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the drivers of the observed change. The large-scale drivers of the
system, such as changes in ocean or atmospheric circulation, or surface
mass balance variability, arise from a complex group of changes linked
to global processes. Advancing our knowledge of the processes govern-
ing these drivers will improve our ability to project future change.

2.1.1. Present-day atmosphere and ocean
Ice sheet mass balance change in the Thwaites region is driven by

the influence of ongoing warming in the ocean and atmosphere and
significant circulation changes in these two systems (Shepherd et al.,
2004; Steig et al., 2009, 2012, 2013; Bromwich et al., 2013; Schmidtko
et al., 2014; Li et al., 2014). Seasonally stronger westerly winds in the
northern Amundsen Sea sector have driven a change in ocean circula-
tion, favoring intrusions of warm salty deep water (CDW) across the
continental shelf break in the Amundsen Sea Embayment toward the
grounding zones of Thwaites Glacier and adjacent ice outlets (Thoma
et al., 2008; Steig et al., 2012; Walker et al., 2012; Paolo et al., 2015;
Turner et al., 2017).

The details of how wind forcing entrains CDW over the continental
shelf break and through bathymetric troughs leading to the Thwaites
Glacier ice front remain poorly known, making attribution challenging
(e.g., Arneborg et al., 2012; Assmann et al., 2013; Kalén et al., 2016;
Jenkins et al., 2016). Ekman transport, induced by along-slope currents
over the continental slope and shelf break, can contribute to the cross-
shelf transport (Wåhlin et al., 2012) and buoyancy forces can drive the
bottom flow down the troughs toward the ice shelf (Wåhlin et al.,
2013). Numerical models confirm the dominant role played by chan-
ging winds in key regions in shifting the transport of ocean heat from
open ocean to the ice sheet (Dinniman et al., 2015), with a lesser role of
changing atmospheric temperature.

The strengthening of the regional westerly winds that have forced
warmer waters to the grounding zones can be attributed primarily to
remote changes occurring in the tropics (Schneider and Steig, 2008;
Ding et al., 2011; Bracegirdle, 2012; Steig et al., 2012, 2013; Dutrieux
et al., 2014; Simpkins et al., 2014; Clem and Fogt, 2015; Clem and
Renwick, 2015; Fogt and Wovrosh, 2015; Li et al., 2014, 2015a,
2015b). However, there is also likely a component of change resulting
from larger-scale circulation changes (the Southern Annular Mode, or
SAM) owing to stratospheric ozone depletion and increased greenhouse
gases (e.g., Thompson et al., 2011; Arblaster et al., 2011). Although the
anthropogenic origin of the ozone and greenhouse-gas forcing is
unequivocal, it remains unclear whether the tropically-related circula-
tion changes are distinguishable from natural, unforced climate varia-
bility (Steig et al., 2013). Furthermore, there is strong SAM modulation
of the tropical teleconnection affecting West Antarctica, and vice versa
(e.g., L'Heureux and Thompson, 2006; Ding et al., 2012; Fogt and

Wovrosh, 2015; Wilson et al., 2016).
Understanding these changes and projecting their future course is

further complicated by variability in the nearby Amundsen Sea Low
(ASL), a persistent but fluctuating minimum in atmospheric pressure
that has been called “the pole of variability” for the Antarctic atmo-
sphere (Connolley, 1997; Turner et al., 2013; Hosking et al., 2013,
2016; Raphael et al., 2016). By imparting surface wind stress on the
ocean, changes in the ASL drive changes in deep ocean circulation near
the continental shelf edge. Changes in the mean intensity or location of
this low-pressure area also influence the frequency and strength of
warm marine air intrusion, with profound effects on the climate of West
Antarctica on seasonal to multi-decadal time scales (e.g., Bromwich
et al., 2004; Krinner et al., 2007; Nicolas and Bromwich, 2011).

The large, climatically driven spatial and temporal variability of
snowfall in the Amundsen Sea embayment is not fully captured by
available data due to sparse spatial coverage and short records. For
instance, a recent study found no significant change in snow accumula-
tion over much of the Thwaites catchment (Medley et al., 2013), but the
observations cover only a 32-year interval (1980–2011), making it
difficult to adequately distinguish long-term trends from natural
variability.

