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The shrinking Greenland ice Sheet
The Greenland Ice Sheet presently accounts for 
about a quarter (0.5 mm yr−1) of global mean sea-
level rise each year, and its contribution has more 
than doubled in the past decade.  Much of this 
change has been due to increased ice discharge 
associated with the acceleration of outlet glaciers 
flowing into fjords in western and south-east-
ern Greenland.  Higher ocean temperatures are 
thought to have played a role.  However, the 
circulation within Greenland’s fjords is not well 
known, and the interaction between glacial ice 
and the ocean is poorly understood; the role of 
the ocean in the ice sheet mass budget is largely 
unquantified.  

There is clearly an urgent need to understand 
the changing mass balance of the Greenland Ice 
Sheet and its interaction with other components 
of the climate system. While this has largely been 
the domain of glaciologists until now, the realisa-
tion that the ocean is implicated in the accel-
eration of Greenland’s melting demands that 
oceanographers get involved!

Unlike Antarctica, Greenland is not surrounded 
by extensive floating ice shelves. In the major-
ity of cases, its outlet glaciers interact with the 
ocean exclusively at their calving fronts. Only 

The increasing rate of sea-level rise is one of the major pressing concerns associated 
with climate change.  It has potentially severe consequences for over 200 million 
people who live on coastal flood plains around the world, as well as for the trillion 
dollars’ worth of assets lying less than one metre above current sea level.  Reliable 
predictions of sea-level rise are essential for adaptation and mitigation; the largest 
uncertainty in these predictions currently comes from our lack of understanding of 
likely future change in the Greenland and Antarctic ice sheets.

four major outlet glaciers have grounding 
lines significantly below sea level, and only 
two of these (Petermann Glacier and 79°N 
Glacier) now flow out over the water in the 
fjord to form a substantial floating tongue or 
shelf of ice. A third such glacier (Jakobshavn 
Isbræ) has recently lost its ice shelf, rapidly 
retreating back to its grounding line over the 
past decade.  This is thought to have been 
due to an increase in ocean temperatures 
beneath the floating portion of the glacier, 
and has resulted in a significant speeding up 
of the glacial ice flux over land. This in turn 
has caused concern over the vulnerability of 
Greenland’s remaining ice shelves.

Petermann Glacier in north-west Greenland 
drains about 6% of the Greenland Ice Sheet.  
It terminates in a floating tongue of ice 20 km 
wide and 50 km long.  It made international 
news in August 2010 when an ice island four 
times the size of Manhattan calved off its ice 
shelf.  However, its most interesting feature 
from a Greenland mass-budget point of view 
is not that it periodically calves but that, in 
fact, 80% of its mass is lost through unseen 

basal melting of the floating ice shelf by 
the ocean beneath, even before the ice has 
reached its calving front.  Here I report some 
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Figure 1   Left  MODIS satellite image of Petermann 
Glacier and Fjord, taken on 10 September 2003. The 
fjord is ~ 20 km wide and, at this time, Petermann 
Glacier’s floating ice shelf was about 70 km long.  
Above  Petermann Fjord opens out into Nares Strait, 
which connects the Arctic Ocean to the north with 
Baffin Bay to the south.

surface melting, indicating that most of the ice 
loss is due to melting by the ocean beneath.

Very few ocean measurements have ever been 
made in Petermann Fjord.  The fjord mouth and 
neighbouring Nares Strait are covered with sea-
ice for most of the year, much of it thick multi-
year ice, and often land-fast. Access by ice-
breaker is only normally possible during a brief 
window in late summer. The ocean measure-
ments described here were made during one-day 
surveys from the US Coast Guard Cutter Healy (in 
2003) and the Canadian Coast Guard Ship Henry 
Larsen (in 2007 and 2009) while the ships were 
engaged in other oceanographic research in the 
area.
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results from a series of opportunistic ocean sur-
veys conducted in Petermann Fjord prior to the 
major 2010 calving, and on what they can tell us 
about the ice–ocean interaction in that area.

