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Sea level rise from Greenland: 
= 0.8 mm/yr 
→ contributing ~¼ of global rate

Mass loss from glaciers & ice sheet → sea level rise

GRACE observations of ice mass changes



Ice mélange in the fjords
Unlike submarine melting, it is less clear how the warming of the SPNA 
may have affected the ice mélange — another proposed direct influence 
on the glaciers27. SPNA warming probably resulted in an increase in the 
subsurface Atlantic water temperatures in the fjords, but it is unclear 
what direct impact it had on the surface temperatures in the fjords and, 
hence, on the ice mélange. However, SPNA warming is highly correlated 
with an increase in the coastal air temperatures16,17, which, in turn, may 
affect the structural integrity of the mélange. Changes in sea ice cover 
outside of the fjord may further affect the mélange.

Glacier retreat during the past century
The recent warming of the upper 1,000 m of the SPNA is unprecedented 
over the instrumental record of upper ocean temperatures (although a 
less pronounced warming occurred in the 1960s)32,55 (Figs 1b, 3d). Dur-
ing the past century, warming comparable with that of recent decades 
only occurred in the 1930s as observed from temperature records of 
the upper 300 m of the North Atlantic56; sea-surface temperatures from 
the eastern subpolar North Atlantic57; temperatures (0–40 m depth) 
from Fylla Bank, west Greenland, 1870 to present58 (Fig. 1b); and in the 
reconstruction of ocean temperatures at the surface and at 300 m from 
sediment cores in Disko Bay, west Greenland59. 

Records of glacier frontal position before continuous dedicated 
satellite radar observations became available (from 1991) are scarce. 
Cumulative evidence from several studies nevertheless suggests that 
the only time over the past century when glaciers in southeast and 
west Greenland retreated as much as in the present day was in the 
1930s, consistent with the North Atlantic warming. These include 
the reconstruction of frontal positions of glaciers in southeast and 

west Greenland from photographs (for example, Fig. 2b) and remote 
sensing59–61, and a reconstruction of calving variability over the past 
120 years of one major southeast Greenland glacier from sediment 
cores58. Air temperatures over the ice sheet were also high in the 
1930s14, which, together with ocean warming, would also have led to 
an increase in submarine melting. 

Causes of SPNA warming
The SPNA ocean warming that began in the mid-1990s is manifested 
as an increase in heat content of the upper 1,000 m (Fig. 3d) and has 
been associated with a slow down of the subpolar gyre55,62. The warm-
ing is attributed to the anomalous inflow of warm, salty, subtropical 
Atlantic water into the subpolar region63 driven by shifting wind pat-
terns over the North Atlantic62,64. These, in turn, are strongly corre-
lated with the wintertime occurrence of large, quasi-stationary waves 
in the North Atlantic eddy-driven jet stream (atmospheric blocking) 
over Greenland and western Europe64,65. 

Although progress has been made in explaining SPNA warming, its 
connection to the large-scale variability of the coupled ocean–atmos-
phere system remains unclear. Several studies have linked the SPNA 
changes to the North Atlantic oscillation (NAO)66,67, a dominant mode of 
atmospheric variability over the North Atlantic (Box 1), which switched 
from a persistent positive phase in the early 1990s to a negative or quasi-
neutral phase until the mid-2000s (Fig. 1c). This inference is consistent 
with the expected warming of the subpolar and cooling of the subtropical 
North Atlantic during a negative NAO phase. This opposing behaviour 
has been used to explain the synchronous and opposite changes in upper 
ocean heat content anomalies of the subtropical and subpolar gyres from 
the 1950s to 2000s67,68,32 (Fig. 3c, d), and has led investigators to conclude 

Figure 3 | Thinning of the Greenland ice sheet is concentrated at the 
margins of the subpolar North Atlantic. a, The large-scale ocean 
circulation around Greenland, indicating the major currents and basins. 
Atlantic-origin water pathways, red to yellow; Arctic-origin freshwater 
pathways, blue41. The dynamic thinning of Greenland is superimposed19. 

b, Heat content anomaly estimates in the North Atlantic as a whole and 
c, separated into tropical and subtropical and d, subpolar contributions 
over the period 1960–2010 (ref. 32). Extremely sparse observational 
coverage below 700 m depths over much of the period adds significant 
uncertainties.
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Pritchard et al. 2009;  
Straneo & Heimbach, 2013

Hypothesis:   warmer ocean waters increased submarine melting  
                      and triggered glacier acceleration

(e.g. Thomas 2004;  
Holland et al. 2008;  
Nick et al. 2009;  
Vieli & Nick, 2011;  
Straneo & Heimbach 2013)

Dynamic mass loss concentrated at marine margins



 Frajka-Williams et al., 2016

Increasing freshwater into ocean from Greenland
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Potential impacts on: 
• fjord circulation 
•coastal currents 
•deep convection 
•global overturning circulation



shelf fjord

OPEN  
OCEAN

GLACIER

submarine 
melt

subglacial 
discharge

calving

surface melt

iceberg 
meltfreshwater

heat

Heat & freshwater exchanges



      tidewater glaciers               vs.                ice shelves 
                (common in Greenland)                                                                                (common in Antarctica) 

• near-vertical ice face with calving & submarine melt  

• large freshwater flux of subglacial discharge  

• freshwater fluxes very poorly constrained 
‣ submarine melting: almost no direct obs.

‣ subglacial discharge: estimated with atm. models 

• relatively small scales → hard to resolve in models

‣ fjord: 5 x 80 km  ||   ice-ocean interface: 5 km x 500 m


• near-horizontal ice face; melt often dominant 

• no or little subglacial discharge 

• submarine melt rates are better constrained 
‣ with satellite data (assuming floatation) and drilling 

through ice shelves 

• larger scales

‣ ice shelf cavity: 100 x 100 km or more!


Vieli 2015
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Ice mélange in the fjords
Unlike submarine melting, it is less clear how the warming of the SPNA 
may have affected the ice mélange — another proposed direct influence 
on the glaciers27. SPNA warming probably resulted in an increase in the 
subsurface Atlantic water temperatures in the fjords, but it is unclear 
what direct impact it had on the surface temperatures in the fjords and, 
hence, on the ice mélange. However, SPNA warming is highly correlated 
with an increase in the coastal air temperatures16,17, which, in turn, may 
affect the structural integrity of the mélange. Changes in sea ice cover 
outside of the fjord may further affect the mélange.

Glacier retreat during the past century
The recent warming of the upper 1,000 m of the SPNA is unprecedented 
over the instrumental record of upper ocean temperatures (although a 
less pronounced warming occurred in the 1960s)32,55 (Figs 1b, 3d). Dur-
ing the past century, warming comparable with that of recent decades 
only occurred in the 1930s as observed from temperature records of 
the upper 300 m of the North Atlantic56; sea-surface temperatures from 
the eastern subpolar North Atlantic57; temperatures (0–40 m depth) 
from Fylla Bank, west Greenland, 1870 to present58 (Fig. 1b); and in the 
reconstruction of ocean temperatures at the surface and at 300 m from 
sediment cores in Disko Bay, west Greenland59. 

