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ThisdocumentcomprisesthethirdreviewlecturegivenbyAdrianJenkinsduringthe2017
GeophysicalFluidDynamicsprogramattheWoodsHoleOceanographicInstitution(WHOI).
Itisabouttheice-oceaninteractioninthecontinentofAntarctica,andisdividedintwoparts:
coldwaterregimesandwarmwaterregimes.Severalﬁguresandﬁgurecaptionswerecopied
literally or almost literally from their original sources to facilitate comprehension. In those
cases,therelevantreferencesaregiven.

1
1.1

Cold Water Regimes
Surface properties of Antarctica

Foreaseofreference,amapofAntarcticaisincluded(Figure1).

Figure 1: Map of Antarctica (image from NASA is in the public domain).

The continent of Antarctica is uniformly surrounded by very cold near-freezing water
close to the surface. However, the distribution of near-surface (0-100 m) salinity is not as
simple. Indeed, it can vary depending on precipitation and redistribution by sea ice, which
adds salt during formation and fresh water when it melts. This can be observed in Figure
2, where the ocean tends to be fresher towards the north. Wherever the salinity is higher, it
is easier to deepen the cold layer of water.

Figure 2: Near-surface temperature and near-surface salinity in the continent of Antarctica.

AroundtheAntarcticpeninsulaprecipitationishighbecausethewesterlies(windsblowingfromwesttowardseast,i.e.,clockwiseinAntarcticmaps)encountersteeptopographyon
the Antarctic Peninsula and are forced to rise, losing moisture as snowfall. This orographic
eﬀect can be observed in Figure 3, which shows the surface mass balance (eﬀectively the
snowfall) on the continent. The precipitation is then much lower in the Ross and Weddell
seas due to the cold dry air which ﬂows from the interior of the continent. Freezing (ice
production)occursprettyuniformlyaroundthecontinent.
Strong katabatic winds (from higher elevations to lower elevations) are carried by the
highandsteeptopography,especiallyinEastAntarctica,wherewindswithspeedsupto320
km/hr have been reported in winter. These katabatic winds feed the near-coastal easterly
winds. Meanwhile, in the Ross and Weddell seas winds are deviated north by topographic
barriers. AllthiscanbeobservedinFigure4.

1.2

Shelf properties of Antarctica

In [23] an idealised model was used to study the processes setting the shelf water properties. The transport of relatively warm and salty circumpolar deep water (CDW) across the
Antarctic slope front (ASF) (which almost completely surrounds the Antarctic continental
shelf) was of particular interest, as the steep isopycnals (surfaces of constant density) associated with the ASF provide a barrier to on-shelf transport. The model was idealized by
being essentially 2D, with no variations in the along-shore direction and periodic boundary
conditionsassumed. ThisisshowninFigure5.

Figure 3: Left: Mean (1979-2010) surface mass balance (SM B) in mm w.e./yr (where w.e. means
water equivalent) using simulations and observations. Note that on the seasonal sea-ice, SM B
equals precipitation (P ) minus surface sublimation (SUs ) and on open ocean SM B = P [13].
Right: Mean concentration diﬀerence from residual freezing (does not represent ice thickness!) [5].

The investigation showed that shelf-water properties were mainly deﬁned by wind-driven
transport of Antarctic surface water (AASW) and by mesoscale eddies carrying CDW along
isopycnals. Weaker winds allowed more warm CDW to ﬂow onto the shelf, heating up the
shelf waters, as did broader and deeper shelves. A higher surface salt ﬂux (representative
of higher sea ice formation) had the same eﬀect, as it increased the production and outﬂow
of cold, salty Antarctic bottom water (AABW). It is the presence of AABW that creates a
connection between the shelf waters and the oﬀshore CDW and allows mesoscale eddies to
transport CDW onto the shelf. All these results are shown in Figure 6.
Another process that aﬀects the shelf water properties is precipitation. When precipitation is high, the upper ocean is stabilised and the thermocline is shallower, thus in regions
with high precipitation and weak coastal easterly winds (i.e. the Antarctic peninsula), warm
CDW intrudes onto the shelf. Meanwhile, in regions where precipitation is lower and coastal
easterlies are stronger, downwelling (accumulation and sinking of higher density water below lower density water) is suﬃcient to exclude CDW from the shelf. In the case where
precipitation is low and the sea ice production is high, cold, salty shelf water is present.
This picture is conﬁrmed by comparing temperature and salinity (Figure 7), precipitation
(Figure 3) and winds (Figure 4) with shelf properties observed around Antarctica (Figure
8). At depth, the shelves are dominated by cold and salty shelf water oﬀ the coasts of the
Filchner and Ross ice shelves; by cold and fresh AASW oﬀ the coasts of Dronning Maud
Land and Wilkes Land; and by warm and salty CDW oﬀ the coast of Ellsworth Land and
the Antarctic peninsula (see Figure 1 for geographic references).

Figure 4: Left: Mean winter wind vector. Right: Mean winter stream lines. Data is from 1980-93.
The elevation of the surface is shown by contour lines in red [24].

Figure 5: Taken from [23]. (a) Schematic cross-section of the Antarctic slope front (ASF), which
separates the continental shelf waters from the warm circumpolar deep water (CDW) at mid-depth
oﬀshore. In regions of Antarctic bottom water (AABW) outﬂow, such as the western Weddell and
Ross Seas, isopycnal (i.e. constant density) surfaces connecting the shelf waters to CDW may facilitate onshore heat transport and AABW export via the action of mesoscale eddies. (b) Schematic
proﬁles of ocean depth, along-shore surface wind stress, and associated parameters. (c) potential
temperature proﬁle used as reference, where eddy boluses of warm CDW are visible crossing the
shelf break. (d) Salinity proﬁle used as reference.

Figure 6: Taken from [23]. Left: Sensitivity of the transports crossing the Antarctic slope front
(ASF) of Antarctic surface water (FAASW ), circumpolar deep water (FCDW ), and Antarctic bottom
water (FAABW ). The sensitivity is to (a) the wind stress maximum amplitude τmax , (b) the brine
rejection rate on the continental shelf Σpolynya , (c) the depth of the continental shelf Hshelf , (d)
the width of the continental slope Wslope , (e) the oﬀset of the wind stress maximum from the
center of the continental slope (Lwind ), and (f) the model’s horizontal grid spacing Δx . In (a) the
theoretical wind-driven southward surface Ekman transport is also shown, and it agrees closely
with the shoreward transport of Antarctic surface water (AASW).

