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What is the role of 
the ocean for the 
decline of the ice 

sheet? 

Straneo et al. (2013) 

Atlantic Water found near  
grounding lines at all sites. 
 
PG: 0.2°C 
KG: 1.2°C 
HG: 3.5°C 

strong spatial variations in the upwelling, with highly
buoyant, localized plumes initiated by subglacial discharge
and a more distributed, less buoyant upwelling due to
submarine melting alone. This likely gives rise to a range of
plumes rising and entraining ‘ambient’ water in a stratified
environment. Whether these plumes rise to the surface or
reach their level of neutral buoyancy at depth depends on
their initial buoyancy anomaly, on the accumulation of
meltwater and on the stratification of the nearby waters
(Huppert and Josberger, 1980; Huppert and Turner, 1980).
This is a complex and coupled problem since the stratifica-
tion of waters at the ice/ocean boundary, in turn, is strongly
controlled by the boundary layer processes. For example,
the glacially modified waters found just above the RP are
often associated with a localized stratification maximum
(e.g. HG in summer and winter and PG in winter).

Under the assumption that a plume’s evolution is, to first
order, due to buoyant fluid rising in the stratified environ-
ment, one would expect plumes with a small buoyancy
anomaly, i.e. those which do not contain much subglacial
discharge, to equilibrate rapidly (within a few tens/hundreds
of meters of the grounding line) while plumes characterized
by a large buoyancy anomaly (e.g. those fed by a drainage
channel) would rise higher up the water column and
potentially reach the surface. These scenarios are supported
by the recent analytical and numerical modeling of Jenkins
(2011) and Xu and others (2012) for plumes rising at the
edge of fairly steep glacier faces (at least near the grounding
line). For glaciers where the slope of the ice/ocean boundary
is much more horizontal, other sources of turbulence may
dominate. In either case, once the waters carried within a
plume reach their neutrally buoyant depth they will flow
away from the glacier along density surfaces which (outside
of the plume) are mostly horizontal. Profiles collected near
the glaciers (but outside of the turbulent plume region) will
therefore cut across multiple export pathways of glacially
modified waters and the associated inflow pathways of
unmodified water. At depth, where any glacially modified
waters must have rapidly equilibrated, we expect to find
waters modified by the addition of meltwater alone,
consistent with the finding that the T=S characteristics of
the deep waters near the glaciers fall on the melting line.
Higher up the water column, we expect to find glacially
modified waters from plumes fed by glacial melt and
subglacial discharge, consistent with the observation that,
above the RP, the T=S characteristics reflect the combined
effects of melting and runoff.

Among the systems sampled, JI, HG and KG show themost
pronounced veering towards the runoff line above the RP,
consistent with their relatively southern latitude and the
summer occupation of the surveys (Figs 2 and 3). 79NG
shows minimal influence of subglacial discharge. This could
be because this survey was taken in early September when all
of the surface melt ponds had either drained or refrozen. At
PG, the partial overlap of the ambient and glacier profiles in
the upper layers makes it difficult to distinguish ambient or
modified waters. This is likely because the ‘glacier’ profile at
PG in the 2003 survey is !70 km from the grounding line. At
KG the problem appears to be the opposite. It looks like the
mouth waters contain large volumes of glacially modified
waters in the upper layer while there is little signature of the
PW. At TF, the limited number of profiles makes it difficult to
build a coherent picture. Nonetheless, the deep waters fall
along the melting line, and closer to the surface the T=S
properties in the glacier profile are indicative of freshening by
runoff/subglacial discharge. Finally, the two available ‘win-
ter’ profiles, collected in May at PG and in March at HG,
support the interpretation proposed above since, at the time
when these winter surveys were occupied, subglacial
discharge is at a minimum. Indeed, their T=S characteristics
are mostly along the melting line and there is little or no sign
of runoff discharge at depth (green lines in Fig. 2).

The analysis presented here is confined to a single survey
for each fjord (or two at the most). Yet the results obtained,
including the shape of the T=S curves, the layering of PW
and AW, and the AW properties, are largely confirmed by
other summer surveys conducted in these fjords. These
include the surveys conducted in 2007 and 2009 at PG
(Johnson and others, 2011), in 2008 at JI (Holland and
others, 2008), in 2008 at HG (Straneo and others, 2010) as
well as in 2010 and 2011 (not shown), in 1993 and 2004 at
KG (Azetsu-Scott and Tan, 1997; Christoffersen and others,
2011) and in 1997 near 79NG (Mayer and others, 2000).
The fact that these general characteristics hold for multiple
glacier/fjord systems and for multiple surveys suggests that
they are indicative of the dominant mechanisms occurring at
the glacier/ocean interface.