Records of glacier frontal position before continuous dedicated 
satellite radar observations became available (from 1991) are scarce. 
Cumulative evidence from several studies nevertheless suggests that 
the only time over the past century when glaciers in southeast and 
west Greenland retreated as much as in the present day was in the 
1930s, consistent with the North Atlantic warming. These include 
the reconstruction of frontal positions of glaciers in southeast and 

west Greenland from photographs (for example, Fig. 2b) and remote 
sensing59–61, and a reconstruction of calving variability over the past 
120 years of one major southeast Greenland glacier from sediment 
cores58. Air temperatures over the ice sheet were also high in the 
1930s14, which, together with ocean warming, would also have led to 
an increase in submarine melting. 

Causes of SPNA warming
The SPNA ocean warming that began in the mid-1990s is manifested 
as an increase in heat content of the upper 1,000 m (Fig. 3d) and has 
been associated with a slow down of the subpolar gyre55,62. The warm-
ing is attributed to the anomalous inflow of warm, salty, subtropical 
Atlantic water into the subpolar region63 driven by shifting wind pat-
terns over the North Atlantic62,64. These, in turn, are strongly corre-
lated with the wintertime occurrence of large, quasi-stationary waves 
in the North Atlantic eddy-driven jet stream (atmospheric blocking) 
over Greenland and western Europe64,65. 

Although progress has been made in explaining SPNA warming, its 
connection to the large-scale variability of the coupled ocean–atmos-
phere system remains unclear. Several studies have linked the SPNA 
changes to the North Atlantic oscillation (NAO)66,67, a dominant mode of 
atmospheric variability over the North Atlantic (Box 1), which switched 
from a persistent positive phase in the early 1990s to a negative or quasi-
neutral phase until the mid-2000s (Fig. 1c). This inference is consistent 
with the expected warming of the subpolar and cooling of the subtropical 
North Atlantic during a negative NAO phase. This opposing behaviour 
has been used to explain the synchronous and opposite changes in upper 
ocean heat content anomalies of the subtropical and subpolar gyres from 
the 1950s to 2000s67,68,32 (Fig. 3c, d), and has led investigators to conclude 

Figure 3 | Thinning of the Greenland ice sheet is concentrated at the 
margins of the subpolar North Atlantic. a, The large-scale ocean 
circulation around Greenland, indicating the major currents and basins. 
Atlantic-origin water pathways, red to yellow; Arctic-origin freshwater 
pathways, blue41. The dynamic thinning of Greenland is superimposed19. 

b, Heat content anomaly estimates in the North Atlantic as a whole and 
c, separated into tropical and subtropical and d, subpolar contributions 
over the period 1960–2010 (ref. 32). Extremely sparse observational 
coverage below 700 m depths over much of the period adds significant 
uncertainties.

–0.2 0

Metres per year

0.2 0.5–0.5<–1.5

North Atlantic heat content anomaly 

Tropical and subtropical heat content anomaly  

D
ep

th
 (

m
)

(1018J m–1) 

Subpolar heat content anomaly 

40°N 50°N

60°N

70°N

80°N

60°E

30
°W60°W

Greenland

Labrador

Nor
weg

ia
n 

Cu
rr

en
t 

North Atlantic Current 

Labrador
Sea

Subpolar
North Atlantic

Subtropical 
North Atlantic

Nordic
Seas

Baffin
Bay 

Arctic
Ocean

1960 1970 1980 1990 2000 2010

1960
5,000

4,000

3,000

2,000

1,000

5,000

4,000

3,000

2,000

1,000

5,000

4,000

3,000

2,000

1,000

1970 1980

0–14 –10 –6 –2 2 6 10 14

1990 2000 2010

1960 1970 1980 1990 2000 2010

ba

c

d
Ireland

Iceland

5  D E C E M B E R  2 0 1 3  |  V O L  5 0 4  |  N A T U R E  |  3 9

REVIEW INSIGHT

© 2013 Macmillan Publishers Limited. All rights reserved

subglacial 
discharge

wp

Tp    Sp

QT

QS
melt

entrainment

Ta  Sa

boundary layer
viscous sublayer

plumeambient



Outline

• near-glacier plumes: melting & mixing 
‣ theory & models 
‣ testing with observations 

•  fjord circulation 

•  measuring freshwater fluxes 
‣ fjord budgets 
‣noble gases 
‣multibeam surveys 

•connection to shelf & subpolar gyre 
‣glacier→ocean:  

ecosystems, convection 
‣ocean→glacier:  

water mass origin & variability  

 



Plumes, melting & mixing 
Theory & Models
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LES model of a discharge plume

Large Eddy Simulation, Eric Skyllingstad

Side-View Face-View

sa
lin

ity



Plumes from subglacial discharge & ambient melt

Existing near-glacier observations: 
• downstream or at surface (almost none in upwelling region) 
• limited velocity measurements 
• <10% freshwater in plume after upwelling

Motyka et al 2013 
Xu et al 2013 

Bendtsen et al 2015 
Beaird et al 2015 

Mankoff et al 2016 
Stevens et al 2016 
Jackson et al 2017 
Everett et al 2018 
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Figure 2. (left and center columns) Snapshots, 10,000 s after model initiation, of the magnitude of ice-tangential water velocity
(√

v2 + w2
)
and temperature.

(right column) Submarine melt rate, time averaged over the period between 3000 s and 10,000 s after model initiation. Plots are face-on views of the calving front,
which is 2 km wide by 500 m high. Equivalent plots for all other experiments are shown in Figures S3–S5.

2.5. Description of Experiments
This study aims to determine the effect of variation in near-terminus subglacial hydrology on tidewater
glacier submarine melt rates. We use three values of total subglacial discharge Q = 125, 250, and 500 m3/s,
and vary the subglacial hydrology between the end-members of “channelized” and “distributed” drainage.
We split the discharge Q over a number n = 1, 2, 3, 5, 10 or 50 identical channels spaced evenly along the
glacier grounding line. These runs are indexed by the parameter ! = 1∕n. To refer to a certain simulation
we introduce some notation; Q250!0.1 refers to the simulation with a total discharge of 250 m3/s emerging
through 10 identical channels spaced evenly. We also include experiments in which the discharge is
uniformly distributed across the grounding line (identified with ! = 0) and a number of sensitivity
experiments, discussed in section 3.2. A full list of model parameters is given in Table S1.

3. Results andDiscussion

Velocity, temperature, and submarine melt rate distributions for various experiments are shown in Figure 2,
with rates spatially averaged over the 2 km wide by 500 m high calving front displayed in Figure 3. When
Q = 0 m3/s, and at the lowest diffusivity used in any of the experiments (0.025 m2/s), water velocities in the
cells adjacent to the ice do not exceed U0; thus, U0 is the velocity used in the melt parameterization. Melt
rate is then determined by water temperature and is therefore greater at depth. Averaged over the calving
front, we obtain 0.12 m/d of background melt in this case (Figure 3).

