausen Seas, where de-

rivatives of Circumpolar Deep Water (CDW) flush the

continental shelf and reach the fringing ice shelf fronts

with temperatures of over 18C (Jacobs et al. 2011;

Nakayama et al. 2013). There, in the southeast Pacific

Ocean, the onshore flow is supported by the close prox-

imity of the southern flank of the Antarctic Circumpolar

Current (ACC) to the continental shelf (Orsi et al. 1995).

The southern Weddell Sea continental shelf is far

from the southern ACC front. A clockwise gyre circu-

lation causes CDW derivatives to enter theWeddell Sea

from the east (Schröder and Fahrbach 1999; Ryan et al.

2016) and continue as warm deep water (WDW), with

temperatures of about 0.88C, along the continental slope
all the way to the tip of the Antarctic Peninsula (Fig. 1).

A deep-reaching slope front separates the WDW from

the continental shelf (Gill 1973), where temperatures

are predominately near the surface freezing point
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of 21.898C—which we define as today’s ‘‘cold-shelf

phase.’’ Only traces of diluted WDW follow the eastern

flank of two troughs, intersecting the continental shelf

break at 338 and 448W (Fig. 1), and reach the FRIS front

with a maximum temperature of 21.38C (Foldvik et al.

1985; Nicholls et al. 2008). The more pronounced east-

ern trough, named the Filchner Trough (FT), slopes

from 600m at the shelf break (74.58S) to more than

1600m at the southern grounding of the Filchner–

Ronne Ice Shelf (838S). The onshore heat transport is

controlled by a delicate interplay of the slope front with

the shelf break topography and the processes inside the

Filchner Trough. Here, water properties and circulation

are directly linked to ocean–atmosphere interaction and

related sea ice processes on the southern Weddell Sea

continental shelf (SWSCS) and meltwater outflow from

underneath FRIS (Grosfeld et al. 2001; Nicholls et al.

2001). The depth of the thermocline, which interacts

with the Filchner Trough, is set by the frontal dynamics

that are controlled by winds (Sverdrup 1954), eddy

processes (Nøst et al. 2011; Stewart and Thompson

2015), and hydrographic forcing due to precipitation, sea

ice, and ice shelf melting (Hattermann et al. 2014; Zhou

et al. 2014) as WDW is advected westward from farther

upstream along the coast.

Observations suggest that the WDW in this region is

currently rising at a rate of several meters per year

(Schmidtko et al. 2014), and numerical studies indicate

that a warmer atmosphere causing reduced sea ice for-

mation during the twenty-first century can change the

shelf circulation such that unmodified WDW is directed

southward underneath the FRIS (Hellmer et al. 2012;

Timmermann and Hellmer 2013), flushing the entire ice

shelf cavity with water at temperatures above 08C—in

the following defined as the ‘‘warm-shelf phase.’’ For a

time-independent ice shelf thickness distribution this

FIG. 1. Southern Ocean bathymetry and observed bottom potential temperature south of

608S. Bathymetry is based on RTopo-1 (Timmermann et al. 2010) with contour lines at 500

(black) and at 1000, 2000, 3000, and 4000m (gray). Bottom temperature is based on NOAA’s

World Ocean Atlas 2001. Solid orange arrows mark today’s course of the slope current in the

Weddell Sea and the flowofmodifiedwarmdeepwater onto the southernWeddell Sea continental

shelf (SWSCS). The pulsing into the Filchner Trough and propagation toward the southern

grounding line (light gray), as projected for the twentieth century, is indicated by the dashed orange

arrow. The positions of the profiles used for analyzing the processes across the Filchner Trough Sill

(FTS) (Fig. 9) are marked as red stars. Inset shows map location within the Southern Ocean.
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drives a 20-fold increase in basal melting. According to a

1100-yr coupled ocean–ice shelf/sheet simulation, which

considers a time-variant cavity geometry, this heat fuels

melting at the deep southern base, causing ice shelf

thinning by up to 1000m, a retreat of the grounding line,

and an acceleration of the feeding ice streams.