Figure 7: Deep water temperature and salinity in the continent of Antarctica.

Figure 8: Temperature (θ) and salinity (S) proﬁles at diﬀerent parts of Antarctica. At depth the
shelves are dominated by either: cold and salty shelf water (8, 5, and to a lesser extent 2 and 4);
cold and fresh Antarctic surface water (AASW) (1, 3, and much of the area around 2 and 4); or
warm and salty circumpolar deep water (CDW) (7 and 6).

1.3

Melting modes

ThediﬀerentmeltingmodesareillustratedinFigure9,andarebrieﬂydescribednext:
• Mode 1: This form of melting occurs when shelf water (SW) dominates. There are
extensive areas of refreezing and melt rates on the order of 0.1 m/yr. Both SW and
ice shelf water (ISW) are suﬃciently dense to form Antarctic bottom water (AABW).
• Mode 2: Here, the warmer circumpolar deep water (CDW) dominates. There is no
refreezing and much higher melt rates on the order of 1-10 m/yr are observed.
• Mode 3: This occurs when Antarctic surface water (AASW) dominates and CDW
intrusions only occur at the seabed. Some refreezing does occur and due to AASW
being seasonally warmer than SW, higher melt rates than Mode 1 are observed; on the
order of 0.1-1 m/yr.

1.4

Melting mode 1

InthesouthernWeddellSea,wheretheFilchner-Ronneiceshelf(FRIS)lies,thecoldSWis
dominant and denser than CDW. The complicated seabed and ice shelf geometry results in
a modiﬁed (with respect to the usual) pattern of melting and freezing, as shown in Figure
10,wherethebasic“icepump”mechanismisvisiblefromthesatellitedata. Fromtheﬁgure
it can be observed that relatively little warm water enters the cavity, and that the highest
meltingoccursatdepth,nearthegroundingline.
Figure 11 presents results from models, which show an overturning circulation, but also
stronghorizontalﬂowsguidedbyice-baseandseabedtopography. Thepresenceoftidesinducesmuchstrongercirculation,whereincreasedmeltingresultsinhigherbuoyancyforcing.
The model also reproduces the observed pattern of melting where the warm water enters
the cavity and reaches the deep grounding lines, while freezing is present along the outﬂow
paths (right in Figure 11). The freezing and melting are low when the eﬀects of the tides
arenotconsidered,butincreasesigniﬁcantlywithtidalforcing. Eventhoughtidesgenerate
onlyweaktime-averagedcurrents,tidalcurrentscandominatetheinstantaneousﬂowifthe
buoyancy forcing is weak. In that case, the tides control the turbulent transport of heat to
theiceshelfbase.
The outﬂows of ice shelf water (ISW) are possibly supercooled, due to the fact that
inﬂowing waters have a temperature close to the surface freezing point. The addition of
meltwateratdepth,wherethein situ freezingtemperatureisevenlowerduetotheeﬀectof
pressure,means thatthe buoyantoutﬂow may becomesupercooledas itrises. Inthatcase,
plateleticemayformandcangenerateregionsofverythick(about10m)land-fastseaice.
TheseinsightscanbeappreciatedinFigure10(bottom).
Most ISW exits the cavity at depth and contributes to the Antarctic bottom water
(AABW)formationasitspillsoﬀthecontinentalshelf. SimilarprocessesoccurintheRoss
Sea, but melting and production of ISW appear to be slightly lower, probably because the
iceshelfisthinneronaverage.
Ice shelves of the Ross and Weddell seas are probably relatively insensitive to climate
change. The shelf water will be ﬁxedatthe surfacefreezing point as long as enough sea ice

Figure 9: Taken from [8]: Three modes of sub-ice-shelf circulation and associated stratiﬁcation on
the continental shelf. (a) In Mode 1, dense shelf water (SW), formed by brine rejection beneath
growing sea ice, dominates the sub-ice cavity. SW has a temperature at or close to the surface
freezing point, and can melt ice at depth only because of the pressure dependence of the freezing
point. Some refreezing occurs in the cavity because the water produced by melting (ice shelf water
(ISW)) becomes supercooled as it rises along the shoaling ice shelf base. (b) Mode 2 dominates
if SW is absent and circumpolar deep water (CDW) is the densest water on the shelf. CDW
temperatures are typically around 3◦ C above the surface freezing point so melting is rapid, no ISW
forms, and there is no refreezing. (c) Mode 3 dominates where both SW and CDW are absent,
leaving Antarctic surface water (AASW) as the densest water on the shelf. Only the upper layer
of AASW is seasonally warmer than the surface freezing point, so melt rates are low and ISW
formation and refreezing can result. Although the CDW is denser, its access to the shelf is limited
by the deepening of the AASW layer at the coast, where the southward Ekman transport driven
by the easterly wind is blocked. Note that in (a), Modes 2 and 3 may inﬂuence the outer cavity
because AASW and modiﬁed CDW are present in the upper water column, while in (b), Mode 3
melting may occur above the permanent thermocline separating AASW and CDW.

Figure 10: Top left: Basal melt rates under assumptions of steady-state ice shelf and conservation
of mass. Positive values represent freezing and negative values melting (with color saturation for
magnitudes over 5 m/yr). Yellow line shows separation of region with strong melt at the Ronne
shelf,whilelightbluelinesillustrateinferredoceancirculationpaths[10]. Topright: Southwestern
WeddellSea. Bathymetriccontoursarelabeledinhundredsofmetersbeneaththeiceshelves. Dottedblackarrowsindicateinﬂowofmodiﬁedwarmdeepwater(MWDW)[18]. Bottom: (a)Salinity
and(b)potentialtemperatureattheFilchnerandRonneicefronts,wherethelightgrayrepresents
the draft of the ice shelf in the ice front [18].

isproduced. Onemodelsuggeststhepossibilityofafutureregimechange[4]. Itarguesthat
thinningofseaicemayincreasethewindstressandstrengthentheinﬂowofmodiﬁedCDW.
However,asthishappens,theremustalsobeadecreaseinshelfwaterdensity.