3.1. Varying Channel Number (!)
Model snapshots of ice-tangential water velocity at the calving front are shown in Figures 2a–2d. After
emerging from a subglacial channel, the plumes rise turbulently and spread to form a conical shape. For
each plume, maximum velocities are achieved at depth. Weak plumes (q < 2.5 m3/s) reach neutral buoyancy
before the surface, giving low near-surface velocities (Figure 2d). Water velocities increase with increasing
discharge per plume.

For ! > 0.02, high water velocities are contained within the conical plumes. Thus, in the Q500!1 simulation,
water velocities exceed U0 over just 29% of the calving front. Furthermore, the plumes remain visibly inde-
pendent as their spacing is decreased until ! = 0.2 (Figures 2b and 2c). In contrast, for Q125!0.02 (Figure 2d)

SLATER ET AL. ©2015. The Authors. 2864
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Most estimates of melting near the grounding line of
ice shelves have been based on observations of ice flux
and an assumption of steady state, such that the calcu-
lated melting or freezing and known surface ablation or
accumulation balance the convergence or divergence of
the ice flux. Results suggest melt rates ranging from a
fewmeters to a few tens of meters per year with maxima
either at the grounding line or a short distance down-
stream (Jenkins andDoake 1991; Rignot and Jacobs 2002;
Joughin and Padman 2003; Jenkins et al. 2006). Melting
of the vertical calving front of a tidewater glacier is more
difficult to observe. Motyka et al. (2003) inferred the net in-
put of meltwater to the ocean from observations of water
properties in the fjord in front of LeConte Glacier and
concluded that the ice facewasmelting at over 10 m day21.
Models of ocean circulation beneath ice shelves can

capture the broad-scale features of the buoyancy-driven
overturning circulation and reproduce the observed
distribution of melting and freezing beneath ice shelves,
including the peak in melting near the grounding line
(Hellmer and Olbers 1989; Jenkins 1991; Grosfeld et al.
1997; Beckmann et al. 1999; Jenkins and Holland 2002).
However, resolving all the processes that operate at the
grounding line is generally beyond the capabilities ofmost
ocean circulation models. No model with a structured
vertical grid can cope with the approach to zero water
column thickness, so the grounding line is typically rep-
resented as a vertical rockwall that might bemany tens of
meters high.
A common assumption is that the only source of

buoyancy that acts to stratify the water column and drive
the overturning circulation within the sub-ice cavity is
the generation of meltwater at the ice–ocean interface.
However, in the key regions where fast-flowing outlet
glaciers either discharge into ice shelves or terminate in
fjords there will be a flow of freshwater draining across
the grounding line from the glacier bed. Rapid ice flow
is almost always associated with basal sliding, which is
either lubricated by water at the ice–rock interface or
promoted by the deformation of water-saturated sedi-
ments beneath the glacier. For polar glaciers the water
is generated at the bed by a combination of geothermal
and frictional heating, whereas for temperate glaciers the
supply is augmented by the drainage of surface meltwater
and rain through the glacier to its bed. When this water
emerges at the grounding line, it provides buoyancy
forcing for the overturning circulation in addition to
that provided by melting at the ice–ocean interface, and
the effect of this additional forcing on the melt rate im-
mediately downstream of the grounding line is the main
focus of what follows.
This study uses a simple one-dimensional model based

on the theory of buoyant plumes, illustrated conceptually

in Fig. 1. The theory was originally developed by Morton
et al. (1956) to study convection driven by point sources
of buoyancy and was subsequently applied by Ellison and
Turner (1959) in slightly modified form to the case where
the buoyancy-driven flow is constrained to follow a solid
boundary. The key feature of all plumes is that their
volume flux grows with height through the entrainment
of fluid from the surroundings. MacAyeal (1985) pio-
neered the application of the concept to the large-scale
circulation beneath ice shelves, where the plume follows
a reactive boundary that melts in response to the en-
trainment of warm ocean water into the plume. Melting
of the ice shelf base acts as a distributed source of
buoyancy that can be much larger than the initial buoy-
ancy source. For the case where there is no initial source
of buoyancy, the early development of such a flow, from

FIG. 1. (a) Conceptual picture of a buoyant plume originating
from an outflow of freshwater at the grounding line of an ice shelf
or tidewater glacier and (b) schematic picture of the numerical
representation of (a) with key variables defined. The plume rises up
the ice face, entraining seawater at it goes. The entrained seawater
supplies the heat that drives melting of the ice face, and the melt-
water thus derived adds to the buoyancy of the plume. Close to the
grounding line, the majority of the freshwater carried within the
plume will be supplied by the subglacial flow, although with suffi-
cient downstream evolution the freshwater supplied bymelting will
dominate.
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Most estimates of melting near the grounding line of
ice shelves have been based on observations of ice flux
and an assumption of steady state, such that the calcu-
lated melting or freezing and known surface ablation or
accumulation balance the convergence or divergence of
the ice flux. Results suggest melt rates ranging from a
fewmeters to a few tens of meters per year with maxima
either at the grounding line or a short distance down-
stream (Jenkins andDoake 1991; Rignot and Jacobs 2002;
Joughin and Padman 2003; Jenkins et al. 2006). Melting
of the vertical calving front of a tidewater glacier is more
difficult to observe. Motyka et al. (2003) inferred the net in-
put of meltwater to the ocean from observations of water
properties in the fjord in front of LeConte Glacier and
concluded that the ice facewasmelting at over 10 m day21.
Models of ocean circulation beneath ice shelves can

capture the broad-scale features of the buoyancy-driven
overturning circulation and reproduce the observed
distribution of melting and freezing beneath ice shelves,
including the peak in melting near the grounding line
(Hellmer and Olbers 1989; Jenkins 1991; Grosfeld et al.
1997; Beckmann et al. 1999; Jenkins and Holland 2002).
However, resolving all the processes that operate at the
grounding line is generally beyond the capabilities ofmost
ocean circulation models. No model with a structured
vertical grid can cope with the approach to zero water
column thickness, so the grounding line is typically rep-
resented as a vertical rockwall that might bemany tens of
meters high.
A common assumption is that the only source of

buoyancy that acts to stratify the water column and drive
the overturning circulation within the sub-ice cavity is
the generation of meltwater at the ice–ocean interface.
However, in the key regions where fast-flowing outlet
glaciers either discharge into ice shelves or terminate in
fjords there will be a flow of freshwater draining across
the grounding line from the glacier bed. Rapid ice flow
is almost always associated with basal sliding, which is
either lubricated by water at the ice–rock interface or
promoted by the deformation of water-saturated sedi-
ments beneath the glacier. For polar glaciers the water
is generated at the bed by a combination of geothermal
and frictional heating, whereas for temperate glaciers the
supply is augmented by the drainage of surface meltwater
and rain through the glacier to its bed. When this water
emerges at the grounding line, it provides buoyancy
forcing for the overturning circulation in addition to
that provided by melting at the ice–ocean interface, and
the effect of this additional forcing on the melt rate im-
mediately downstream of the grounding line is the main
focus of what follows.
This study uses a simple one-dimensional model based

on the theory of buoyant plumes, illustrated conceptually

in Fig. 1. The theory was originally developed by Morton
et al. (1956) to study convection driven by point sources
of buoyancy and was subsequently applied by Ellison and
Turner (1959) in slightly modified form to the case where
the buoyancy-driven flow is constrained to follow a solid
boundary. The key feature of all plumes is that their
volume flux grows with height through the entrainment
of fluid from the surroundings. MacAyeal (1985) pio-
neered the application of the concept to the large-scale
circulation beneath ice shelves, where the plume follows
a reactive boundary that melts in response to the en-
trainment of warm ocean water into the plume. Melting
of the ice shelf base acts as a distributed source of
buoyancy that can be much larger than the initial buoy-
ancy source. For the case where there is no initial source
of buoyancy, the early development of such a flow, from