Petermann Fjord
Steep-walled Petermann Fjord (Figures 1 and 2) 
lies at approximately 81° N and 61° W.  It opens 
out into Nares Strait, which connects the Arctic 
Ocean to the north with Baffin Bay to the south.  
Petermann Glacier flows into the fjord at a rate 
of about 1 km yr−1. Its ice shelf, about 70 km long 
when our measurements were made, thins from 
600 m at the grounding line to about 60 m at its 
front.  Glaciologists have estimated that only a 
small fraction of this thinning (5–10%) is due to 

Figure 2   Collecting hydrographic data near the ice front of Petermann Glacier’s floating tongue on 20 August 
2009.  The ice shelf has a thickness of about 60 m near its front, and hence a surface elevation of just 6–7 m.  The 
fjord is bordered by near-vertical cliffs which reach a height of 900 m and which deliver subsidiary glaciers as well 
as surface run-off to the fjord.  
(Photo by courtesy of David Spear, Institute of Ocean Sciences, BC, Canada)

Due to basal melting, 
Petermann Glacier’s 
ice shelf thins 
dramatically –   
prior to August 2010 
it had a thickness of 
~60 m at its front, 
with 6–7 m above 
sea-level

Prior to August 2010, 
Petermann Glacier  
had a floating ice-shelf 
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Figure 3   Cross-sections of (a) potential 
temperature (°C), (b) salinity and (c) geostrophic 
velocity (m s−1) across Petermann Fjord close 
to the ice front in August 2009. The data are 
plotted looking into the fjord, with the north-
east wall of the fjord on the left (at 0 km) and 
the south-west wall of the fjord to the right (at 
~ 16 km). The temperature and salinity data 
have been interpolated onto a regular grid 
(indicated by the vertical dashed lines) and 
projected onto a plane perpendicular to the axis 
of the fjord before plotting. The geostrophic 
velocity is calculated from the density field. 
Positive velocities are directed out of the fjord. 
The velocities shown have been obtained by 
adding a uniform compensating velocity  
(! 0.032 m s!1) over the cross-sectional area 
spanned by the data, to ensure zero net flux.  

Relatively warm water 
of Atlantic origin flows 

into Petermann Fjord 
over its ~ 400 m sill, 

supplying more than 
enough heat to effect 

the observed basal 
melting of the glacier

Prior to these surveys, even the depth of 
Petermann Fjord and the bathymetry at its 
mouth were unknown.  From a combination 
of ship-track echo-sounder data and hydro-
graphic constraints, we now know that the 
fjord reaches depths greater than 1100 m, 
and is separated from Nares Strait by a sill 
350–450 m deep.  The water mass properties 
in the fjord close to the ice front (Figure 3) are 
typical of Arctic regions; a cold fresh layer in 
the upper 50–100 m overlies a warmer, saltier 
layer of water that has come, originally, from 
the Atlantic.  It has reached Petermann Fjord 
via Nares Strait after circulating around parts 
of the Arctic.  En route it has cooled signifi-
cantly, but at 0.2 °C it is still warm enough to 
melt ice (especially if that ice is below sea-
level, as the melting point goes down with 
increasing pressure).  

Below sill depth the properties of the water in 
the fjord are fairly homogeneous and similar 
to those at a depth of 400 m in the strait out-
side; the deep part of the fjord is filled up with 
Atlantic-origin water that periodically spills 
over the sill.  How often the water is ventilated 
like this isn’t clear; there is some variability in 
the temperature and salinity of the deep water 
between years, which suggests frequent 
renewal events.

From our measurements of temperature and 
salinity as a function of depth along a line 
across the fjord we can estimate the velocity 
in the along-fjord direction. This geostrophic 
velocity (calculated from the density field) 
suggests that above sill depth there is outflow 
on the north-east side of the fjord with cur-
rents reaching a maximum of 0.2 m s−1, and 
weaker inflow on the south-west side.  While 
we don’t expect this geostrophic estimate 
of the flow to be very good near the surface 
or the side walls due to friction, the general 
circulation pattern is consistent with the sur-
face circulation inferred from satellite imagery, 
which shows a cyclonic gyre in the mouth of 

(a) (b)

(c)
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the fjord. Tidal currents in the fjord have a similar 
magnitude to the geostrophic flow.  The circula-
tion in the fjord is clearly not a simple estuarine 
flow, but is fundamentally three-dimensional. 