Because of the implications for the stability of the

Antarctic Ice Sheet draining into the FRIS, the question

arises whether the enhanced mass loss at its base can be

stopped or at least reduced to present-day values to

allow a readvance of the grounding line. For example,

would a return to cooler, drier twentieth-century con-

ditions alone or in combination with other changes be

sufficient to reestablish dense shelf water, which pre-

vents the slope current from entering the continental

shelf? Plausible answers should be related to processes

controlling the hydrography in the southern Weddell

Sea and, though not addressed in this paper, the dy-

namics of the fringing ice sheet.

2. Model description and experimental design

We use the Bremerhaven regional ice–ocean simu-

lations (BRIOS) model (Timmermann et al. 2002), the

same as was employed for the simulations of Hellmer

et al. (2012). BRIOS is a coupled ice–ocean model re-

solving the Southern Ocean south of 508S at 1.58 zon-
ally and at 1.58 3 cosf (where f represents latitude)

meridionally. The water column is divided into 24

terrain-following layers. BRIOS is coupled to the base

of 10 of the major Antarctic ice shelves; that is, heat,

salt, and momentum are transferred across the ice–

ocean boundary layer (Beckmann et al. 1999; Hellmer

2004), with time-invariant ice shelf thicknesses, there-

fore assuming ice flux divergence and mass balance to

be in dynamical equilibrium. A more detailed de-

scription of the model is provided in Timmermann et al.

(2002). BRIOS has been validated by comparison with

mooring and buoy observations regarding, for example,

Weddell Gyre transport (Beckmann et al. 1999), sea ice

thickness distribution and drift in the Weddell and

Amundsen Seas (Timmermann et al. 2002; Assmann

et al. 2005), and iceberg trajectories in the Weddell Sea

(Lichey and Hellmer 2001). The modeled basal melt

and freezing rates for the large ice shelves (Hellmer

2004) also agree well with the satellite-based estimates

(Rignot et al. 2013). In addition, the BRIOS results are

very similar to the findings of the finite-element coupled

ocean–sea ice–ice shelf model (FESOM; Timmermann

and Hellmer 2013), which represents the southern

Weddell Sea with a resolution 2 to 3 times higher. This

agreement justifies the use of the time-inexpensive

BRIOS model for long integrations.

The atmospheric forcing for our simulations has been

extracted from the output of the climatemodelHadCM3,

configured with an interactive carbon cycle and vegeta-

tion employed in the ENSEMBLES project (Johns et al.

2011), for the twentieth century and the SRES-A1B

simulation (Nakićevović et al. 2000). The latter is char-

acterized by a CO2 emission scenario with atmospheric

concentrations reaching 700 ppmv by the year 2100 and

remaining at that level afterward. In this paper, two main

experiments will be discussed that investigate the impact

of 1) the twentieth-century (1880–1979) atmosphere on

sea ice conditions and hydrography of the warmed-up

southern Weddell Sea and 2) conditions as in the first

experiment together with the modeled twentieth-century

meanFRIS basalmass loss (85Gtyr21) prescribed for the

first 10yr of the 100-yr simulation. The 100-yr forcing

period has been selected to avoid contamination by the

enhanced anthropogenic climate change signal toward the

end of the twentieth century. The experiments start in year

2200, at the end of the SRES-A1B scenario run, sup-

plemented by additional twentieth-century atmosphere-

only simulations starting between year 2070 and 2100. A

detailed list of the nine experiments that were conducted

is provided in Table 1.

3. Results

At the end of the BRIOS A1B-scenario simulation

(year 2199), the southern Weddell Sea is controlled by a

warmer and wetter atmosphere (Timmermann and

Hellmer 2013), which causes 1) a retreat of the sea ice

cover, limiting new sea ice formation to a narrow coastal

band (Fig. 2, left column), 2) warm and fresh waters on

the continental shelf (Fig. 3, left column), 3) a Filchner

Trough filled with salty and warm water of open ocean

origin (Fig. 4, left column), and 4) a high FRIS basal

mass loss of about 1600Gt yr21 (gray curve in Fig. 5a).