FIG. 1. (a) Conceptual picture of a buoyant plume originating
from an outflow of freshwater at the grounding line of an ice shelf
or tidewater glacier and (b) schematic picture of the numerical
representation of (a) with key variables defined. The plume rises up
the ice face, entraining seawater at it goes. The entrained seawater
supplies the heat that drives melting of the ice face, and the melt-
water thus derived adds to the buoyancy of the plume. Close to the
grounding line, the majority of the freshwater carried within the
plume will be supplied by the subglacial flow, although with suffi-
cient downstream evolution the freshwater supplied bymelting will
dominate.
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Buoyant plume theory (BPT) for glacial plumes

Entrainment parametrization  [Morton, 1959; van Reeuwijk & Craske, 2015; etc.]

2 Entrainment parameterization

ė = ↵w ↵ ' 0.1 (5)

↵ ' 0.1 (6)

↵ = 0.1± 0.01 (7)

zGL = 260± 10 m (8)

3 Melt parameterization

ṁ (ci(Tb � Tice) + L) = �TC
1/2
d c⇢w(T � Tb) (9)

ṁSb = �SC
1/2
d w(S � Sb) (10)

Tb = �1Sb + �2 + �3z (11)

2

MacAyeal 1985 

Conservation equations  [Morton et al. 1956; Ellison & Turner, 1959; etc ]

Mass


Momentum


Heat

 

Salt

Equations for KS plume talk
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1 Line plume equations

d

dz
(wD) = ė+ ṁ (1)

d

dz

�
w2D

�
= D

✓
⇢a � ⇢

⇢0

◆
g � Cdw

2 (2)

d

dz
(TwD) = ėTa + ṁTb � C1/2

d �Tw(T � Tb) (3)

d

dz
(SwD) = ėSa + ṁSb � C1/2

d �Sw(S � Sb) (4)

1

Melt parametrization  [Holland & Jenkins, 1999; Jenkins, 2011; etc.]

2 Entrainment parameterization

ė = ↵w (8)

↵ ' 0.1 (9)

↵ = 0.1± 0.01 (10)

zGL = 260± 10 m (11)

3 Melt parameterization

ṁ (ci(Tb � Tice) + L) = �TC
1/2
d c⇢w(T � Tb) (12)

ṁSb = �SC
1/2
d w(S � Sb) (13)

Tb = �1Sb + �2 + �3z (14)

2

CD = drag coefficient 
ΓS , ΓT  = transfer coefficients



Buoyant plume theory (BPT) used to represent plumes & mixing 
in ocean-glacier models

Sciascia et al, 2013; Kimura et al, 2014;  
Carroll et al, 2015; Gladish et al, 2015;  
Slater et al, 2015; Slater et al, 2017…. 
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Numerical modeling of glacial plumes & melting
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Low subglacial discharge

•ocean models with mixing tuned to BPT 

• BPT on its own 

plume velocity with rate a. We employ the standard Boussinesq approximation, which introduces a refer-
ence density q0 into the equations. With plume radius b and vertical velocity u, the defining equations (1–4)
state conservation of mass, momentum, heat, and salt:

d
dz

b2u
! "

52abu1
4
p
b _m (1)

d
dz

b2u2
! "

5gb2
qa2qp
q0

2
4Cd
p

bu2 (2)

d
dz

b2uTp
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52abuTa1
4
p
_mbTb2
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1=2
d

p
bu Tp2Tb
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(3)

d
dz

b2uSp
! "

52abuSa1
4
p
_mbSb2

4CSC
1=2
d

p
bu Sp2Sb

# $
(4)

As in Jenkins [2011], the last term in (1) and the last two terms in (3) and (4) describe themelting of the ice, and
the last term in (2) is a reduction inmomentum due to friction, with additional multipliers to take into account
the plume geometry. Ta, Sa, and qa are the ambient fjord conditions. The submarinemelt rate _m is related to the
plume variables Tp, Sp, and u and the ice-ocean boundary layer temperature Tb and salinity Sb using a three-
equation formulationwhich has frequently been used in this setting [e.g.,Holland and Jenkins, 1999]:

_m ci Tb2Tið Þ1Lð Þ5CTC
1=2
d ucw Tp2Tb

# $
(5)

_mSb5CsC
1=2
d u Sp2Sb

# $
(6)

Tb5k1Sb1k21k3z (7)

An analytical solution to the plume equations can be obtained using a number of simplifications (support-
ing information). For example, neglecting the melt and friction terms in (1)–(4) (which is a good approxima-
tion for a high initial discharge) and assuming a linear equation of state and uniform ambient conditions,
equations (1–4) have the solution described in Straneo and Cenedese [2015] for a point source plume. This
analytical solution can provide physical intuition, but for the more general cases of finite source size,
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Figure 1. Schematic of the coupled plume-ocean model used in this paper. Ta, Sa, qa5 ambient (fjord) temperature, salinity, and density,
Tp, Sp, qp5 plume temperature, salinity, and density. (1) At each time step, ambient temperature and salinity profiles are sent from the
ocean model to the plume model. (2) These are used in conjunction with subglacial discharge to calculate the vertical fluxes of water,
heat, and salt. (3) These fluxes are then used to calculate source and sink terms in the ocean model.
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g found in the literature, (ii) suggest under what
conditions a certain melt exponent may apply, and (iii)
facilitate assessment of the likely variation in submarine
melt at tidewater glaciers, both in recent decades and
under future climate scenarios.

2. Methods

a. Introduction to the model

In this paper we consider mainly a half-conical ge-
ometry for proglacial plumes (Fig. 1), which we believe
to be appropriate for plumes arising from channelized
subglacial drainage. The glacier terminates in a fjord of
depth h and is assumed to have a vertical calving front in
contact with the flat side of the plume. The plume has
radius b(z), vertical velocity u(z), temperature T(z), and
salinity S(z), assumed uniform across the radius of the
plume. It experiences drag (coefficient Cd) and induces
submarine melt _m(z) where in contact with the ice. The
proglacial fjord has temperatureTa(z) and salinity Sa(z),
referred to as ambient conditions.
The plume is initiated at the glacier grounding line

by a source of cold and fresh subglacial discharge.With a
Greenlandic application in mind, the proglacial fjord is
saline. Thus, the density r(z) of the plume—defined
through an equation of state as a function of its tem-
perature and salinity—is initially less than that of the
ambient water ra(z), and the plume rises buoyantly. We
assume that the plume is turbulent at the source. Tur-
bulence causes the plume to entrain ambient water so
that it grows as it rises. Following Morton et al. (1956)

and numerous other successful applications of BPT, we
assume that the rate of entrainment into the plume is
proportional to plume velocity u, with a constant of
proportionality a.
The entrainment of ambient water means that the

temperature and salinity (and therefore density) of the
plume are diluted toward the ambient conditions,
thereby altering the plume buoyancy. If as a result the
plume density exceeds the ambient water density, the
plume is then negatively buoyant, will slow down, and
may not reach the fjord surface.