Heat and freshwater fluxes
Since Petermann Glacier’s ice shelf is about 
16.6 km wide at its terminus, thins by 550 m 
over its length, and advances by about 1130 m 
per year, the net freshwater flux out of the fjord 
due to glacial melting must be approximately 
327 m3 s−1.  To melt this much ice would require a 
heat flux from the ocean of 1011 watts.  A calcu-
lation of the heat flux into the fjord based on our 
measurements of temperature close to the ice 
front and our geostrophic velocity field suggests 
that three times this amount of heat is supplied 
to the fjord by the ocean.  While our measure-
ments represent only a summer snapshot, there 
is evidence from year-round moorings in Nares 
Strait that the temperature at sill depth does not 
change much throughout the year.  There seems, 
therefore, to be ample heat available to cause 
the basal melting that is observed at Petermann 
Glacier. 

The freshwater flux out of the fjord is much 
harder to interpret.  A similar calculation based 
on our measurements of salinity across the fjord 
close to the ice, together with our geostrophic 
velocity estimates, results in a freshwater flux of 
2600 m3 s−1 – an order of magnitude bigger than 
that expected due to glacial melt!  This is in fact 
not surprising given the many other sources of 

fresh water in the region, such as run-off from 
the land and sea-ice melt.  Very fresh (salinity 
15) surface plumes were observed during our 
2009 survey, thought to be surface melt that has 
drained off (or through) the ice and subsequently 
been dammed by under-ice topography or behind 
loose pieces of ice. In the case of fresh water we 
expect variability in space and time to be impor-
tant.  We expect, for example, that there will be 
co-varying changes in flow and salinity associ-
ated with tides and with wind events that might 
lead to episodic release of fresh water.  A longer-
term mooring programme would be required to 
fully understand the fjord’s freshwater budget.

Under-ice water-mass structure
But can we see evidence of the glacial meltwater 
anywhere in our measurements?  To spot this we 
have to look at a plot of potential temperature 
versus salinity (Figure 4).  When glacial ice melts 
from below, the latent heat of melting must be 
extracted from the seawater.  A consideration 
of the heat and salt budgets during this melting 
process tells us that one might expect a mixture 
of seawater and glacial ice melt to lie along a 
Gade line* with a slope of approximately 2.5 °C 
per salinity unit.  This is what we see on the 
north-east side of the fjord below about 185 m 
in all three of our ocean surveys (2003, 2007 
and 2009).  So the glacial meltwater seems to 
be mixing with the Atlantic water and exiting 
the fjord on the north-east side, well below the 
surface.
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Figure 4   Potential temperature–salinity (θ–S) diagram showing all the data collected along a section across 
Petermann Fjord in August 2009.  Bottom right: The locations at which the CTD data were collected are numbered 
from the north-east side of the fjord.  The inset panel shows the full range of the data, with the freezing line at 
zero pressure (dashed) and contours of density anomaly (σt in kg m−3) added. Note that the data on the north-east 
side of the fjord at depths greater than 185 m (i.e. temperatures higher than about −0.4 °C) fall on a straight  
Gade line* with a slope of 2.5 °C per salinity unit, indicating that this water is a mixture of the warm modified 
Atlantic water flowing under the ice shelf and glacial meltwater.

Glacial melt water 
mixed with modified 
Atlantic water 
exits the fjord on 
the north-east side 
below 185 m

*A Gade line is a 
type of mixing line 
used where ice is 
melting from below.  
It takes account of 
the removal of latent 
heat from seawater 
when there is 
melting.
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Secondly, insulation of the ice shelf by intruding 
winter mixed layer water implies that the mass 
balance of Petermann Glacier depends in part on 
sea-ice conditions in Nares Strait (and perhaps 
the Lincoln Sea; cf. Figure 1 map).  In the past, 
the amount of convective mixing, and hence the 
depth of the winter mixed layer, has been limited 
by the fact that Nares Strait becomes completely 
covered in land-fast ice in early winter.  However, 
there are indications that persistent drift-ice 
conditions, more typically seen in summer, may 
become common in the area year round.  Could 
this result in more net sea-ice formation, deep-
ening the winter mixed layer and reducing the 
oceanic influence on the floating ice shelf?  Our 
ocean observations have certainly highlighted the 
links between Petermann Glacier’s mass balance 
and broader, regional-scale processes. And have 
raised more questions than they have answered!