To consider the reversibility of the warming on the

continental shelf, the impact of cooler and drier atmo-

spheric conditions at different stages of the warm-shelf

phase (Table 1, index I) was investigated by switching to

the twentieth-century atmospheric forcing at various

times in the period between 2070 and 2200 (Table 1,

indices II to VII). The results show that, although sea

ice volume quickly recovers to cold-shelf conditions

(Fig. 5b), the basal mass loss approaches a new ‘‘quasi’’

equilibrium of around 800Gt yr21 (Fig. 5a), almost 10

times higher than the modeled present-day value of

85Gt yr21. Experiments (II–VI) approach this new state

of relatively high melt rates, indicative of warm-shelf

conditions, over a period of about 30 years. The excep-

tion is the simulation that starts in year 2070 (i.e., just

prior to the onset of strong basal melting in the A1B
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scenario; Fig. 5a, light blue). This demonstrates that

strong basal melting, once initiated, supports an en-

hanced ocean heat transport toward the ice shelf re-

gardless of the atmospheric conditions.

To explicitly investigate this meltwater feedback, an

experiment was conducted continuing from year 2200

with the twentieth-century (1880–1979) atmosphere but

also prescribing an FRIS meltwater input of 85Gt yr21

for the first 10 yr of the 100-yr simulation (Table 1, index

VIII). This equates to the twentieth-century mean melt

rate for the period 1880–1979. After the melt rate con-

straint has been removed in year 2210, the FRIS basal

mass loss and sea ice volume in the southern Weddell

Sea quickly revert to their twentieth-century values

FIG. 2. Distribution of sea icemelting (freezing) for representativemonthlymeans of (top)March and (bottom)May for the last 30 years

of the experiments I, II, and VIII (Table 1) showing the positive (negative) surface freshwater flux in the Weddell Sea. Sea ice melting is

strongest at the sea ice edge, which retreats to the southern coastline for experiment I. Sea ice formation occurs over the whole Weddell

Sea with maxima at the edges of the eastern ice shelves and the Ronne Ice Shelf.

TABLE 1. List of model experiments. Atmospheric forcing was extracted from the climate model HadCM3, a climate model configu-

ration with an interactive carbon cycle and vegetation employed in the ENSEMBLES project (Johns et al. 2011). The SRES-A1B scenario

is characterized by a CO2 emission, which causes an atmospheric concentration of 700 ppmv by the year 2100—after 100 yr of simulation.

The twentieth-century mean basal mass loss of the Filchner–Ronne Ice Shelf in experiment VIII corresponds to 85Gt yr21, prescribed at

each sub–ice shelf grid point as the mean basal melt rate of the period 1880–1979.

Index Atmospheric forcing Basal melting Model period

I SRES-A1B (Hellmer et al. 2012) Nonconstrained 2000–2199

II Twentieth century (1880–1979) Nonconstrained 2200–99

III Twentieth century (1880–1979) Nonconstrained 2100–99

IV Twentieth century (1880–1979) Nonconstrained 2090–2189

V Twentieth century (1880–1979) Nonconstrained 2080–2179

VI Twentieth century (1880–1979) Nonconstrained 2075–2174

VII Twentieth century (1880–1979) Nonconstrained 2070–2169

VIII Twentieth century (1880–1979) First 10 years 2200–99

Twentieth-century mean prescribed

IX SRES-A1B (2000–99) Nonconstrained 2300–99
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(Figs. 5a,b). The slightly enhanced basal mass loss at the

beginning is a result of heat left in the deep cavity from

the warm-shelf phase. The following discussion will fo-

cus on the causes of the different magnitudes of the re-

duction of FRIS basal mass loss. These are strongly

related to the sea ice and hydrographic conditions in the

southern Weddell Sea and the glacial meltwater char-

acteristics, which together influence the density struc-

ture in the Filchner Trough and at its sill. The discussion

will also consider the robustness of the positive feedback

mechanism thatmaintains the state of high basal melting

once it has been initiated.