Regional oceanic changes in the ocean of the ice sheets include a
warming of the CDW layer (e.g., Gille, 2002) and a change in the mean
flow of the Antarctic Circumpolar Current (Martinson and McKee,
2012). Downstream of the interface with ice in Pine Island Bay, CDW is
observed to be gradually modified (cooler and fresher; Wåhlin et al.,
2010, Wåhlin et al., 2013; Jacobs et al., 2012), leading to a slow
freshening of the mid-level ocean water in the coastal seas downstream
(Jacobs and Giulivi, 2010). Recent studies of ocean soundings along the
continental shelf break seaward of Pine Island and Thwaites glaciers,
and the adjacent Dotson and Getz continental shelf areas highlight this
gradual freshening and deepening of CDW, and show the value of dense
multi-year measurements (Fig. 3; Jacobs et al., 2011, 2012, 2013). An
extended program of measurements with moorings would facilitate a
better attribution of CDW transport across the continental shelf break,
and the scaling of how coastal wind patterns help drive the water
toward the ice interfaces.

2.1.2. Century-scale atmospheric trends
Records from shallow ice cores collected under US research efforts

such as the International Trans-Antarctic Scientific Expedition (ITASE),
as well as related British Antarctic Survey programs, have played an
important role in complementing the short instrumental climate record,
helping to understand the atmospheric and oceanic drivers of recent
changes in WAIS and the Antarctic Peninsula (Schneider and Steig,
2008; Steig et al., 2013). Coastal ice core records from the base of the

Fig. 2. Schematic of key drivers and some of their effects for the Thwaites Glacier – Amundsen Sea region.
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snowfall over the continent and mass loss, the
latter approximately equally split between ice-
berg calving and ice shelf basal melting (37).
Under the current situation of a warming global
atmosphere, AIS precipitation is likely to in-
crease, as a warmer atmosphere can hold more
moisture and therefore produce greater precip-
itation (38). At the same time, a warming atmo-
sphere would increase surface melt of the ice
sheet, leading tomass loss.Additionally, awarm-
ing atmosphere will lead to changes in wind
pattens, with unknown outcomes with respect
to increasingly warm ocean waters reaching
ice shelf cavities and accelerating ice loss. The
warm-water cavities are sensitive (39), as they
currently have a largely unconstrained flow of
warmwater onto the continental shelf and into
their sub–ice-shelf cavities. The cold-water cavi-
ties are currently protected by dense and saline
continental shelf waters that block transport of
CDW to the ice shelf cavities (Fig. 2A), although
this situation could change under a changing
climate (40). It should also be noted that the
anticipated mass loss processes of surface
and basal melt have an inherently faster time
scale than that of the atmospheric-driven gain
through precipitation. This implies that themass
loss effects may occur faster than they can be
offset by precipitation.
Reductions in the extent and thickness of

ice shelves and the retreat of their grounding
zones associated with the ice-ocean processes
occurring in cavities would have major conse-
quences for the inland ice, causing it to flow
faster to the grounding zone as the buttressing
force of the ice shelves is weakened or lost (41).
There is some evidence that the resulting reduc-
tion in buttressing produces a near-instantaneous

response in the speedup of the inland ice (42).
As the inland ice flows faster toward the ocean
and is melted, the ice feeding the ice shelf be-
comes thinner, leading tooverall decreasedmass
of the AIS. Of all the processes governing this
mass and implied sea-level change, perhaps the
most important ones are those in the ground-
ing zone, which are also arguably the least well
understood at present. This is a key motiva-
tion for the ongoing integrated field, remote-
sensing, and modeling campaign called the
International Thwaites Glacier Collaboration
(43). Studies such as this into the retreat of
grounding zones are needed to feed into fully
coupled global climate models, so that climate
models can accurately represent such processes
to project future sea level with confidence [see
Pattyn (44) in this issue].
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Fig. 4. Atmospheric context wind variability. (A) The approximately east-west
oriented Antarctic Circumpolar Trough (ACT) supports a band of westerly
winds to the north of the trough, and easterlies to the south. Coriolis force
causes the westerlies and easterlies to drive the upper ocean waters to the north
and south, respectively, creating a divergence of surface waters all along the
ACT. This creates an upwelling of the subsurface CDW, which can cause it to
rise above the depth of the continental shelf break in places and allow the
possibility of it crossing onto the shelf and interacting with the AIS. Whether
or not the CDW gets onto the continental shelf is determined by processes
sketched in Fig. 2, A and B. (B) A time series of westerly winds in the Amundsen