The 2010 calving event
On 4 August 2010 a huge chunk of Petermann 
Glacier’s floating ice shelf (with an area of 253 
±17 km2) broke loose and, after fracturing into 
several pieces, made its way southward towards 
Baffin Bay.  This calving event captured the 
attention of the media, public and politicians, 
all worried about the implications for shipping 
and offshore operations, as well as the possible 
connection to global warming.  But did this event 
signal a change in the glacier’s dynamics, or 
was it simply a result of natural variability of the 
system?  A look back at previous calving events, 
and the position of Petermann Glacier’s calv-
ing front through time, can help us to judge its 
significance.

Figure 5   Schematic cross-section along the axis of Petermann Fjord, showing interactions between the ocean 
and the overlying ice shelf. Note that the circulation is in fact three-dimensional, and that following the major 
calving event in 2010 the distance from the grounding line to the ice front was approximately 55 km. The 
intrusion of winter ocean mixed layer water under the ice shelf insulates the ice from the warmer Atlantic water 
and limits basal melting to the inland portion of the shelf.
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Why doesn’t the water above 185 m contain 
any glacial melt?  This is still an open ques-
tion, but we believe there are clues in ocean 
data collected by glaciologists in 2002 through 
a hole drilled in the floating ice tongue close 
to its grounding line far upstream.  These data 
were collected in the crest of one of a number 
of channels running along the length of the 
underside of the ice shelf.  They show that 
down to a depth of about 135 m the tempera-
ture and salinity of the water are very similar to 
the surface mixed layer formed by convective 
mixing under growing sea-ice during winter in 
nearby Nares Strait.  Because the ice shelf is 
only about 60 m thick at its front, this cold fresh 
water in the upper 100–130 m can intrude far 
beneath the shelf, and persist there year-round 
(Figure 5).

This intruding winter mixed layer is too cold to 
melt the glacial ice.  And because this layer has 
a low density, it blocks the rising plume of melt- 
water (mixed with warm Atlantic water), forcing 
it to separate from the underside of the ice.  
This has two important consequences.  First, 
it implies that basal melting is limited to the 
inland portion (20 km) of Petermann’s floating 
ice tongue, before its bottom rises above the 
base of the winter mixed layer formed in Nares 
Strait (at a depth of 100–130 m).  So what, then, 
governs the melt over the outer portion of the 
ice-shelf?  And what determines the position 
of the glacier’s calving front?  Does the ice thin 
through ocean melting by as much as it possi-
bly can, and yet still remain too thick to calve?
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Petermann Glacier’s ice front was first mapped 
by the British Arctic Expedition in 1876.  Between 
then and the 1990s, when satellite imagery 
became routine, constraints on its position are 
few but suggest that the position of the ice front 
was relatively constant (Figure 6). The glacier 
appears to advance at a fairly constant rate, and 
calve at roughly decadal intervals. While calv-
ing events of a magnitude comparable to that in 
2010 have been observed before (e.g. in 1991), 
what is unusual is the resulting position of the ice 
front, much closer to the grounding line than ever 
previously noted.  It may not be unprecedented, 
however; gaps in the record prevent us from 
knowing.  At current ice-tongue velocities, it will 
take about two decades for the ice front to return 
to its 2009 position.  To put the calving in the 
context of the ocean–ice interaction discussed 
above, an amount of ice equal to that lost in the 
2010 calving event is lost through basal melting 
every two years.
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Figure 6  Left  NASA Aqua satellite Moderate Resolution Imaging Spectroradiometer (MODIS) true-colour image, 
taken at 0840 GMT on 5 August 2010, showing calving of Petermann Glacier.  Right  A map showing 31 known 
frontal positions of the ice tongue. White is glacial ice. The red line closest to the sea is the ice front in 1876; 
behind it in red are the locations of large ‘fissures’ also observed at that time. The yellow line shows the frontal 
position in 1922; black curves represent frontal positions in 1948,1952,1953,1959,1963, 1975–1978,1991–
1999, 1999–2010, and July 2010. Green dots represent the grounding line, and the black star is the location of an 
automatic weather station. The black broken arrow traces the total movement of the glacier from 1922 to 2010.   
Below  Time-series of ice-shelf length as measured along the central axis from the grounding line; decreases in 
length indicate calving.  The two lines connecting the data points for 1876 and 1922 represent two hypothetical 
scenarios. The arrows represent steady ice advance between calving episodes; the gradients of the arrows (distance 
over time) indicate velocities of ~ 1 km yr−1.