4. Discussion

a. Sensitivity to twentieth-century atmospheric
forcing

For all atmospheric sensitivity experiments, the sea

ice volume in the southernWeddell Sea recovers within

10 years to continue with the same interannual vari-

ability around a new quasi equilibrium of 0.83 103 km3

(Fig. 5b), which is slightly less than the value at the end

of the twentieth century. The difference could be even

larger, if the ocean would directly interact with the

atmosphere. A fully coupled atmosphere–sea ice–

ocean model might result in a different state with

ocean–atmosphere feedbacks defining the sea ice

characteristics and consequently the buoyancy forcing

on the continental shelf. The common variability is

caused by the identical forcing and shows that the polar

atmosphere has prime control of sea ice conditions in

the southern Weddell Sea. The increase in sea ice

volume is due to the sea ice cover surviving the austral

summer and displacing the strong melting at the sea ice

edge off the southern continental shelf (Fig. 2, top

center) and more widely spread sea ice formation

during fall (Fig. 2, bottom center). Both contribute to a

salinification and cooling of the lower shelf water

(Fig. 3). As this water enters the FRIS cavity from the

west, it slightly freshens and cools the bottom layer

there, but the deep and the eastern cavity remain

influenced by the inflow of warm water via the Filchner

Trough (Fig. 3, right column). The temperature of this

inflow, however, drops by roughly 0.88C, while the

FIG. 3. Distribution of Weddell Sea bottom properties for the period 2200–99 of simulation II (Table 1). (top) Salinity and (bottom)

potential temperature (8C) for the years 2200, 2250, and 2299 as a result of BRIOS forced with the twentieth-century atmosphere of the

period 1880–1979, following a more than 100-yr-long warm phase (2075–2200) on the southern Weddell Sea continental shelf.
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salinity and the thickness of the cold outflow increase

(Fig. 4, center). This new warm-shelf phase seems to be

stable, as an additional 100-yr forcing with the twentieth-

century atmosphere does not cause any significant

changes in the southern Weddell Sea (not shown).

The close relationship between atmospheric condi-

tions in the southern Weddell Sea and FRIS basal mass

loss, via sea ice formation and salinity on the continental

shelf, is demonstrated in Fig. 6a. The twentieth-century

atmosphere forces the bottom salinity to increase from

the A1B minimum of 34.2 (Fig. 6a, lower-right corner)

to slightly above 34.4, which seems to be a threshold

value for the system to switch from the cold-shelf to the

warm-shelf phase in experiment I (Table 1). Since no

further salinification occurs, the BML remains around

800Gt yr21. In contrast, at the beginning of experiment

VII (Table 1) bottom salinity is still above the threshold

value (Fig. 6a, upper-left corner) and continues to rise

to a higher end value than at the beginning of the

SRES-A1B scenario run (year 2000). The difference is

due to the forcing that ends in the conditions of 1980,

supporting a higher shelf water salinity, while experi-

ment I starts in 2000. As a consequence of the high

salinity on the continental shelf and the missing inflow

of warm waters, the BML remains at 85Gt yr21 (note

that the dark-gray dots in Fig. 6a are shifted by

200Gt yr21 for better visibility).

b. Sensitivity to twentieth-century basal melting

At the end of the twentieth-century atmosphere-

plus-meltwater experiment (VIII) with a prescribed

basal flux limited to the first 10 years (Table 1), the

summer sea ice extent is similar to present-day condi-

tions with the zone of strong melting close to the con-

tinental shelf break and sea ice formation along the

southern ice shelf edge. The latter increases during fall

FIG. 4. Spliced meridional sections through the model domain, starting from the FRIS grounding line (left of each panel), following

northward along the dashed orange arrow (Fig. 1) to the continental shelf break and continuing along circa 308Wup to the northern limit

of the model domain at 508S. (top) Salinity and (bottom) potential temperature are representative for the last 30 years of the experiments

I, II, and VIII (Table 1). (left) The retreat of the warm water of open ocean origin from the Filchner Trough (FT), (center) the advance of

a cooler and saltier ISW, and (right) the reestablishment of today’s slope front in simulation VIII. Simulation VIII also indicates remnants

of deep convection near the ice shelf edge (upper right).
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and extends northeastward to cover most of theWeddell

Sea (Fig. 2, right column). The salt input to the southern

continental shelf due to sea ice formation is more in-

tense than in any of the other experiments. As a result,

saline and cold-shelf water reestablishes within less

than 15 years. This water mass flushes the FRIS cavity

from the west, replacing the warm water that had en-

tered the cavity from the east via the Filchner Trough

(Fig. 7). Here, slightly saltier (compared to experiment

II) and significantly colder ISW with temperatures be-

low the surface freezing point fills the entire trough

(Fig. 4, right column), thus contributing to a further

increase in density of the water masses. In parallel, the

thermocline at the trough’s sill deepened (possible

links are discussed in section 4c), indicating that warm

water of open ocean origin cannot flow anymore to-

ward the cavity. As a consequence of the flushing of

the cavity with colder, more saline water, the FRIS basal

mass loss returns to the twentieth-century value of

85Gt yr21 (Fig. 5a).