Sea adjacent to Thwaites Glacier (36). Positive values indicating westerly
winds favor a greater transport of warm CDW into the cavity below Thwaites Ice
Shelf, thereby increasing melting and consequently grounding-zone retreat.
Negative values indicating easterly winds represent the opposite behavior.
The winds were created using a global climate model that simulates large,
natural, decadal variability in the climate system, principally originating in the
tropics. Superimposed on this variability is a centennial-scale trend in
positive wind values that is likely being forced by anthropogenic sources.
The study suggests that this upward trend will lead to an increase in warm
waters at Thwaites Ice Shelf, and hence increased melting and retreat.
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snowfall over the continent and mass loss, the
latter approximately equally split between ice-
berg calving and ice shelf basal melting (37).
Under the current situation of a warming global
atmosphere, AIS precipitation is likely to in-
crease, as a warmer atmosphere can hold more
moisture and therefore produce greater precip-
itation (38). At the same time, a warming atmo-
sphere would increase surface melt of the ice
sheet, leading tomass loss.Additionally, awarm-
ing atmosphere will lead to changes in wind
pattens, with unknown outcomes with respect
to increasingly warm ocean waters reaching
ice shelf cavities and accelerating ice loss. The
warm-water cavities are sensitive (39), as they
currently have a largely unconstrained flow of
warmwater onto the continental shelf and into
their sub–ice-shelf cavities. The cold-water cavi-
ties are currently protected by dense and saline
continental shelf waters that block transport of
CDW to the ice shelf cavities (Fig. 2A), although
this situation could change under a changing
climate (40). It should also be noted that the
anticipated mass loss processes of surface
and basal melt have an inherently faster time
scale than that of the atmospheric-driven gain
through precipitation. This implies that themass
loss effects may occur faster than they can be
offset by precipitation.
Reductions in the extent and thickness of

ice shelves and the retreat of their grounding
zones associated with the ice-ocean processes
occurring in cavities would have major conse-
quences for the inland ice, causing it to flow
faster to the grounding zone as the buttressing
force of the ice shelves is weakened or lost (41).
There is some evidence that the resulting reduc-
tion in buttressing produces a near-instantaneous

response in the speedup of the inland ice (42).
As the inland ice flows faster toward the ocean
and is melted, the ice feeding the ice shelf be-
comes thinner, leading tooverall decreasedmass
of the AIS. Of all the processes governing this
mass and implied sea-level change, perhaps the
most important ones are those in the ground-
ing zone, which are also arguably the least well
understood at present. This is a key motiva-
tion for the ongoing integrated field, remote-
sensing, and modeling campaign called the
International Thwaites Glacier Collaboration
(43). Studies such as this into the retreat of
grounding zones are needed to feed into fully
coupled global climate models, so that climate
models can accurately represent such processes
to project future sea level with confidence [see
Pattyn (44) in this issue].
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Fig. 4. Atmospheric context wind variability. (A) The approximately east-west
oriented Antarctic Circumpolar Trough (ACT) supports a band of westerly
winds to the north of the trough, and easterlies to the south. Coriolis force
causes the westerlies and easterlies to drive the upper ocean waters to the north
and south, respectively, creating a divergence of surface waters all along the
ACT. This creates an upwelling of the subsurface CDW, which can cause it to
rise above the depth of the continental shelf break in places and allow the
possibility of it crossing onto the shelf and interacting with the AIS. Whether
or not the CDW gets onto the continental shelf is determined by processes
sketched in Fig. 2, A and B. (B) A time series of westerly winds in the Amundsen

Sea adjacent to Thwaites Glacier (36). Positive values indicating westerly
winds favor a greater transport of warm CDW into the cavity below Thwaites Ice
Shelf, thereby increasing melting and consequently grounding-zone retreat.
Negative values indicating easterly winds represent the opposite behavior.
The winds were created using a global climate model that simulates large,
natural, decadal variability in the climate system, principally originating in the
tropics. Superimposed on this variability is a centennial-scale trend in
positive wind values that is likely being forced by anthropogenic sources.
The study suggests that this upward trend will lead to an increase in warm
waters at Thwaites Ice Shelf, and hence increased melting and retreat.
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—20th century wind trend is model-based— 
WAIS coastal ice cores will test this
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