(From Falkner et al., 2011) 

Many factors can influence calving frequency and 
location.  Calving may be limited by the amount 
of energy available from wind and tide to flex the 
ice shelf, as well as buttressing by sea-ice.  It is 
possible that even fjord geometry plays a role 
– the long-term mean position of the ice front (cf.
black curves) is close to the narrowest part of the 
fjord. Could the lateral pressure exerted on the ice 
by the converging walls make it difficult for ice to 
escape until the fjord widens again?

At the time of writing, there is no concrete evi-
dence that the mass balance of Petermann Glacier 
is changing.  However, because Petermann’s 
grounding line and much of its drainage basin lie 
below sea level, the fjord represents a potential 
conduit to Greenland’s depressed interior bedrock.  
Petermann Glacier therefore has the potential to 
retreat rapidly; if the buttressing due to its ice shelf 
is reduced, any speeding up and thinning would 
cause the grounding line to move not only inland 

Petermann 
Glacier’s calving 
front is currently 
much closer to 
the grounding 
line than ever 
previously 
observed
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Stop	 Press	 	 
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but also into deeper rather than shallower water, 
allowing further basal melting and retreat.  The 
consequence of this would likely be accelerated 
land-ice loss as observed at Jakobshavn Isbrae 
further south.

The Future 
Associated with climate change, we might expect 
a change in the temperature of the modified 
Atlantic water reaching the sill of Petermann Fjord.  
Considerable changes in atmospheric temperature 
and sea-ice extent are also likely.  However, the 
impact of such changes on glacial melt and calv-
ing rate is far from evident.  Our ocean measure-
ments have indicated that, because cold, low-
salinity water originating in the surface mixed layer 
in Nares Strait in winter intrudes far under the ice, 
basal melting is limited to the inland portion of the 
ice shelf. Sensitivity to seawater temperature will 
depend on the detailed processes occurring at the 
ice–ocean boundary layer, which are at present 
poorly known.  The melt rate and long-term stabil-
ity of Petermann ice shelf may depend on regional 
sea-ice cover and fjord geometry, in addition to 
the supply of oceanic heat entering the fjord.  A 
targeted and sustained observational campaign, 
plus modelling effort, is required to assess the 
impact of future forcing changes on Petermann 
Glacier and its floating tongue, and hence quantify 
the role of the ocean in the mass balance of the 
Greenland Ice Sheet.
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Stop Press
On 16 July 2012 Petermann Glacier’s floating ice shelf 
underwent another major calving event (http://www.
bbc.co.uk/news/world-europe-18896770).  The result-
ing ice island is half the size of that formed in 2010 and 
leaves the calving front even closer to the grounding 
line.  This NASA MODIS image shows that by 30 July it 
had travelled 22 km and rotated counterclockwise. The 
calving event occurred unusually soon after the previ-
ous one in 2010, before which calving had happened 
every ten years or so (cf. Figure 6). However, it was not 
unexpected – a fracture was first observed 8 years ago.

Helen Johnson is part of an international team con-
ducting further fieldwork in the area to determne the 
extent to which the mass balance of Petermann Glacier 
is changing, and the implications this may have for sea 
level. Together with colleagues at BAS, she also has 
funding for a proposal to send Autosub under what’s 
left of Petermann’s ice shelf if/when complementary 
US proposals to conduct a research cruise are also 
funded.                                                             Ed.