b. Defining equations

To quantify the evolution of the plume as it rises, we
introduce a set of equations with the half-conical ge-
ometry modified from Morton et al. (1956) and the
coupling to submarine melt by Jenkins (2011) (though
the plume considered therein was a two-dimensional
line plume). The equations have been previously ap-
plied by Cowton et al. (2015) and conserve the vol-
ume, momentum, heat, and salt flux of the plume,
respectively:
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where g0 5 g(ra 2 r)/rref is the reduced gravity of the
plume, denoted g00 when evaluated at the glacier
grounding line; rref is a Boussinesq reference density;Cd

is the drag coefficient; and GT and GS are heat and salt
transfer coefficients. Submarine melt rate _m and ice–
ocean boundary temperature Tb and salinity Sb are de-
fined by the three-equation melt formulation (Holland
and Jenkins 1999):
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Here the values li describe the variation of freezing
point with salinity, constant offset, and variation with

FIG. 1. The half-conical plume considered in this study. The plume
emerges into the fjord at the grounding line of the glacier and rises
buoyantly, growing through entrainment of ambient fjord water.
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Fjord

Velocity at sill

•BPT is practical 
‣deals with non-hydrostatic 

processes offline 
‣only need near-glacier T, S and 

discharge to represent plume & melt 

•BPT gets some basics right 
‣diluted, subsurface input of 

freshwater 
‣way better than just dumping 

freshwater in at the surface 

•BUT, not validated with observations! 
Important b/c BPT sets the nature of 
ocean-glacier interactions in many 
models… 

Models forced by buoyant plume theory (BPT): pro & cons



Plumes, melting & mixing 

Testing theory & models 
with observations



Autonomous kayaks to measure plumes & melting

 200 m CTD 
profiling

300 kHz ADCP

10 m  
T-chain

iridium & radio comms

ROB/ROSS developed by J. Nash &  
Oregon State Robotics Team



 sped up 2x
(drone footage from D. Sutherland)



Near-glacier surveying with ship & autonomous kayak

Jackson et al, GRL (2017)

• ship & kayak 
(ROB) surveying: 
velocity & water 
properties 

• moorings, 
surface drifters, 
time-lapse 
camera, etc.



Outflowing discharge plume originating at prow of glacier



Outflowing plume is subsurface intensified

away from 
glacier

towards 
glacier



11 repeat sections over 26 hours

away from 
glacier

towards glacier



Qsd

Qt,St,Tt

W
Qsd

Qt,St,Tt

axisymmetric plume theory
a.k.a. point source, half-cone  
[e.g. Cowton et al. 2015]

line plume theory  
[e.g. Jenkins 2011]

Two versions of buoyant plume theory (BPT)

•used for discharge plumes in Greenland  
•assumes plume spreads radially from small 

outlet (≤10 m) to radius ~10-30 m

•used for weak distributed discharge  
across whole terminus, or ambient melt 

•assumes plume thickness ≪ width (W)



Parameter space of plume volume flux & salinity

Jackson et al, GRL (2017)



Jackson et al, GRL (2017)
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Multibeam sonar shows ~200 m wide undercut in terminus where plume emerges
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Figure S3. Oblique-view through multibeam data showing the terminus prow 
discharge outlet (discharge outlet #5).   
 
 
 
Files uploaded separately 
 
Movie S1. Discharge outlet #4 morphology.  View of the submarine terminus face 
morphology around discharge outlet #4. Movie starts looking normal to terminus face 
front and then pivots counter-clockwise around the terminus backside to illustrate 
undercutting. 
 
Movie S2. Discharge outlet #5 morphology. View of the tunnel mouth morphology 
around discharge outlet #5 at the terminus prow. Movie starts looking normal to 
terminus face front and then pivots counter-clockwise. 
 
Movie S3. Southern terminus face morphology and bathymetry. View of the 
submarine terminus face morphology and bathymetry south of the terminus prow. 
Movie starts looking normal to terminus face front and then pivots counter-clockwise 
around the terminus backside to illustrate isolated undercutting around discharge 
outlets. 
 
Movie S4. Pan of the submarine terminus. Movie starts on the northern margin and 
pans south across the terminus face. 
 
 
 
References: 
 
Schoof, C. (2010), Ice-sheet acceleration driven by melt supply variability, Nature, 
468 (7325), 803-806, doi:10.1038/nature09618. 
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What about other glaciers?

This relatively slow velocity, approximately 1% of the nearby fast-flowing Jakobshavn Isbræ glacier, and
associated weak calving, allowed us to map the plume behavior over several days. The average fjord depth
along the grounded glacier front is !150 m. The terminus position has been relatively stable over the satel-
lite record with a !1 km retreat since 1992 [Stevens et al., 2016]. This glacier/fjord system has a catchment
area of 4006 50 km2 and an estimated annual runoff of 1 km3 yr21 which is divided into three subcatch-
ment basins [Stevens et al., 2016].

We collected data from 24 to 31 July 2013 using a small boat, a remote-controlled surface vehicle called
the JetYak (Figure 2) [Kimball et al., 2014], and a helicopter. Aerial and satellite photographs complement
the in situ measurements. A persistent patch of sediment-laden waters characterized by high horizontal
velocity was observed during the entire field campaign (Figure 3). We interpret this patch as the

surface expression of an upwell-
ing plume fed by the localized
subglacial discharge at depth of
surface-derived meltwater run-
off. Its location coincided with
that of a core of subsurface, gla-
cially modified waters observed
in July 2012 and attributed to
the discharge at depth of surface
runoff from the main Saqqarliup
Sermia subcatchment basin [Ste-
vens et al., 2016]. During the
2012 field campaign, however,
no surface expression of a plume
was observed. Throughout this
study, we reserve the term
‘‘plume’’ for the near-ice feature
characterized by a plume core
and a plume pool. The plume
core is the vertically rising and
typically ice-attached volume of
water forced by localized subgla-
cial discharge. The plume pool is
the near-surface and surface sig-
nature above the core.

Figure 1. Overview of Saqqarliup Fjord in central West Greenland, the southern-most branch of Ilulissat Icefjord. Black box in inset marks location of Figure 1a. Black box in Figure 1a
marks location of Figure 1b. Black box in Figure 1b marks location of Figure 3. White dots are (X)CTD cast locations. Orange lines mark (X)CTD transects shown in Figures 7 and 8. The
subglacial discharge is at !150 m depth and located at the ice edge just south of the along-fjord transect line. Bathymetry is from Stevens et al. [2016]. Background Landsat scene is a
panchromatic enhanced view of #LC80100112013172LGN00 from 21 June 2013, !1 month prior to the fieldwork.