1.5

Melting mode 3

The Fimbul ice shelf (FIS) is located in the eastern Weddell Sea, where wind-forced downwelling of Antarctic surface water (AASW) dominates and keeps the shelf cold. Note that
the topography in this region is very steep, as can be observed in Figure 12. It is thought
that the wind-forced overturning is opposed by eddy overturning of the front, which brings
warm water on-shelf at depth (see Figure 12). This has a subtle diﬀerence to the case

Figure 11: From [14]. Left-center: Flow lines of the modeled mean annual circulation in (a) the
lower twelve layers without tides, (b) the upper four layers (including the mixed layer) without tides,
(c) the lower twelve layers with tides, and (d) the upper four layers with tides. The color scale
shows the mean current speed. Right: Mean basal ice melt rates beneath the Filchner-Ronne ice
shelf (FRIS) in cm/yr from the model for non-tidal (top) and tidal (bottom) simulations. Negative
values indicate freezing.

where shelf water (SW) formation creates an isopycnal connection to the deep waters oﬀshelf. That being said, an analogous model with the ice shelf included and without any SW
formation, shows a similar result. As observed in Figure 12 (right), a weaker easterly wind
allows warmer CDW to intrude along the seabed (note the higher temperatures at the seabed
when the wind is 3 m/s as compared to when the wind is 9 m/s). Therefore, the wind is a
fundamental factor of the heat transfer.
In the summer, the seasonally warmer upper layer of Antarctic surface water (AASW)
drives melting in the outer cavity (see left of Figure 13). This layer is relatively fresh and
typically too thin to get beneath the ice, but again, wind-forced coastal downwelling is what
allows it to access the Fimbul cavity. However, in this case, stronger easterly winds lead to
a greater ﬂux of warm water into the cavity.
Before observations were made in the Fimbul cavity, a modeling study suggested that
more circumpolar deep water (CDW) could be present at depth (see right of Figure 13).
This ended up being wrong, but for an interesting reason. An eastward-ﬂowing undercurrent
beneath the westward-ﬂowing AASW carried CDW along the upper slope. It turned onshelf within a seabed trough that cut the shelf edge and carried CDW beneath the ice shelf.
Stronger easterly winds could exclude the inﬂow by pushing the front and the undercurrent
deeper. This undercurrent has been identiﬁed in observations, but always deep down on the
continental slope [1].

Figure12:From[19].Topleft:TemperaturesectionacrosstheAntarcticslopefront(ASF)at17◦W
showingthetypicalstructureoftheASF.Bottomleft:Sketchillustratingthehypothesizedexchange
processes across the ASF. Yellow arrows illustrate Ekman overturning (Vek ), while red and blue
arrows illustrate the overturning of the slope front (Veo) and the sub-ice shelf overturning (γVeo)
respectively.Right:Thealong-slope-averagedtemperatureestimatedfromdailysnapshots.Negative
velocities are to left. The black lines are contours of zero residual velocity. Further right is the
observed temperature proﬁle beneath the Fimbul ice shelf (FIS) (in black) along with the modeled
temperatureproﬁles(incolors)takenfromtheverticalredlineinthepreviousplots.

1.6

A note on the warm water regimes

Warm derivatives of warm circumpolar deep water (CDW) are found at depth on the shelf
from55-155◦W.Often,itisassumedthatthedominantprocessesarecommonandconnected
withtheproximityoftheAntarcticcircumpolarcurrent(ACC).Nevertheless,theACCdoes
notreachthecontinentalslopeuntilabout90◦W(seeleftofFigure14).IntheAmundsenSea
itﬂowsnorthoftheMarie-ByrdSeamounts.
In the Bellingshausen Sea, upper CDW comes on the shelf as eddies that shed from the
ACC (see right of Figure 14). Thus, upper CDW is not conﬁned to troughs. On the other
hand, lower CDW intrusions follow the trough topography and appear to be steadier.
Meanwhile,intheAmundsenSea,thedeeperthermoclineseemstoexcludemostupperCDW,
while lower CDW intrudes along the troughs. The presence of CDW on the shelf is not a
novelty,sinceitwasobservedasearlyastheBelgianAntarcticexpeditionfrom1897-1899.

Figure 13: Left: From [3]. (a) Map of Fimbul ice shelf (FIS), with mooring locations M1, M2, and
M3 indicated by red dots, together with water column thickness (gray shading). Black contours
show the ice draft in 100 m intervals. The ice front is shown in magenta, and the continental shelf
break in green (1500 m isobath). Vectors originating at each site show the annual mean value of the
currents, surrounded by their associated variance ellipses (the white arrow in the upper right corner
indicates the velocity scale). (b) Potential temperature-salinity diagram comparing observations
below the FIS with coastal hydrography. The color shading shows the relative occurrence of diﬀerent
water masses at the mooring sensors, binned in T-S space, with yellow indicating many observations
on a logarithmic scale. Two arrays of melt water mixing lines, as described in the text, highlight the
melting regimes associated with Antarctic surface water (AASW or ASW) (blue) and modiﬁed warm
deep water (MWDW) (magenta). Right: From [21]. (Top) Annual mean potential temperature
(◦ C) along 1◦ W in the steady state solution. FIS is shown in light blue, and the bedrock in gray.
Potential density contours are shown as black lines. (Middle) Annual mean ﬂow at 450 m depth
in the steady state solution. The color scale shows current magnitude (cm/s) and the arrows are
current vectors with a 7.5 cm/s arrow to scale in the upper right corner. The thick black line is the
ice front of FIS. (Bottom) Annual mean eastward current speed (cm/s) at 1◦ W in the steady state
solution.

Figure 14: Left: From [15]. Location of climatological Antarctic circumpolar current (ACC),
transporting warm upper circumpolar deep water (UCDW). The ACC ﬂows along the slope-shelf
break for the entire western Antarctic. Bathymetry shallower than 3 km is shaded. Right: From
[16]. Conceptualdiagramshowingthecharacteristicsofcircumpolardeepwater(CDW)intrusions
to the western Antarctic Peninsula (wAP) shelf. UCDW intrudes on the shelf in the form of
relatively small and frequent middepth features. Lower circumpolar deep water (LCDW) is found
at the bottom of deep depressions. The thick black arrows represent upwelling of LCDW water to
the overlying water, and the rounded arrows represent mixing across layers.

2

Warm Water Regimes

Here,weturnourattentionthehighmeltregimedrivenbythetransportofwarmcircumpolar
deep water (CDW) onto the continental shelf, or mode 2 melting. Whilst CDW is present
all around Antarctica, there are only a few regions in which it can penetrate beneath ice
shelves. TheAmundsenseasectorisonesuchregion.