The salinity-versus-BML relation shows that the

southern continental shelf regains the twentieth-century

salinity within a decade (Fig. 6b). A BML close to

200Gt yr21 at the beginning of the unconstrained

simulation (year 2210) is due to warm water still in the

cavity—its complete flushing with newly formed cold

and saline shelf water takes around a decade (Fig. 7).

Continuing simulation VIII (year 2300) for another 100

years with the SRES-A1B atmospheric forcing (Table

1, index IX), the southern Weddell Sea passes through

the same changes as during the initial A1B simulation

(Table 1, index I)—that is, a continuous freshening of

the shelf water, unmodified WDW directed southward

underneath the FRIS after 70 years of simulation, and

a significant increase of the FRIS basal mass loss

(Fig. 6b).

The rapid return from the warm-shelf phase to

present-day conditions on the southern Weddell Sea

continental shelf (experiment VIII) indicates that the

region, including the ice shelf cavity, has a memory of

roughly 15 years. However, a return to the cooler, drier

atmosphere of the twentieth century on its own does

not cause the system to revert to a cold-shelf phase.

Instead, it approaches a new equilibrium with a BML

10 times higher than today (Fig. 5a). Nevertheless, as-

sisted by the meltwater flowing out from the FRIS

cavity, the polar atmosphere exerts the prime control

on the sea ice conditions and hydrographic properties

FIG. 5. Spliced time series from year 1860 to 2300 (a) BML of Fichner–Ronne Ice Shelf for the twentieth century

and SRES-A1B scenario extracted from the HadCM3 climate model (I; gray), the perturbation experiments ap-

plying the twentieth-century atmosphere (1880–1979) during the warm phase starting in year 2200 (II; black), 2100

(III; dark red), 2090 (IV; brown), 2080 (V; orange), 2075 (VI; blue), and 2070 (VII; light blue). For the starting point

in year 2070, the onshore flow of warm open ocean water into the Filchner Trough and thus the increase in FRIS’s

BML does not occur. (b) As in (a), but for sea ice volume on the southern Weddell Sea continental shelf (5-yr

runningmean). In addition, climatological mean basal meltwater flux (see text for details) was applied for 10 yr only

together with 100 yr of atmospheric forcing of the period 1880–1979, starting in year 2200 (VIII; dark blue). Roman

numbers indicate the simulation index according to Table 1.
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on the southern Weddell Sea continental shelf. This

interplay has a profound impact on the density struc-

ture and salinity of the shelf water column and there-

fore the characteristics of the ISW that results from

interactions of shelf water with the FRIS base. ISW

encounters open ocean water masses at the Filchner

Trough sill (FTS; Fig. 1), where today it occupies most

of the lower water column with a density slightly higher

than the off-shelf waters (S. Ryan 2017, personal

communication). Summarizing the previous experi-

ments, the FTS seems to be a key region in the southern

Weddell Sea, hosting processes that regulate the heat

transport into the FRIS cavity and therefore the mass

balance of the ice shelf and the dynamics of the ice

streams draining into it.

c. Conditions at the Filchner Trough sill

Here we further investigate the dynamics at the FTS.

Figure 8 shows the time evolution of 1) potential tem-

perature and meridional velocity near the bottom of the

FTS, 2) the zonal in situ density gradient across the sill

together with the depth of the WDW thermocline

FIG. 6. Filchner–Ronne Ice Shelf basal mass loss vs mean bottom salinity in the southern

Weddell Sea. (a) The SRES-A1B simulation, represented by the color-coded (year of simu-

lation) dots, is perturbed solely by 100 yr of twentieth-century (1880–1979) atmospheric forcing

starting in year 2070 (VII; gray dots), 2100 (III; light gray dots), and 2200 (II; black dots). The

gray dots of experiment VII are shifted by 200Gt yr21 for better visibility. (b) In addition to