ORIGIN OF THE ATLANTIC WATER FOUND IN THE
FJORDS

Our results indicate that the warmest (deep) AW is found
near HG, JI and TF followed by KG and 79NG, with PG
having the coldest (Table 1; Fig. 3a and b). This grouping is

Fig. 3. (a) Potential temperature and (b) potential temperature/salinity for the glacier profiles of all the systems. Dashed lines represent the
winter surveys. Isopycnal surfaces are overlaid (black thin lines).
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79°N Glacier 
•  drains the NEGIS (one of 

Greenland’s largest ice streams) 
 •  has a floating ice tongue (80 km) 
•  stable until recently  
•  yet, recent evidence for change 

(Sneed et al. , Khan et al., 2014) 



Hydrography and Circulation on the 
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Warm AIW (Θ > 1°C) 
reaches the 79 North 
Glacier via Norske 
Trough. 



Observed warming 
of Atlantic Waters 

X - 38 SCHAFFER ET AL.: WARM WATER PATHWAYS TOWARDS 79NG

Figure 6. Changes in AIW subsurface temperature maximum along the trough system. The

means of the maximum potential temperature (⇥max) in each 100 km segment are calculated

from all ⇥max based on CTD profiles taken between the years 1979 and 1999 (blue) and 2000

and 2015 (red) within 70 km distance from the trough axis at depths deeper than 200 m. The

number of CTD profiles used to calculate the means for each segment are given on top of the

graphic. Bars show the corresponding standard error of the mean; the black dashed line marks

⇥ = 1�C.
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Polarstern Expedition PS100 



Time mean subsurface flow (2014 -2016) 



Summary 1 

•  Penetration of Atlantic Water onto shelf mainly occurs 
via Norske Trough 

•  AW can be followed to the inner shelf 

•  AW inflow occurs as boundary current 

•  Observed warming of AW 



Bathymetry 

Is bathymetry 
sufficiently deep to 
provide a direct 
subsurface exchange of 
warm AIW? 



New bathymetric measurements 

•  Existence of 2 sills (350 m) 
•  Topography blocks the flow in the northern and southern part 
•  Existance of deep channel into cavity in central part 



Hydraphic Section along the  
glacier front 



•  Atlantic 
Waters slide 
down toward 
deep channel 
into cavity 

 



Summary 2 
•  Complex bathymetry  
•  bottom inflow of Atlantic water into cavity 

via sill / channel system 
•  modification of water masses  



Observed warming of Atlantic Water 

Warming of Atlantic Water in past  20 
years 
-  Fram Strait (0.8 - 1°C) 
-  Norske Trough (0.8°C) 
-  79 North Glacier cavity (0.5°C) 
-  Westwind Trough (0.25°C) 

Dodd et al. (in prep) 
Maier et al. (in prep) 

 1. Introduction  3. Warming of Atlantic Waters and thinning of the 79°N-Glacier tongue 
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 5. Conclusions 

The ocean plays an important role in modulating the mass balance 
of the Greenland Ice Sheet (GrIS) by delivering heat to the marine-
terminating outlet glaciers around Greenland[1]. A key region for 
mass discharge is the Northeast Greenland Ice Stream (NEGIS) 
draining the second-largest basin of GrIS[2]. NEGIS feeds three 
outlet glaciers; the largest one is the 79°N-Glacier. The flow of warm 
Atlantic Water towards the glaciers is barely understood yet (Fig. 1). 

Ø  Atlantic Waters warmed by 0.5°C to 1°C during the past 20 to 40 
years in Fram Strait, on the continental shelf and below the 79°N-
Glacier. 

Ø  We observed a decrease in the glacier ice thickness of more than 
60 m between 1998 and 2014. 