2.1

Mean state

In the eastern Amundsen Sea, the broad continental shelf is interspersed with a series of
deepertroughs(Figure15). Thesetroughs,whichwerecarvedoutbyglaciersduringprevious
advancesoftheAntarcticicesheet,nowprovideapathwayforCDWtoaccesstheiceshelves
intheregion.
Moving east to west along the shelf, the thermocline deepens (Figure 16) and the CDW
presentbelowbecomescooler. Inthewest,thecombinationofashallowershelfandadeeper
thermocline means that CDW is almost completely blocked from coming on-shelf. As a
result,theiceshelvesinthewesternpartoftheAmundsensectorareclosetoatransitionto
thecoldwaterregimesdiscussedinPartI,wheretheshelfiseﬀectivelyisolatedfromCDW.
2.1.1 Observations of heat transport to Pine Island Glacier
Access for CDW to Pine Island Glacier occurs through two troughs, Pine Island Trough
East (PITE) and Pine Island Trough West (PITW). Observations of PITW show an inﬂow
ofCDWofabout0.2Svwhichdeliversanon-shelfheatﬂuxofaround2.8TW[25].

Figure 15: The Amundsen Sea continental shelf and ﬂoating ice shelves of the region. Figure taken
from [6].

Figure 16: Temperature (◦ C) above pressure freezing point (T − Tf ) moving along the shelf, with
nominal ice shelf draft (white). Figure from [6]

Along shelf ﬂow is dominated by the Antarctic Slope Current, an eastward ﬂow driven
by winds oﬀ the Antarctic continent. Intriguingly, observations on the western side of PITW
show a strong, eastward ﬂowing undercurrent carrying CDW along the shelf edge (see upper
two panels of Figure 17). The troughs are approximately 30 km wide, considerably larger
in scale than the Rossby radius of deformation which is on the order of 3 km, so when the
current encounters the trough it is steered south onto the shelf (see lower two panels of Figure
17).
Kimura et al. (in review) ﬁnd that the inﬂows combined supply about 6 TW of heat to
the shelf. Of this heat, approximately one third is lost to the atmosphere, one third is used
to melt ice shelves and one third is carried westward by the on-shelf circulation.

Figure 17: Potential temperature and geostrophic velocity sections for two separate transects; one
slightly westward of Pine Island Trough West (PITW) and the other at the entrance to PITW.
Positivevaluesareeastwardﬂowingcurrents.Figurefrom[26].

2.2

Variability

2.2.1 Instrumental record
ConditionsintheAmundsenSealiesomewhereinbetweenthestronglystratiﬁedconditions
to the east (e.g. Marguerite Bay) and the weakly stratiﬁed conditions in the Ross Sea to
thewest. InMargueriteBaythethermoclineisextremelyshallowandwarmCDWoccupies
most of the water column (Figure 18), however the Ross Sea is almost uniformly cold with
somefresheningatthesurface.
The thermocline depth in the Amundsen sea is highly variable and is sensitive to both
windandbuoyancyforcing. Furthermore,variabilityinthermoclinedepthdrivesvariability
in ice shelf melt. Observations from in front of the Pine Island Glacier (PIG) calving front
showthatchangesinthedepthofthethermoclineareaccompaniedbychangesinmeltwater
fractionandthusiceshelfmelt(Figure19). AtthePIGcalvingfront,meltwaterisidentiﬁed
as a warm, salty anomaly. This result, which is somewhat counter-intuitive as melting is
associated with cooling and freshening, can be understood in terms of the watermasses in
Figure20. Ifthecavitybeneathaniceshelfhasthetemperature-salinity(TS)propertiesof
Ambient 1, warm, salty CDW (x1 ) may drive melt and follow the meltwater mixing line to
x2 . The mix of meltwater and ambient ﬂuid will then rise in the water column to its level
of neutral buoyancy. Tracing the isopycnal between x2 and the open circle on Ambient 1,
we can see that the meltwater mix will be warmer and saltier than the ambient ﬂuid of the
same density, and will therefore appear as a warm and salty anomaly. This eﬀect will only
occur if the slope of the ambient in TS space is steeper than the meltwater mixing lines; if

Figure 18: In situ temperature and salinity averages showing thermohaline properties in the
Amundsen Sea for 1994, 2000 and 2007. Labels indicate proﬁles from east of Bear Island (E)
and west of Siple Islands (W). The dashed proﬁles, which are provided for comparison, are from
Marguerite Bay (MB) and near Ross Island (RS). Figure from [6].

the slope is shallower (e.g. Ambient 2) the water mass will be cooled and freshened through
the addition of meltwater.
In the Amundsen sector, the ambient stratiﬁcation is set by the mixing of Antarctic
surface water (AASW) and CDW. Provided that the AASW salinity is above 33.6 psu,
the CDW/meltwater mix will be warmer and saltier at any given density. In winter, the
meltwater outﬂows contain enough heat to melt sea ice.
How diﬀerent water masses interact with ice shelves is also determined by the geometry of
the ice shelf cavity. Beneath Pine Island Glacier, a 300 m high seaﬂoor ridge provides a partial
barrier to inﬂowing CDW. Much like the relative depths of the thermocline and continental
shelf control the ﬂow of CDW onto the shelf, the relative positions of the thermocline depth
to the ridge determine how much heat reaches the grounding zone. However, here a positive
feedback may be present; the more the ice thins, the wider the gap over the ridge becomes,
allowing more CDW to access the grounding line.
West of Pine Island Glacier, at the Dotson Ice Shelf, a time series of temperature sections
across the calving front shows that variability in the depth of the thermocline is the primary
inﬂuence on the average temperature of inﬂowing water, and that this drives extreme variability in melt ﬂuxes. The melt ﬂuxes calculated from oceanic properties are consistent with
satellite-derived measurements of ice shelf melt rate.
Results from the Dotson suggest that melt rate is a non-linear function of temperature.
Whilst it is diﬃcult to ascertain this from the Dotson data alone, Figure 22 also includes
an estimate of melt in cold water ice shelves, as we know that the pressure dependence of
the freezing point allows melting to occur beneath an ice shelf even when the water masses
driving it are at surface freezing point. Thus, the melt ﬂux is positive deﬁnite even at zero
degrees on Figure 22. As a result of this non-linearity, the Amundsen ice shelves are more
sensitive to ocean variability because the mean state is warm.

Figure 19: Potential temperature (A–E) and meltwater fraction (F–J) sections at the Pine Island
Glaciericeshelfcalvingfrontforindividualyearsofobservation(labeled). Sectionsarefacinginto
the cavity beneath the ice shelf. Figure from supplementary material of [2].

2.3

What’s driving the variability?