100 yr (2200–99) of twentieth-century atmospheric forcing, basal melting of the first 10 yr

(2200–09) is fixed to the twentieth-century FRIS mean (gray dots), followed by 90 yr of

SRES-A1B forcing (dark red dots). Arrows indicate direction in time and Roman numbers the

simulation index according to Table 1.
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across a section over the continental slope located up-

stream, and 3) vertical mean salinity at three positions

across the trough (red stars in Fig. 1). For the period

1860–2199, the conditions at the sill evolve from a

northward flow of cold (228C) ISW, lasting until ap-

proximately year 2030, to a persistent southward flow of

warm WDW that reaches a ‘‘quasi stationary’’ state by

about year 2100 (Fig. 8a). During the transition period

between these two modes, the northward flow at the sill

gradually decreases as a result of the continuous fresh-

ening of the ISW outflow, which reduces and eventually

reverses the near-bottom density gradient across the sill

(Fig. 8b, blue line). At the same time, and also as a re-

sponse to changing atmospheric and sea ice conditions,

the thermocline at the continental slope just upstream of

the Filchner Trough intermittently rises above the sill

depth of 600m (Fig. 8b, orange line), allowing pulses of

warmwater to enter the trough, as it is no longer blocked

by ISW. Earlier excursions of the thermocline above the

sill depth also appear as warm spikes, but the near-

bottom sill temperature remains dominated by the ISW

outflow. The latter first starts to cease (Fig. 8a) when the

salinity, which primarily determines density at low

temperatures, of the ISW at the western flank of the

trough falls below 34.4 (Fig. 8c, purple line; i.e., when the

ISW becomes less dense than the off-shelf WDW).

However, as shown by experiment VII, the in-

termittent pulses of warm water do not increase basal

melting sufficiently to trigger the self-amplifying

feedback, which dominates the enhanced melting re-

sponse in the sensitivity experiments. Only an elevated

thermocline at around year 2070 together with per-

sistent southward flow at the sill causes a continuous

access of unmodified WDW to the continental shelf.

The freshening due to the resulting glacial meltwater is

sufficient to reverse the full-depth density gradient

across the trough. This intensifies the near-bottom

southward flow, which transports yet more WDW to-

ward the FRIS cavity. The reversal of the depth-

averaged salinity gradient across the trough between

2070 and 2075 (Fig. 8c) can also be seen in the zonal

sections of hydrographic properties (Fig. 9), showing

the successive change of the density structure across

the Filchner Trough sill before, during, and after the

FIG. 7. Distribution ofWeddell Sea bottom properties for the period 2200–15 of experiment VIII (Table 1). (top) Salinity and (bottom)

potential temperature (8C) for the years 2200, 2205, and 2215 as a result of BRIOS forced for 100 yr with the twentieth-century atmosphere

of the period 1880–1979 plus for the first 10 yr (2200–10) with mean FRIS basal melt rates of the period 1880–1979, equivalent to a basal

mass loss of 85Gt yr21, following a more than 100-yr-long warm phase (2075–2200) on the southern Weddell Sea continental shelf.
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transition to the warm-shelf phase. Although the ero-

sion of the dense ISW allows traces of warm open

ocean water to begin entering the trough near the

bottom as early as 2040, it is only from 2070 onward

that there is enough WDW in the FRIS cavity to pro-

duce the fresh and buoyant outflow along the western

flank of the trough that can reverse the density gradi-

ent at the sill (Figs. 8b,c).

Once the inflow of WDW dominates basal melting,

the southward flow at the FTS sustains the access of

WDW, and the system cannot revert to the low-melting

state unless the production of buoyant meltwater stops.