Figure 2. Photograph of the JetYak as it approaches the glacier face taken from a helicop-
ter. Inserts show a picture of the JetYak and of the boat from which it was controlled.
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information) based on the circulation model depicted in
Figure 2. This method utilizes the fact that melting of glacier
ice absorbs considerable thermal energy, the source of which
is inferred to be incoming warm “ambient” seawater at depth.
We used regularly spaced CTD casts and ADCP (600 kHz and
150 kHz) current measurements to parameterize water flowing

through the 1.2 km wide gate. The fluxgate was close enough
to the terminus to avoid complications of sidewall freshwater
drainage into the fjord, yet far enough to avoid hazardous calv-
ing events, waves, and complications associated with plume
turbulence at the face. Strong surface currents rapidly flushed
icebergs down fjord, so we avoid complications associated

Figure 1. LeConte Glacier and Bay: (a) location and fjord bathymetry on Landsat 8 (10 August 2013), box indicates area
depicted in Figure 1c; (b) depths and sills along fjord axis; (c) proglacial fjord with locations of fluxgate (crosses), mooring
(red star), and camera (white star) on World View image (06 April 2012, Digital Globe, Inc.). Coordinates for Figures 1a and
1c are Universal Transverse Mercator km, zone 8.
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These observations also suggest a ‘truncated’ line plume 
of ~100 m width

→ both suggest much more entrainment than axisymmetric theory can explain  

→ best fit are line plumes of W~100 m

BPT solutions and observations from LeConte

LeConte Glacier, AlaskaSaqqarliup Sermia, West Greenland



axisymmetric plume  ‘truncated’ line plume 
(W=220 m)

terminal volume flux 3,600 m3/s 6,500 m3/s

freshwater in plume 6% 3%

submarine melt 0.6 m3/s 1.8 m3/s

Does this matter for modeling ocean-glacier interactions?

‣2× more vigorous fjord circulation 

‣2× mixing of freshwater

For a given input of subglacial discharge (200 m3/s ) at KS:  

‣3x more melting
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Figure 6. A comparison of axisymmetric (red) and line (blue) BPT solutions from the plume’s initiation

at the grounding line to the surface. Dashed line shows the solution after the plume has passed the point of

neutral buoyancy but still has vertical momentum. Both scenarios are forced with 200 m3 s�1 of subglacial

discharge, and the line plume is 220 m wide (the best fit to observations). Panels of temperature and salinity

include the mean ambient profiles (black).
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liup Sermia [Manko↵ et al., 2016]. These factors change the BPT solutions when plotted216

in volume flux versus salinity space, so the Saqqarliup observations cannot be compared217

directly with the KS observations in Fig. 3. In Fig. S7, one can see that the best fit to the218

Manko↵ observations is a line plume of 85 ± 15 m width driven by 105 ± 15 m3 s�1 of219

subglacial discharge. Manko↵ et al. (2016) argue that there is a relatively good agreement220

between their observations and axisymmetric BPT, but our analysis suggests that a ‘trun-221

cated’ line plume improves the fit to the observations. Furthermore, Manko↵ et al. (2016)222

calculate that the plume contains 122 m3 s�1 of subglacial discharge, which is in agree-223

ment with our best fit to a truncated line plume.224

In KS, we argue that line plume theory should be valid for widths of W � 100 m225

(Section S2). At Saqqarliup Sermia, however, the grounding line is 110 m shallower, so226

the plume does not grow as thick in the direction perpendicular to the terminus. For this227

case, the BPT plume’s depth-averaged thickness for the range of discharges in Fig. S7 is228
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Does this matter for modeling ocean-glacier interactions?



Testing the melt parameterization (used within BPT)

LeConte Glacier, Alaska
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Testing the melt parameterization: ambient melting

[plume theory + melt parameterization] often used for both 
 subglacial discharge plumes & ambient melt plumes
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(a)

(b)

Figure 2: Cold layers are intrusions from ambient melting. Meltwater intrusions in a sample

set of CTD casts from a 1.5 hour surveying period on Sept 18. Downstream profiles are shown in

grey while near-glacier profiles are shown in shades of red-orange, with locations shown in inset

map. (a) Temperature, density and melt fraction versus depth. (b) Temperature versus salinity,

with mixing lines for submarine melt (blue) and subglacial discharge (dashed green). Left: same

set of casts as (a). Right: black line shows predicted signal of meltwater intrusions using standard

plume-melt theory (Supplement).
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Figure 2: Cold layers are intrusions from ambient melting. Meltwater intrusions in a sample

set of CTD casts from a 1.5 hour surveying period on Sept 18. Downstream profiles are shown in

grey while near-glacier profiles are shown in shades of red-orange, with locations shown in inset

map. (a) Temperature, density and melt fraction versus depth. (b) Temperature versus salinity,

with mixing lines for submarine melt (blue) and subglacial discharge (dashed green). Left: same

set of casts as (a). Right: black line shows predicted signal of meltwater intrusions using standard

plume-melt theory (Supplement).
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melt rates appear to be x100 higher than expected from standard theory 

possible adjustments to melt parameterization: 
• increase drag coefficient: CD x 175 
• increase transfer coefficients: [𝚪S,𝚪T] x 13 
•add horizontal velocity….? 

⟹these coefficients are untested for tidewater glaciers but used widely in ocean-glacier 
studies!

Testing the melt parameterization: ambient melting

(b)

h

(a)
h

urel

D

Xm =   1.1 ± 0.1 % 
urel = -3.4 ± 2.1 cm/s 
h =     16.8 ± 2.6 m  
D =     29.4 ± 4.3 m

intrusion
plume

Third draft - Nature Geoscience 
(no d in main text)

Xm

heat
salt

entrainment

ΓT

CD
drag

boundary 
layer 
transfers

ΓS

plume 
velocity

horizontal 
velocity

melt

Figure 3: Typical characteristics of ambient melt intrusions (a) Schematic of ambient melt

plume and intrusion, with an inset showing additional details of the upwelling plume. Variables

are shown schematically, and results in lower left box are from composite of observations. (b)

Composite of 95 intrusions, selected with criteria of ✓0� < �0.5�C and vertical thickness of > 4 m.