Ø  The signal associated with the increase in Atlantic Water 
temperatures is likely advected through Norske Trough to the 
79°N-Glacier cavity via a 450 m deep passage causing short 
residence times and increased basal melt of the glacier. 
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4. Bathymetry steers the Atlantic Water flow 
 We find warm Atlantic Waters (1.9°C) and 
northwestward velocities (15 cm/s) between 
250 and 320 m depth in Norske Trough (Fig. 
5). This suggests a flow of warm, saline 
Atlantic Water through Norske Trough 
towards 79°N-Glacier. Bathymetric sill 
depths of 320 m at the mouth of Norske and 
240 m half way along the distance of 
Westwind Trough limit the flow of Atlantic 
Waters towards 79°N-Glacier (Fig. 6). The 
few depth measurements in front of 79°N-
Glacier imply a 450 to 480 m deep 
connection between the glacier cavity and 
Norske Trough (Fig. 7). This would explain 
the recently proposed rapid exchange of 
Atlantic Waters between the 79°N-Glacier 
cavity and Norske Trough[5]. 

		

Fig. 5: Sections of potential temperature 
(colors) and velocity (white contours) 
across Norske Trough (Fig. 2, black line). 
Black contours indicate isopycnals, grey 
shading the seafloor, green line the 
corresponding mooring position. The 
inset shows the mean current profile with 
standard deviations (green) from an 
ADCP moored at 236 m depth (Fig. 2, 
black star). 

We observe an increase in Atlantic water temperatures of 0.5°C to 
1°C in Fram Strait (1983-2015), on the continental shelf in Norske 
Trough (1979-2015), and in the cavity below the 79°N-Glacier 
(1997-2015) (Figs. 2 and 3). At the same time we estimate a mean 
decrease in the 79°N-Glacier ice thickness of 66.7 m (20%) between 
1998 and 2014 (Fig. 4). This suggests an effect of the warming in 
Atlantic Waters on the thinning of the 79°N-Glacier tongue. 

Fig. 3: Timeseries of temperature maxima in the Atlantic Water layer, 
and of the 79°N-Glacier ice thickness in the areas marked in Fig. 2. 
The ice thickness is estimated from the migration of Midgardsormen 
ridge, which can be related to changing grounding line positions. 

		

		
Fig. 6: Bathymetric profile along the 
trough axis on the shelf northeast of 
Greenland (Fig. 2, yellow dashed line). 
Red shading marks the mean depth 
range of Atlantic Waters with tempera-
tures warmer than 1°C. 
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Fig. 1: Topography and circulation scheme for 
the Nordic Seas and Fram Strait. Red arrows 
indicate warm Atlantic Water flow, grey arrows 
the southward flow of Polar Water and modified 
Atlantic Water. The yellow dashed line indicates 
an anticyclonic surface circulation on the 
Northeast Greenland shelf[3]. The black box 
marks the inset shown in Fig. 2. 

§  CTD profiles between 1980-2015 
§  Global topography data set RTopo-2 including most recent 

continental shelf bathymetry[4] 

§  LADCP (10/2014) and moored ADCP (06/2014–08/2015) 
velocities 

§  Ice thickness estimates from Landsat Images 

HE54A-1555		

West- 
wind 
Trough 

Fig. 2: Topography and circulation scheme for Fram Strait and the shelf northeast 
of Greenland (Fig. 1, black box). Colored markers/boxes correspond to the areas 
used to calculate temperature/ice thickness changes shown in Fig. 3. Marked are 
the trough axis (yellow dashed line) with its 100 km segments (yellow circles) used 
for Fig. 6, the positions of the CTD section (black line) and the mooring (black 
star) shown in Fig. 4, and the inset shown in Fig. 7 (black box). 
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Fig. 4: Photograph of the northern part 
of 79°N-Glacier with Midgardsormen 
ridge. Sketched is the grouding line 
retreat below Midgardsormen ridge. 

		
Fig. 7: Topography and positions of 
depth measurements in front of 
79°N-Glacier (Fig. 2, black box). The 
red dashed l ine represents a 
possible deep trough connecting the 
glacier cavity with Norske Trough. 
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4. Bathymetry steers the Atlantic Water flow 
 We find warm Atlantic Waters (1.9°C) and 
northwestward velocities (15 cm/s) between 
250 and 320 m depth in Norske Trough (Fig. 
5). This suggests a flow of warm, saline 
Atlantic Water through Norske Trough 
towards 79°N-Glacier. Bathymetric sill 
depths of 320 m at the mouth of Norske and 
240 m half way along the distance of 
Westwind Trough limit the flow of Atlantic 
Waters towards 79°N-Glacier (Fig. 6). The 
few depth measurements in front of 79°N-
Glacier imply a 450 to 480 m deep 
connection between the glacier cavity and 
Norske Trough (Fig. 7). This would explain 
the recently proposed rapid exchange of 
Atlantic Waters between the 79°N-Glacier 
cavity and Norske Trough[5]. 