Model results from Kimura et al. (in review) suggest that variability in shelf edge inﬂows
rather than surface ﬂuxes is the primary control on themocline depth, and hence on melt
rates. Whilst surface ﬂuxes aﬀect the AASW layer, they have little impact at the depths
thatmattertotheiceshelf.
Thevariabilityintheshelfedgecurrentsthemselvesisdrivenbywind,althoughthemechanismforthisisnotyetclear. Periodsofstrongeasterlies(Figure23a)enhancedownwelling
on the shelf and buoyancy forcing in polynyas and suppress the slope front undercurrent,
decreasingtransportofCDWontotheshelfandmakingitmorelikelytomixwiththeoverlying waters as it passes over the ridge. This results in an overall cooling and decrease in






Figure 20: Potential temperature vs salinity diagram illustrating properties of two idealized ambient
water columns (bold lines), with melt-water mixing lines (dashed lines) extending from the top, the
bottom, and the midpoint of each. Open circles indicate possible properties produced by melting
into Ambient 1, while open squares indicate the same for Ambient 2. Figure adapted from [7].

Figure 21: Potential temperature vs salinity plot at the calving front of Pine Island Glacier. Numbered solid lines are isopycnals, and the solid line near the bottom of the diagram indicates the
surface freezing point. In (c) dashed lines represent approximations to the ambient trend in the
main thermocline (bold) and a melt-water mixing line. The dash-dotted lines are contours of
melt-water fraction. Figure from [7].

Figure 22: Average temperatures and melt ﬂuxes from the Dotson Ice Shelf. Figure from Jenkins
et al. (in preparation).

melt. Conversely, weaker easterly winds are often accompanied by weak westerlies at the
shelf edge (Figure 23b). This enhances inﬂow of CDW which raises the thermocline, allowing
more transport over the ridge and increased melting.

Figure 23: Schematic of processes that lead to (a) cooling and (b) warming of the eastern Amundsen
Sea continental shelf. Figure from [9].

2.3.1

A mechanism for changing the winds

The weak easterlies in the Amundsen sector are themselves associated with El Niño Southern
Oscillation (ENSO). Anomalous heating in the central equatorial Paciﬁc triggers a standing
Rossby wave that which results in sea level pressure anomalies in the Amundsen Sea. These
anomalies weaken the easterly winds over the Amundsen Sea shelf and can result in westerly
winds over the shelf edge.
Over the instrumental record, mooring and CTD (sonde used to measure conductivity,
temperature and pressure) observations of inﬂow properties show a good agreement with
zonal wind anomalies and central Paciﬁc Sea Surface Temperature (SST) anomalies (Figure

Figure24: ProxiesforthermoclinedepthontheinnershelfoftheeasternAmundsenSea(theupper
panelisanexpandedversionovertheobservationalperiod). Thedepthofthe0.8◦ Cisotherm(lefthandaxis)isextractedfrommooringdata(blackline)andaveragesofsummerCTDstations(black
diamonds). Lessdirectproxiescomefromthecumulativezonalwindanomaly(darkblueline)and
cumulative central tropical Paciﬁc sea surface temperature anomaly (red line). Figure from [9].

24,upperpanel),suggestingthatthelinkbetweenthesemayexplainthedominantmodeof
variability.

2.4

Implications for driving ice sheet change

TheLastGlacialMaximum(LGM)wastheperiodduringthelastglacialcycleduringwhich
Earth’sicesheetswereattheirmaximumextent. Assuch,theretreatoficebetweentheLGM
and present day extent is used to understand the mechanisms for ice loss from Antarctica,
andthespeedatwhichtheyoccur.
In the Amundsen sector, the retreat of ice from LGM to present day extent occurred
mainlybetween10and20thousandyearsbeforepresent. Inthefollowingperiod,themargin
appearstohavebeenstable[12].
2.4.1 The retreat of Pine Island Glacier
SedimentcoresfromtheridgebeneathPineIslandGlacierrevealthattherehasbeenrecent
change. Pre-1940ssedimentrecordsshowonlycoarsegrainedsediments,transportedbythe
glacier itself, to either side of the ridge (Figure 25). Behind the ridge is a small cavity of
water,butthiscavityhasnoconnectiontotheocean. Post1945,thepresenceofﬁnegrained
sediments transported by plumes suggest the there was an oceanic cavity behind the ridge
with a connection to the outer cavity, either through a bathymetric feature or due to tides.
However,thecoarsesedimentsonthefrontoftheridgedemonstratethattheiceshelfisstill
pinned to the ridge. Post 1970, the presence of ﬁne sediments on both sides of the ridge

suggest that this is when the cavity took on its current geometry. This assertion is conﬁrmed
by early satellite imagery.
Satellite radar interferometry since the early 1990s shows the glacier is still retreating, as
are many others along the eastern Amundsen coastline.

Figure 25: Sedimentation and processes beneath Pine Island Glacier. Figure from [22].

The retreat has been explained as a result of warming of the waters on the Amundsen
Sea Shelf [20]. However, the study that published this result uses data up to early 2010,
and thus does not include the subsequent cooling of shelf waters. Instead, the recent record
of grounding line movement is more consistent with the ocean variability. Grounding line
retreat has slowed during the cool phase and the Kohler Glacier has even re-advanced.
2.4.2

Glacier thinning

Analysis from satellite altimetry shows that the thinning of glaciers is not a continuous
process. During warm periods, enhanced thinning at the grounding line triggers a wave
of thinning that propagates inland (Figure 26). Periods of reduced thinning are similarly
followed by reduced thinning, or even thickening, inland. For example, the Kohler glacier
(Figure 26c) shows a thinning signature initiated pre 1996, however the stability of the
current grounding line has prevented any more recent thinning, in contrast to Pine Island
and Thwaites glaciers (Figures 26a and 26b).
Using the relationships established in Section 2.3.1 between shelf edge winds (and thus
thermocline depth and melt ﬂux) and Paciﬁc SSTs, we can extend our proxy record back in
time. Two prominent anomalies occur in the 1940s and 1970s, coinciding with the grounding
line events seen in the sediments beneath the Pine Island Glacier. The anomalous period in
the 1940s is well documented in ice core records from the West Antarctica, and is the most
anomalous period in the 20th century, with the exception of the 1990s.
Records of ice ﬂux across the grounding line of glaciers in the Amundsen region start in the
1970s, when satellite imagery became available. Since the 1970s, each glacier has experienced
periods of rapid acceleration and periods of relatively steady ﬂow or slight deceleration.
Whilst responses vary from glacier to glacier, it is clear that accelerations correspond with

Figure 26: Ice surface-lowering rates along ﬂowlines in the three basins. Figure from [11].