For the sensitivity experiment II (Table 1), the change to

an increased rate of sea ice formation and therefore an

increase in the salt input to the southern Weddell Sea

continental shelf increases the salinity in the Filchner

Trough (Fig. 8c). This weakens the negative density

gradient across the trough (Fig. 8b), but since salinity

stays below the evident threshold of 34.4, ISW remains

less dense than the offshore WDW and maintains a

southward flow at the FTS (Fig. 8a). Within the first

20 years the 08C isotherm drops below the sill depth

(Fig. 8b). Consequently, water that is slightly cooler, but

still significantly above surface freezing, enters the

trough across the sill, where the southward flow is re-

tained at nearly half its previous velocity (Fig. 8a). This

substantial flow of warm water into the FRIS cavity

supports a BML of roughly 800Gt yr21. The same

changes at the sill take place for all the experiments

(III–VI) with the details dependent on the point at

which the twentieth-century atmosphere is applied. The

exception is experimentVII (starting in year 2070) inwhich

less warm water has reached the ice shelf cavity; in that

case, the salinity on the southern continental shelf returns

to twentieth-century levels within 10 years, reasserting the

‘‘blocking effect’’ of the ISW outflow at the FTS.

For sensitivity experiment VIII, which artificially re-

stores the FRIS BML to the twentieth-century value of

85Gt yr21 (for the first 10 years; Table 1), the response

at the center of the FTS is much quicker than for ex-

periment II. During the first 10 years (2200–09), the

salinity at the western flank of the trough increases and

the density gradient reverses to pre-2030 values

(Figs. 8b,c, dashed lines). At the same time, the depth of

the 08C isotherm drops below the sill, and, more im-

portant for the cavity’s heat content, the flow across the

sill reverses from inflow to outflow. The trends continue

during the unconstrained phase (2210–99) of this ex-

periment until the twentieth-century values are reached.

This includes the passing of the salinity threshold of 34.4

and the main flow into the cavity switching from the

Filchner Trough to the front of the Ronne Ice Shelf (not

FIG. 8. Time evolution of various parameters at/near the Filchner Trough sill (red stars in Fig. 1) (a) near-bottom

potential temperature and meridional velocity (positive represents northward flow), (b) zonal in situ density gra-

dient across the sill (west minus east), averaged below 250-m depth, complemented by depth of the WDW ther-

mocline (defined as 08C isotherm) at the upstream continental slope, and (c) depth-averaged salinity at three

positions across the trough. Solid curves show the simulation period 1860–2199, continued with 100 yr of the

twentieth-century atmosphere sensitivity experiment (II). Dashed curves represent the meltwater sensitivity ex-

periment (VIII). Vertical lines indicate onset of the warm pulses being concurrent with cease of the ISW outflow

across the sill (2030), as well as the starting points of the sensitivity experiments VII (2070) and VI (2075), which

frame the transition of the system into the meltwater-dominated warm-shelf phase.
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shown). It is then the shelf water at the surface freezing

point that drives the melting beneath FRIS, limiting its

BML to 85Gt yr21.

5. Conclusions

Our experiments indicate that the link between the

hydrography on the southern Weddell Sea continental

shelf and melt rates beneath the Filchner–Ronne Ice

Shelf is controlled by a positive feedback mechanism:

Once the reversal of the near-bottom density gradient

across the Filchner Trough, together with a rising

coastal thermocline, facilitates the direct inflow of the

slope current into the trough, warm deep water flushes

the ice shelf cavity, causing its warming, enhanced

basal mass loss, and a vigorous outflow of glacial

meltwater. The latter further freshens the shelf water

and thus maintains a density and flow structure at the

sill that supports further access of warm water to the

ice shelf cavity. The increase in basal melting accel-

erates the cavity circulation, drawing in even more

warm water of open ocean origin—a self-intensifying

mechanism. Although the initial trigger for this tran-

sition is freshening on the continental shelf as a result

of atmosphere–ocean interactions, once the system is

in the warm-shelf phase, the only way to stop the in-

flow of the warm water is to return to twentieth-

century atmospheric conditions and to reduce the

meltwater input. At first, the latter could be realized

by a reduction in the floating portion of the ice

sheet. However, the resulting loss of buttressing of

the inland ice sheet would accelerate the draining

ice streams. The discharge of ice from the relevant

catchment basin and a significant contribution to

global sea level will be inevitable.