		

Fig. 5: Sections of potential temperature 
(colors) and velocity (white contours) 
across Norske Trough (Fig. 2, black line). 
Black contours indicate isopycnals, grey 
shading the seafloor, green line the 
corresponding mooring position. The 
inset shows the mean current profile with 
standard deviations (green) from an 
ADCP moored at 236 m depth (Fig. 2, 
black star). 

We observe an increase in Atlantic water temperatures of 0.5°C to 
1°C in Fram Strait (1983-2015), on the continental shelf in Norske 
Trough (1979-2015), and in the cavity below the 79°N-Glacier 
(1997-2015) (Figs. 2 and 3). At the same time we estimate a mean 
decrease in the 79°N-Glacier ice thickness of 66.7 m (20%) between 
1998 and 2014 (Fig. 4). This suggests an effect of the warming in 
Atlantic Waters on the thinning of the 79°N-Glacier tongue. 

Fig. 3: Timeseries of temperature maxima in the Atlantic Water layer, 
and of the 79°N-Glacier ice thickness in the areas marked in Fig. 2. 
The ice thickness is estimated from the migration of Midgardsormen 
ridge, which can be related to changing grounding line positions. 

		

		
Fig. 6: Bathymetric profile along the 
trough axis on the shelf northeast of 
Greenland (Fig. 2, yellow dashed line). 
Red shading marks the mean depth 
range of Atlantic Waters with tempera-
tures warmer than 1°C. 
 

Background 

Greenland
Sea 

Fram 
Strait 

North Atlantic 
warming 

 
Greenland 

glaciers retreat 
 e.g., Straneo and Heimbach, 2013  

cold Arctic Water 
anticyclonic shelf 
circulation  
(Bourke et al., 1987)  

 

warm North Atlantic 
Water 

NEGIS 

Fig. 1: Topography and circulation scheme for 
the Nordic Seas and Fram Strait. Red arrows 
indicate warm Atlantic Water flow, grey arrows 
the southward flow of Polar Water and modified 
Atlantic Water. The yellow dashed line indicates 
an anticyclonic surface circulation on the 
Northeast Greenland shelf[3]. The black box 
marks the inset shown in Fig. 2. 

§  CTD profiles between 1980-2015 
§  Global topography data set RTopo-2 including most recent 

continental shelf bathymetry[4] 

§  LADCP (10/2014) and moored ADCP (06/2014–08/2015) 
velocities 

§  Ice thickness estimates from Landsat Images 
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Fig. 2: Topography and circulation scheme for Fram Strait and the shelf northeast 
of Greenland (Fig. 1, black box). Colored markers/boxes correspond to the areas 
used to calculate temperature/ice thickness changes shown in Fig. 3. Marked are 
the trough axis (yellow dashed line) with its 100 km segments (yellow circles) used 
for Fig. 6, the positions of the CTD section (black line) and the mooring (black 
star) shown in Fig. 4, and the inset shown in Fig. 7 (black box). 
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Fig. 4: Photograph of the northern part 
of 79°N-Glacier with Midgardsormen 
ridge. Sketched is the grouding line 
retreat below Midgardsormen ridge. 

		
Fig. 7: Topography and positions of 
depth measurements in front of 
79°N-Glacier (Fig. 2, black box). The 
red dashed l ine represents a 
possible deep trough connecting the 
glacier cavity with Norske Trough. 

		



Ice loss at 79 North Glacier 
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Landsat Image, 1998 

Ice ridge 

	

Fig.	xx:	The	ice	ridge	of	Midgardsormen	on	the	northern	part	of	the	floating	ice	tongue.	The	view	is	
upstream	towards	the	grounding	line	of	Nioghalvfjerdsfjorden	Glacier.	The	flow	direction	of	the	can	
be	estimated	by	the	striped	features	on	the	upper	right	part	of	the	picture	(C.	Mayer,	1998).	