Figure 27: Evolution of ice discharge at the grounding line, where the red shading indicates a warm
period and the blue shading is a cool period. Figure adapted from [17].

warm periods, while steady ﬂow coincides with cool periods (Figure 27). The varied responses
of individual glaciers is determined by the geometry and properties.
The mechanism for increased melting of an ice shelf driving thinning of a glacier upstream
is illustrated in Figure 28. Increased transport of CDW on shelf increases melt rates and
thins the glacier (top panel). This decreases the buttressing eﬀect the ice shelf can provide
and moves the grounding line back (middle panel), and the glacier accelerates. This changes
the surface slope of the glacier, accelerating ﬂow upstream and allowing the thinning signal
to propagate. In the lower panel, the ice shelf thickens due to decreased melt, itself a result
of a deeper thermocline, which isolates the shelf from CDW.
The propagation of the thinning signal upstream operates on far longer timescales than
the adjustment which occurs at the glacier front. Thus, at any one time we may be looking

Figure 28: Schematic linking atmospheric and oceanic forcing to ice sheet ﬂow via the thinning/thickening of an ice shelf. Upper: CDW accesses the ice shelf cavity, driving high melt.
Middle: The ice shelf thins and the grounding line retreats. The surface slope increases, as does
the grounded ice ﬂow. Lower: Increased westerlies lower the thermocline and restrict CDW access,
thickening and ﬂattening the ice shelf.

at a superposition of cooling (thickening, advancing) and warming (thinning, retreating)
signals. Tofurthercomplicatethematter,akeyfactorinthestabilityofthegroundingline
is the geometry of the bed, meaning that a given forcing may inﬂuence diﬀerent glaciers in
diﬀerentways.

2.5

Summary

TheAmundsenseasectorisanespeciallyinterestingregioninthatwindvariabilityhasthe
capacity to drive a large response in ice shelves, and consequently in the upstream ﬂow of
grounded ice. The sensitivity of the ice to the winds is a result of the ocean state and
bathymetryoftheregion;variabilityinthethermoclinedepthandthestrengthoftheslope
frontundercurrentmodulatetheon-shelfﬂowofwarmCDW.
Since the 1940s, the ice sheet has been experiencing episodic retreat. Decadal ocean
variability can trigger retreat, and once the grounding line is forced from a seabed high, it
willcontinueuntilthegroundinglinestabiliseslongenoughfortheinlandﬂowtoequilibrate.
Akeyquestiontoaddressiswhether,weretheshelftothicken,thepreviousgroundingline
couldbere-established. Inotherwords,isthisacycle,orisitirreversible?
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1.1

Testing the Ocean Trigger Hypothesis for(SFFOMBOET
 Glaciers
Establishing rates of mass loss in Greenland

ThechangeinmassM ofanicesheetwithrespecttotimeisgivenby
dM
= SM B − D
dt

(1)

where SM B represents the surface mass balance and D represents the rate of ice discharge.
Here SM B is the diﬀerence between the rate of accumulation due to precipitation and the
rate of ablation due to surface melt and sublimation, while D represents the rate of loss due
to glacial calving and melting at the ice margins by the ocean. In order to accurately monitor
and predict the ice sheet mass balance in a changing climate, it is necessary to isolate SM B
and D. In Antarctica, mass loss occurs primarily though D (as ambient temperatures are
too low to permit signiﬁcant mass loss from surface melting); in Greenland this is not the
case.
Since 2002, GRACE satellite observations of Greenland mass balance changes through
gravimetry have provided data on an ice-sheet-wide scale. Figure 1 shows the cumulative
mass change of the ice sheet since 2002 as resolved by GRACE. The declining mass is
superimposed upon a signiﬁcant seasonal cycle of SM B.
Prior to GRACE, ice mass changes were necessarily interpolated from scattered in situ
observations. Greenland SM B has been relatively adequately monitored since ∼1980. In
order to obtain estimates for earlier periods, Greenland Ice Sheet SMB is reconstructed from
(typically) atmospheric and snow-pack models. The Regional Atmospheric Climate Model
(RACMO) simulates the spatial distribution of climatological SMB from 1958 – 2007 [3].
Spatially, SM B is O(1000 kg m−2 yr−1 ) along the coast of southeast Greenland due to
signiﬁcant orographic precipitation. Over much of northern Greenland, SM B is O(100 kg
m−2 yr−1 ) due to the relatively low precipitation rates in the interior (and by relatively cold
temperatures at high latitudes). Over the coastal margin of southwest Greenland, SM B can
reach O(−1000 kg m−2 yr−1 ), which is attributable to signiﬁcant surface melting.

Figure 1: Monthly change in mass of Greenland from April 2002 – April 2016
(cumulative). Figure reproduced from https://www.climate.gov/news-features/featuredimages/greenland-ice-mass-loss-continued-2016.
Measurements of D for a particular glacier are made via remote sensing of the ice velocity
across a transect (ﬂuxgate) as near as possible to the grounding line, and D is approximated
by
D = V hH

(2)

where V is the velocity perpendicular to the transect, h is the width of the ﬂuxgate, and H
is the depth of the glacier [5, 2]. Typically, D is assumed to be seasonally invariant (due both
to a paucity of observations and, when observations have been available, a lack of evidence
of a clear seasonal dependence). In one study, D was calculated at 178 outlet glaciers [2]; V
was estimated (where possible) by repeat imaging from the Landsat 7 Enhanced Thematic
Mapper Plus and the Advanced Spaceborne Thermal and Reﬂectance Radiometer (ASTER).
In addition, H was obtained from digital elevation models (DEMs) by diﬀerencing the bed
elevation from the surface elevation (where possible; bed elevation data was not available in
the cross-ﬂow direction at all glaciers).
Historical reconstructions of the total mass balance (T M B, deﬁned as SM B −D) require
estimates of D, which are often based upon correlations between SM B and D over periods in
which both quantities have been observed. Figure 2 shows a reconstruction of the Greenland
Ice Sheet SM B, D, and T M B from 1900 – 2010 [6]. The historical reconstruction is based
upon diﬀerences between the maximum extent of the ice sheet during the Little Ice Age (as
inferred from trimlines and moraines) and aerial photogrammetry from 1978-1987, which
allows the change in elevation around the entire perimeter of the ice sheet to be calculated.
This is then interpolated to the interior. SMB modeling is used to resolve the mass balance

Figure2: Five-yearmeanofSM B(orangeline),modeledicedischarge(blueline),and5-year
mean of total mass balance (gray) with 1σ uncertainty range (shading). Figure subsetted
from[6].
into components arising from SM B and D (see their“Methods”section). Mass loss is seen
tosigniﬁcantlyacceleratearound∼1990,withmassbalancedeﬁcitsincreasingataratenot
seen since perhaps ∼1920¯1930. What might account for the accelerated mass loss since
∼1990?