From left to right: isopycnal temperature anomaly, melt content, stratification, and eastward veloc-

ity. Velocity is shown both as absolute velocity (green) and relative velocity (anomaly relative to

mean near-glacier velocity). Error bars are bootstrap 95% confidence intervals. Before averaging,

the depth dimension, z, of each intrusion is rescaled as zrescale = (z � z✓0max)
hhi
h where z✓0max is

the depth of the maximum temperature anomaly, h is the thickness of the intrusions, and hhi is the

average thickness of all intrusions.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. Q
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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2000 and 2003 data reveal a !2.5 km/yr increase in speed
extending over 20 km up-glacier of the front. Between June/
July and July/August 2003, speed increased up to 500 m/yr
within 10 km of the front, which retreated over 0.8 km
during that time. June/July 2004 speeds where similar to
July/August 2003 within 10 km of the front, but increased
by !500 m/yr up-glacier. Speed changed little between the
two 2004 observations, except for a large variation close to
the front as it retreated by over 1 km. The 3-km front retreat
between the summers of 2004 and 2005 was accompanied
by another large speed increase, reaching over 2 km/yr near
the front and extending over 10 km inland. The front
retreated over 1.5 km between June/July and July/August
2005 and speed increased between 500 and 1000 m/yr.
[9] Change in Helheim’s surface elevation were mea-

sured with NASA’s Airborne Topographic Mapper (ATM)
laser altimeter along two flight lines, one in 1997 and 2001
and another in 1998 and 2003 (Figure 4) [Krabill et al.,

2004]. These measurements are accurate to within 10cm.
The flight lines are displaced relative to each other by a few
hundred meters on the relatively flat glacier trunk, so the
small differences between the 1997, 1998 and 2001 eleva-
tions can be accounted for by flight line positioning and a
thinning of a few m/yr [Abdalati et al., 2001]. The 2003
data, however, show a thinning of over 40m on the lower
glacier from 1998. Given the consistency of the 1997 to
2001 data, we infer that most of this change occurred
between 2001 and 2003. Other nearby ATM data suggest
that most of this thinning occurred from 2002 to 2003
[Krabill et al., 2004].
[10] Bed elevation and ice thickness were surveyed in

2001 by the University of Kansas Coherent Radar Depth
Sounder (CoRDS) [Gogineni et al., 2001]. Assuming
hydrostatic equilibrium, these data reveal that glacier ele-
vation was greater than the flotation level in 2003, except
for very near the front where the glacier may be floating.

4. Analysis

[11] Figures 1–3 indicate that, from 2001 to 2003, the
glacier’s calving front retreated by nearly 3 km while the
glacier’s main trunk sped up !2.5 km/yr and thinned by
!40 m. Speedup during the summer of 2003 was accom-
panied by another 1 km of retreat, while both speed at the
front and front position remained stable from 2003 to 2004.
From 2004 to 2005, the calving front retreated another 3 km
and the glacier sped up by another !2 km/yr. Another large
speedup and rapid retreat was observed during the summer
of 2005. The timing of these events suggests a relation
between speedups and the calving front’s retreat.
[12] The temporal resolution of our observations prevents

a conclusive assessment of the possible contribution of
increased seasonal melt-water to the bed in causing speed-
up. However, observations between 1992 and 1998 show
modest variations in Helheim’s speed that correlate with ice-
front position, suggesting little melt-related variability [de
Lange et al., 2005]. Seasonal variations velocity observed at
other locations in Greenland are much smaller than the
changes we observe at Helheim [Zwally et al., 2002;

Figure 1. (A) Speckle tracking-derived velocity map from
October 2000 overlain on the SAR amplitude image. Solid
and hatched black lines denote the profiles used in Figures 3
and 4, respectively. (B) Surface feature tracking-derived
velocity for the 7/18–8/03, 2004 image pair overlain the
ASTER VNIR-principle component image. Axes in km
North and East from 66.3!N, "38.5!E.

Figure 2. Helheim calving front positions overlain on an
ASTER VNIR-band false color image acquired July 19,
2005. Margin positions were mapped from geo-registered
ASTER images acquired on the dates shown in black.
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Jackson & Straneo, 2016



mean exchange flow  
from moorings in glacial fjords

Buoyancy-driven exchange flow in other fjords

from records in Bartholomaus et al 2016 
Jackson & Straneo, 2016 



Buoyancy-driven exchange flow: theory?

melt

discharge

calving

Fjord vs. estuary

river

What are the dynamics of fjord-scale buoyancy-driven flow? 
e.g. what’s the mean along-fjord momentum balance? 

What sets the structure & magnitude of the exchange flow?  
Which waters at depth are drawn up-fjord?

Plus, icebergs 
- distributed sources of 

freshwater, upwelling & mixing 
- physical barriers  

(friction, form drag)

Estuary/fjord 
model of 
exchange flow 
from buoyancy is 
only as good as 
mixing 
representation

GLACIAL FJORD

“TYPICAL” ESTUARY/FJORD

strength of exchange flow 
↑ 

mixing 
↓ 

dilution of freshwater

But where does mixing occur in 
glacial fjords? 
all in upwelling plumes or additional 
modification/mixing elsewhere in fjords?  

No existing theory for the dynamics 
of the exchange flow in glacial fjords 
plume theory describes upwelling plumes, 
but then what?



shelf fjord

GLACIER

fjord winds

shelf forcing

shelf winds
buoyancy forcing

And other modes of circulation to consider

sill & tidal 
processes

freshwater

heat
submarine 
melt

subglacial 
discharge

calving

surface melt

iceberg 
melt

these other drivers can: 

‣ mask the mean exchange flow 

‣ contribute to the mean exchange 

‣ transport heat and salt through eddy fluxes



Shelf forcing  
a.k.a. intermediary circulation,  
baroclinic pumping

shelf wind

model (ROMS) 
along-fjord velocity

Jackson et al, 2018
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Subglacial discharge
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Shelf wind stress
ERA-Interim reanalysis

25-30
20-25
15-20
10-15
5-10
0-5

Wind speed 
(m/s) 15%

5%
10%

0

500

1000

1500

D
is

ch
ar

ge
 (m

3 /s
)

 

 

0

300

600

900

D
is

ch
ar

ge
 (m

3 /s
)

Daily
Monthly climatology

Jul−11 Oct−11 Feb−12 May−12 Aug−12 Nov−12 Mar−13
0

4

8

12
W

in
d 

St
re

ss
 (N

/m
2 )

Jul−11 Oct−11 Feb−12 May−12 Aug−12 Nov−12 Mar−13
0

0.4

0.8

1.2

W
in

d 
St

re
ss

 (N
/m

2 )

summer summer

Strong seasonality in fjord drivers & circulation

runoffdischarge



Measuring 
freshwater 
fluxes
•fjord budgets 
•noble gases
•multibeam sonar



submarine 
meltwater

runoff

HMelt
heat Hx

Inferring freshwater fluxes from ocean measurements

Several variations in literature… 
Motyka et al. 2003 
Rignot et al. 2010 
Johnson et al. 2011  
Christoffersen et al. 2011 
Sutherland & Straneo 2012 
Motyka et al. 2013  
Xu et al. 2013 
Inall et al. 2014 
Mortensen et al. 2014 
Bendtsen el al. 2015 
Jackson & Straneo, 2016 

Note! 
runoff ≈ subglacial discharge
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QMW
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QR

Budgets for glacial fjords

QMW  = submarine meltwater  
             of glacier and icebergs
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Time-average budgets and decompose cross-section transports into: (building on estuarine salt budgets 
studies, e.g. Lerczak et al. 2006;  
MacCready & Banas 2011)
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2. Fluctuating  
     residual 

1. Exchange    
     time-average,  
     depth-varying 

0. Barotropic  
     depth-average, 
     time-average

Budgets for glacial fjords



Inferring freshwater fluxes from budgets

Total freshwater flux from measurable salt budget terms:

Submarine meltwater from measurable heat budget terms + total freshwater flux:

Runoff from the difference: 

2.6 Solving for Freshwater

QFW = 1
S0

[F1 + F2 � FStorage]