	

In	1998	a	dedicated	experiment	was	carried	out	across	Midgardsormen	using	again	explosive	
seismics	for	detecting	the	ice	thickness	and	the	bedrock	conditions	of	and	underneath	this	feature.	In	
addition,	a	strain	network	was	established	and	deformation	rates	detected	by	repeat-GPS	
measurements.	Tiltmeters	were	used	to	investigate	the	local	influence	of	tidal	movement.	

Airborne	ice	thickness	measurements	by	a	low	frequency	ground	penetrating	radar	system	were	
carried	out	in	addition	to	the	ground	based	geophysical	measurements	in	summer	1998,	covering	a	
large	part	of	the	ice	shelf	and	the	adjacent	grounded	ice	sheet	(source:	Microwave	and	Remote	
Sensing,	DTU	Space,	the	Technical	University	of	Denmark).	The	comparison	of	ice	thicknesses	on	
common	profiles	shows	a	very	good	agreement	with	the	seismic	measurements.	The	reference	
surface	elevation	of	these	measurements	was	estimated	by	the	aircraft	GPS	position	and	the	travel	
time	of	the	electromagnetic	wave	through	air	for	the	first	reflection	of	the	ice	surface.		

More	recent	ice	surface	and	ice	thickness	measurements	were	collected	within	the	Operation	
IceBridge	in	201x	across	the	79°	glacier.	One	of	the	profiles	(details…..)	has	been	used	as	a	direct	
reference	for	the	modern	ice	shelf	geometry.	As	overall	reference	of	the	modern	surface	an	elevation	
model	was	used	derived	from	a	TandDEM-X	SAR	image	pair	(details….).		

For	ice	surface	displacements	and	mapping	of	surface	features	scenes	from	the	Landsat	archive	has	
been	selected	covering	the	time	period	1988	until	2015	with	an	almost	annual	period.	Only	in	some	
years	no	suitable	scene	could	be	identified.	Displacements	of	the	Midgardsormen	ridge	were	
measured	manually	on	the	co-registered	images.	Surface	feature	displacements	on	the	floating	ice	
tongue	were	determined	using	the	IMCORR	correlation	algorithm	(Scambos	et	al.,	1992).	The	
displacements	were	used	to	determine	annual	ice	velocities	for	the	floating	ice	tongue.	

	

Photo by Christoph Mayer, 1998  



Ice loss at 79 North Glacier 

Local ice thickness reduction of 86 m between 1998 and 2014 
-> across the entire floating cross profile ice loss of 26% 



Summary 
 
Ø  Warm AIW (Θ > 1°C) recirculating in Fram Strait  

reaches the 79 North Glacier via Norske Trough. 
(Schaffer et al., subm., J. Geophys. Res.-Oceans) 

 
Ø  Strong evidence for ocean – glacier interaction is 

found 
 

Ø A widespread warming of Atlantic waters of 
~0.5°C has been observed during last two 
decades . 
(Dodd et al., in prep.) 

 
 
Ø  The ice thickness decreased by 80 m may be 

attributed to increased basal melt. 
(Mayer et al., in prep.) 

 
 



•  Summer 2017: Recovery of moorings from the calving front, 
mid-shelf and shelf edge 

•  glacier-based iGRIFF campaign 
•  numerical model simulations (DFG SPP Sea Level) 
•  time series observations in the cavity below the glacier 

tongue (F. Straneo) 
•  BMBF Verbundvorhaben GROCE (TP2: Interaction between 

ocean circulation and melt rates) ... if we get funded 

Outlook 



Evolution of Atlantic water in West 
Spitsbergen Current 

	 45	

 775	

Extended Data Figure 6: De-seasoned time series of AW temperatures (oC) in the eastern 776	
EB (A), Fram Strait (B) and northeast of Svalbard (D) smoothed using 30-days running 777	
mean smoothing window and corresponding temperature differences (C, E). Vertical dash-778	
dotted lines in C, E identify segments of the records corresponding to intensive loss of 779	
temperature contrast between the upper and lower water layers; trends are computed for 780	
these segments. White segments indicate missing data.  781	
 782	

Polyakov et al. (2017, submitted) 
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East Greenland Current 
Sections 

•  Recirculation of Atlantic 
Water 

•  Penetration of Atlantic 
Water onto the shelf 
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Outflow from cavity is 
significantly freshened 
(subglacial runoff) 