1.2

Ocean trigger hypothesis

ChangesinbothSM B andD contributeinapproximatelyequalparttothemasslossfrom
theGreenlandIceSheetsince∼1990. Moreover,anacceleratedretreatoflargeoutletglaciers
beginning around ∼2000 (primarily around the western and southern coast of Greenland)
hasbeendocumented.
Two major types of glaciers exist along the margins of Greenland: “ﬂoating ice tongue”
glaciers and tidewater glaciers. Tidewater glaciers are characterized by a relatively shear
verticalfaceandprimarilylosemassthroughglacialcalving,whileﬂoatingicetongueglaciers
are characterized by a long, thin, ﬂoating ice protrusion into the ocean from the grounding
line and primarily lose mass through melting. Many of Greenland’s large tidewater glaciers
(including, for example, Jacobskavn Isbrae, Helheim, and Zachariae Isstrom) had ﬂoating
icetonguesintherecentpast.
The ocean trigger hypothesis [13] suggests that the glacier retreat beginning around
∼2000 (Figure 3) and contributing to the relative increase of D (as in [6]) was initiated
by oceanic drivers. The intrusion of anomalously warm ocean water onto the shelf causes
submarine melting of the ﬂoating ice tongue, triggering rapid thinning and ungrounding,
which reduces buttressing and causes acceleration and calving. For instance, Jacobshavn
Isbraetransitionedfromaregimeofslowiceaccumulationtorapidthinningbeginningaround

Figure 3: Shift in the calving front at Jacobshavn Isbrae from 1851-2006. Figure reproduced
from https://svs.gsfc.nasa.gov/3395.
1997, and this was accompanied by an approximate doubling of velocity [4]. The accelerated
mass loss is thought to be associated with warm oceanic inﬂow from the Irminger Sea. This
is in contrast to the hypothesis that atmospheric warming causes enhanced surface melt and
bed lubrication, leading to accelerated sliding. Hydrographic data in and around Greenland’s
fjords is diﬃcult to obtain, particularly at depth. However, this warming signal beginning
around 1997 (at depths of 150-600 m) was captured by trawl ﬁshery measurements made
from 1991 – 2006.
The ocean trigger hypothesis is supported by several independent lines of evidence. Indeed, ocean currents which bifurcate from the North Atlantic Current transport warm equatorial waters close to the southern coastal shelf of Greenland (Figure 5 shows a schematic
diagram), suggesting that it is plausible for outlet glaciers to respond sensitively to changes
in ocean temperature. However, few direct measurements of ocean temperature at depth
along the shelf are available over the period of interest, requiring the use of sparse direct
measurements, proxy data, and models. For instance, a numerical ice-ﬂow model with a
dynamic calving front has been used to study the reponse of Helheim glacier to various
front-stress perturbations, changes in basal lubrication, and changes in the ablation rate [8].
Experiments with front-stress perturbations (which could occur due to rapid thinning of the
ﬂoating ice tongue) best captured the observed rate of retreat and lend credence to the ocean
trigger hypothesis.
Furthermore, paleooceanographic reconstructions fail to refute the ocean trigger hypothesis. For example, at Disko Bugt (West Greenland), a 100-year long (1910 – 2007) record of
ocean temperature at approximately 300 m depth was reconstructed based upon the relative
presence of warm and cold water taxa of benthic foraminifera in a series of sediment cores
[7]. Indeed, the accelerated retreat of Jacobshavn Isbrae beginning after 1998 coincided with
a period of ocean warming locally (and local ocean temperatures were related to the Atlantic
Multidecadal Oscillation).

Figure 4: Depth-averaged temperature as obtained from trawl ﬁsheries for1991-2006 (150600 m average). Note the increase in temperature near Jacobshavn Isbrae in 1997. Figure
reproduced from [4].

Figure 5: Schematic diagram of the ocean circulation around Greenland. Note the proximity
of the warm Irminger Current (warm northward-ﬂowing current branching from the North
Atlantic Current to the west) to the coastal shelf of Greenland. Figure adapted from [13].

Calvingratesmaybereconstructedusingtheobservationthaticebergsare“dirty.”Specifically,Ice-RaftedDebris(IRD)depositedinSemilikFjordneartheHelheimGlacierterminus
hasbeenusedasaproxyforglacialcalving[1].Baseduponmeasurementsfromsediment
cores,arecordofthecalvingratehasbeenreconstructedfrom1890tonearpresent. In
particular,thesandfractionisusedtorepresenttheIRDsincesandgrainsarelikelytohave
beentransportedbyicebergsratherthanadvectedbymeltwaterplumesduetotheirlarge
size(whichcausesthemtorainoutofsuspension).Theauthorsnotethattheaccelerated
calvingeventoftheearly2000s(aswellasaperiodduringtheearly∼1930s–1940s)was
associatedwithwarmphasesoftheAtlanticMultidecadalOscillation(indicatingthatinﬂowingAtlanticwaterswererelativelywarm)andwithrelativelylowexportofcoldArctic
water.ThissupportsthehypothesisthatenhancedsubmarinemeltatHelheimwastriggered
bycontactwithanomalouslywarmoceanwater.
Indeed,theinﬂuxofcoldArcticwaterthroughtheFramStraittothecoastalmargins
ofGreenland(asindicatedbytheStorisindex,relatedtothelatitudeoftheseaiceextent
alongthecoastofsouthwestGreenland)versustheinﬂuxofrelativelywarmwaterfromthe
southviatheNorthAtlanticCurrent/IrmingerCurrent(asgivenbyatemperaturetransect
southofIceland)likelyinﬂuencesthecalvingrate[1]. Forthisreason,a“ShelfIndex”
isconstructedasthesumoftheseindices,andtheShelfIndexisseentocorrelatewith
thecalvingrateoninterannualandlongertimescales(r =0.41for3-yearmean,whichis
statisticallysigniﬁcantatthe95%level).Correlationsbetweenthe(negative)Storisindex
andAtlanticwatertemperaturesasmeasuredalongthetransectarenearlyasstrong,yet
correlationswithatmosphericvariablessuchasthewintertimeNorthAtlanticOscillation
indexarealsosigniﬁcant(r=−0.45).
Thus,weseethattherearemultipleindependentlinesofevidencetosupporttheOcean
Triggerhypothesis.