The existence of this tipping point strongly depends

on the atmospheric conditions projected for the region

(Timmermann and Hellmer 2013). The latter bear

some uncertainty, as evident from the spread among

the climate scenarios and the different model re-

alizations. The uncertainty in the atmospheric pro-

jections and the fact that the ocean models used here

are imperfect prohibit us from predicting exactly when

changes in the southern Weddell Sea discussed here

will occur. However, observations suggest that the core

of the WDW near the continental shelf break is rising

(Schmidtko et al. 2014) and derivatives of WDW can

already be traced to the Filchner ice front (Darelius

et al. 2016). A reduced heat transport into the Filchner

Trough, due to a cooling of the water masses feeding

FIG. 9. Zonal section across the Filchner Trough sill (looking north) of (a)–(c) in situ density, (d)–(f) salinity, and (g)–(i) potential

temperature for time periods before, during, and after the transition into the warm-shelf phase. Black contours show the 34.2 and 34.4

isohalines, illustrating the reversal of the cross-trough density gradient, caused by the freshening of the ISW outflow.
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the slope current in the easternWeddell Sea, is not very

likely given the poleward intensification of the westerly

winds with the possibility of a southerly displacement

of the ACC during the twenty-first century (Meijers

et al. 2012). Such a shift would rather bring warmer

water to the eastern Weddell Sea and ultimately to the

southern continental shelf. In addition, once deep

ocean heat penetrates into the Filchner Trough it

cannot easily be vented to the atmosphere by coastal

polynyas (Khazendar et al. 2013) because the fresh

surface layer, owing to the increased meltwater input,

stabilizes the water column and thus hampers deep

convection (Fig. 4). Together with the absence of a cold

ISW outflow, this guarantees that most of the heat

reaches the Filchner sub-ice cavity supporting

accelerated basal melting and, eventually, grounding

line retreat (Wright et al. 2014). Our results indicate

that this process might be irreversible as long as basal

areas provide sufficient glacial melt to freshen the

continental shelf waters. Although the results are

based on the output of a circumpolar model of medium

resolution, they suggest a physically plausible mecha-

nism for the existence of a climate tipping point in the

southern Weddell Sea, which needs further in-

vestigation by means of higher-resolution models and

long-term observations. In addition to the uncertainty

in the projections of atmospheric forcing and the re-

lated oceanic response, the shape of the subglacial

bedrock topography is essential for projecting future

ice stream/sheet behavior (Favier et al. 2014) and

global sea level rise. Therefore, long-term hydro-

graphic monitoring of the Antarctic marginal seas

should be combined with geophysical and glaciological

surveys on the floating and resting ice sheet as part of

future studies in Antarctica.

The advance of ocean heat into the Filchner Trough

finally happens in the HadCM3 SRES-A1B experiment

around the year 2070 with sporadic pulses occurring

earlier (around 2020; see Fig. 8), which barely reach the

ice shelf front. An analysis of the annual mean global

surface air temperature of the HadCM3 SRES-A1B

scenario simulation (Fig. 10) reveals that the global

mean surface temperature relative to the preindustrial

value has increased by about 3.38C around the year 2070.

At the same time, the surface south of 608S has warmed

by about the same amount (no polar amplification;

dashed lines in Fig. 10), and a 28C southern warming is

reached in 2020. While the pulses of heat do not reach

the deep cavity in the BRIOS simulation, for the higher-

resolution finite-element model FESOM the pulse

around 2020 causes basal melting to increase to

400Gt yr21 (Fig. S5 in Hellmer et al. 2012). With all

caution necessary, because 1) our results are deduced

only from one climate model and one realization of the

SRES-A1B scenario and 2) certainly shortcomings in

both coupled ice–ocean models (BRIOS and FESOM)

exist, a limitation of the global warming to 28C bears the

risked of destabilizing the Weddell Sea’s largest ice

shelf. However, prior to 2020 all SRES scenarios are

very close with respect to their CO2 concentration,

which reaches about 400 ppmv in 2020. In March 2016

the seasonal-cycle-corrected CO2 concentration at

Mauna Loa amounted to 403 ppmv (http://www.esrl.

noaa.gov/gmd/ccgg/trends/).

FIG. 10. Evolution of mean surface temperature anomaly (with respect to the preindustrial

value) in the HadCM3 twentieth-century–SRES-A1B scenario simulation for the period 1860–

2100, separated into global (solid lines) and SouthernHemisphere south of 608S (dashed lines).

The smooth curves represent the 30-yr running mean (rm 30).
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