2 Ice-oceanInteractionsinGreenland(laciers
TheevolutionofGreenlandglaciersdependsonarangeofcomplexphenomena,associated
withchangesinatmosphericandoceanicconditionsonmultiplespatialandtemporalscales.
Thislecturewilloutlinethecurrentunderstandingoftheeﬀectofoceanicforcingon
Greenlandglaciers,andthetechniquesusedtoestablishthesefacts.

2.1 Greenlandglaciers:tidewatervstongues
TherearetwotypesofoutletglaciersinGreenland,characterisedbytheirstructurebeyond
theirgroundingline(thefurthestpointatwhichtheyareincontactwiththeseabed).
Theﬁrstandmostcommon,tidewaterglaciers,donotextendfarbeyondtheirgrounding
line,anddisplayvigorouscalving(icebergproduction)attheiredge.Theothertype,ﬂoating
tongueglaciers,insteadextendtensofkilometresbeyondtheirgroundingline. Further,
ﬂoatingicetonguestypicallybalancetheincomingiceﬂuxbymelt,anddonotstrongly
calve. Floatingtongueglaciersareabletobalancetheincomingiceﬂuxbymeltasthey
haveamuchlargerareaincontactwiththefjordwaters.

Figure6: SchematicoftypicalGreenland
tidewater glacier. Figure adapted from
[14].

2.2

Figure7: Floatingtongueglaciersextend
far beyond the grounding line. Figure
adaptedfrom[14].

Ocean water in fjords
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Figure8: SchematicofoceancurrentsaroundGreenland. Figurefrom[10].
Importantly,theyfoundthatthesewaterswerecontinuouslyreplenished[12]. Thereare
several mechanisms that contribute to this replacement, but one main driver of fjord/shelf

exchange is variations in the pycnocline on the shelf near the mouth of the fjord.
Figure 9 illustrates this mechanism with the example of Ekman transport by along coast
winds. These winds (into the page) force transport of the surface layer toward the right
(into the fjord), depressing the shelf pycnocline. The fjord waters then equilibrate to this
new stratiﬁcation by inﬂow of the top polar water, and outﬂow of the bottom Atlantic water.
When the forcing ceases, the fjord waters will then relax to the original equilibrium, thereby
replenishing the waters.

Figure 9: Wind driven forcing of shelf waters will adjust the shelf pycnocline, to which the
fjord waters equilibrate. When the forcing ceases, the fjord waters readjust to the previous
equilibrium(c). Figureadaptedfrom[12](SupplementaryInformation).

The presence of high sills in fjords may be able to block this transfer however [9, 16],
mitigatingthei nﬂuenceofthewarmerAtlanticwater.

2.3

Glacial melt from Uemperature-Talinity diagrams

Thedistributionoffjordwatercharacteristicsishighlyrevealingwhenplottedona(potential) Temperature (θ) - Salinity (S) diagram. This is because when salt water melts ice,
the properties of the water-ice mixture will evolve along a straight line in θ−S space - as
explained in Adrian Jenkins’ ﬁrst lecture. Water measurements close to the line imply the
melting of glacial ice; divergence implies some other process is occurring (such as mixing
withglacialrunoﬀ).
Straneo and others [11, 15] found that measurements around Greenland glaciers were
consistent with melting of glaciers by Atlantic Water. The red curves in Figure 10 show
θ −S measurements of water near the fjord mouth, while the blue curves are near the
glacier. Thewintermeasurements(ontheright),showthatwaterneartheglacierliescloser
tothemeltinglineofAtlanticwater,implyingthatthewaterismeltingtheglacier.

The summer measurements tell a diﬀerent story however. Now, the near-glacier water diverges from the melting line of the Atlantic water, instead being much fresher than expected.
This is due to discharge, including at depth, of surface melt driven by a warm atmosphere
above the ice.

Figure 10: θ−S measurements near Helheim glacier in summer (left) and winter (right).
Theredcurvesareofwatersnearthemouthofthefjord,andthebluereadingsareasclose
as possible to the glacier edge. The inﬂuence of the glacier is seen through the diﬀerences
between the red and blue curves. The solid black line shows the melting line of Atlantic
water, while the dashed line shows the line for mixing with glacial runoﬀ. The curved lines
are isopycnals, the cyan line shows the freezing temperature at zero pressure for varying
salinities. Figureadaptedfrom[11].

2.4Lagrangianiceﬂuxdivergencemeasurements
The melting of ice tongues can be inferred by measuring the divergence of the ice ﬂow.
Assuming a vertically uniform velocity u = (u,v) and density ρi , the melt rate ȧ of a
ﬂoatingicetonguecanbeinferredfromtheconservationlawforicethicknessh:
∂h
∂h
+ ∇ · (hu) =
+ u · ∇h + h∇ · u = ȧ.
∂t
∂t

(3)

This Eulerian framework suﬀers from a key drawback however; for sparse sampling times,
the calculation of time derivatives will be aﬀected by aliasing – If the sampling time is too
sparse and a second peak is in the same location as a past peak, then there is no way to infer
a change in thickness of the ice.
A more eﬀective approach is to switch to a Lagrangian framework, in which we track the
time derivative of the ice thickness following the ice, Dh/Dt = ∂h/∂t + u · ∇h. By tracking
the ice, we are able to minimize aliasing. This gives our conservation law as
Dh
+ h∇ · u = ȧ.
Dt

(4)

Figure 11: Greenland glacier melt rates determined using Lagrangian ice ﬂux divergence
measurements. Figurefrom[17].

The ﬁrst step in estimating these quantities is to measure the surface elevation of the ice
tongueusingDigitalElevationMapsatmultipletimes.
The thickness of the ice tongue can the be measured given knowledge of the tidal data,
andassuminghydrostaticbalanceoftheice. Thehydrostaticapproximationbecomesinvalid
withinseveralkilometresofthegroundingline,preventingtheuseofthistechniqueinthese
areas.
By cross correlating successive elevation maps, the velocity of the ice u can be inferred,
and the elevation (thus thickness) change Dh/Dt can be measured. From these measurements, the total melt rate of the ice tongue can then be inferred. The submarine melting
canﬁnallybeisolatedbysubtractingthesurfacemeltusingamodelofatmosphericmelting.
Puttingallthistogether,thesubglacialmeltofglacierscanbecalculated,asseeninFigure
11forthreeGreenlandglaciers[17].
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