QMW = 1
⇢Ladj�⇢cp(✓MW�✓R) [⇢cpQFW (✓R � ✓0) +H1 +H2 �HStorage �HSurf ]

QR = QFW �QMW

2.7 Solving for freshwater simple
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Results from Sermilik Fjord budgets

relatively good approximation in Sermilik: pycnocline
displacements have been found to propagate up the
fjord at the first baroclinic mode phase speed of
;1ms21, so a signal would take 22h to travel from the
mouth to the head of the fjord [based on comparison of
moored density records from the shelf, midfjord, and
upper fjord in Jackson et al. (2014)]. This propagation

time scale is relatively short compared to the forcing time
scale of 3–10 days. Thus, to first order, the interface
heaves uniformly in the fjord on time scales longer than a
day—something that has also been found in other fjords
with shelf-driven circulations (e.g., Arneborg 2004).
Using the isopycnal of su 5 27kgm23 as a proxy for

the interface, we can reconstruct much of the average

FIG. 10. Schematic of decomposed velocity field, heat budget, and salt budget for (top) summer and (bottom) nonsummer months.
Terms are color-coded by whether they were directly measured (black), estimated from the residual of the budgets (gray), or unknown
(red). For measured or estimated terms, the size of the arrow is approximately proportional to the magnitude. Note that the signs ofH0,HR,
andHMW are dependent on the choice of a reference temperature; only their sum (Htot

0 ) is independent of the reference temperature, and
Htot

0 should always be negative. Summer is May–September; nonsummer is September–May.

FIG. 9. Inferred freshwater fluxes from 2012 to 2013: (a) total freshwater; (b) meltwater; and (c) runoff, along with runoff output from
RACMO2.3 into Sermilik Fjord (upstream of cross section). Left panels show nonsummer period; right panels show summer months on
a different scale. Thin horizontal gray lines in left panels indicate the y axis range from the right panels.
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Evaluating fjord budgets: observational challenges

• moorings vs. synoptic surveys:  temporal vs. spatial coverage 

• different challenges in different fjords 
‣ does it help to get closer to the glacier?  

smaller storage issues, but also smaller spatial scales to resolve… 

• at best, gives bulk numbers and requires extensive velocity data (hard!) 

glacier with ice melange glacier with open water



1e-08

Helium

Nobles gases as tracers for meltwater in ocean

Used in Antarctica 
e.g. Loose & Jenkins 2014 

Growing use in Greenland 
Beaird et al 2015 
Beaird et al 2017 
Beaird et al 2018 
Rhein et al 2018 

•with T & S alone  → cannot determine freshwater content in 
                                  most fjords (underdetermined system) 

•add noble gases → robust quantification of submarine melt &  
                                  runoff/discharge concentrations



Geophysical Research Letters 10.1029/2018GL077000

Figure 3. Greenland meltwater distribution in the fjord. (a–h) Shelf and along-fjord distributions of submarine
meltwater (SMW), subglacial discharge (SGD), Atlantic Water (AW), and Polar Water (PW) content as a percentage.
(i–l) Cross-fjord section at 65.9∘N (at red “v” in b) of along-fjord geostrophic velocity (m s− 1, i) and submarine meltwater,
subglacial discharge, and Atlantic Water percentages. In each panel salinity is contoured in black in 0.5 increments, and
the bold contour is at 34.5. Tick marks on the top of panels a, b, and i indicate station locations.

observations in Sermilik (1, 200 ± 700 m3 s− 1 of subglacial discharge and 1, 500 ± 500 m3 s− 1 of submarine
melt, Jackson and Straneo, 2016) and with modeled estimates of terminus and iceberg melt (1,025 m3 s− 1 of
submarine melt, Moon et al., 2018). Our submarine meltwater transport estimate is a combination of iceberg
and terminus melt. The total export is significantly larger than estimates of terminus melt (150m3 s− 1; (Moon
et al., 2018)). Thus, these results provide directlymeasuredmeltwater fluxes that support the idea that iceberg
melting is a significant contributor to fjord freshwater budgets (Enderlin et al., 2016; Jackson & Straneo, 2016;
Moon et al., 2018).

4. Entrainment, Overturning, and Production of Glacially Modified Waters

Low concentrations of subglacial discharge (maximum 6%) and submarine meltwater (maximum 3.25%)
found in thefjord (supporting informationFigureS7)demonstrate that ice sheetmeltwaters arehighlydiluted,
emphasizing the dominant role of entrainment in setting the properties of glaciallymodifiedwaters exported
from the fjord. The noble gas analysis reveals the source waters entrained: the majority (88%) of the glacially

BEAIRD ET AL. 4167

Nobles gases reveal freshwater export pathways
Shelf Fjord glacier

submarine 
meltwater

subglacial 
discharge

Atlantic 
Water

Polar 
Water

Beaird et al 2018 

Geophysical Research Letters 10.1029/2018GL077000

Figure 4. Vertical structure of meltwater export. Transport per unit depth of subglacial discharge and submarine
meltwater across the midfjord section in Sermilik. Shading indicates uncertainty following from the error in the water
mass analysis. The export maximum is at 40 m, and 50% of the transport occurs below 65 m. SMW = submarine
meltwater; SGD = subglacial discharge.

modified water is formed from Atlantic Water upwelled from the deep fjord (Figure 3l). Thus, it is the deepest
water mass in the fjord that contributes most substantially to the properties of the glacially modified water
that is produced and exported from Sermilik (total export of 74,000 m3 s−1).

In classical estuarine circulation, turbulence from tides andwindsmixes surface buoyancy downward, setting
up a pressure gradient that drives an exchange flow with dense inflow at depth and buoyant outflow at the
surface (Geyer & MacCready, 2014). An analogous circulation arises from glacial buoyancy forcing; however,
the buoyancy forcing is applied at depth along the ice-ocean boundary, with convective instability playing
the role of tides and wind in driving mixing (Straneo & Cenedese, 2015). The distribution of Atlantic Water
in the fjord, with high concentrations reaching to the surface, is quantitative evidence of a deep overturning
cell comprised of the estuarine exchanged flow closed by the mixing in convective plumes along the
ice-ocean boundaries.

The difference between classical and glacial estuarine circulation is important to proper representation of
glacial freshwater inmodels: ifmeltwater ismodeled as a surface freshwater source that is subsequentlymixed
down (classical estuarine circulation), the substantial upwelling of deep waters that is a dominant feature of
glacial fjords like Sermilik will not occur, and the properties of the glacially modified water exported to the
ocean will be too cold and fresh.

5. Summary

The input of 1, 300±100m3 s−1 and 800±500m3 s−1 of submarinemeltwater and subglacial discharge drives
an export of 74,000 m3 s−1 of glacially modified water, 88% of which is Atlantic Water upwelled from depth.
Thevolume transport of glaciallymodifiedwaters is 30 times the initial freshwater flux, highlighting the impor-
tance of entrainment and overturning in glacially modified water production. In contrast to a surface source
of freshwater, submarine meltwater and subglacial discharge exit Sermilik fjord spread over 250 m (Figure 4)
with a transport-weighted mean salinity of 33.24 and a temperature of 1.06 ∘C. The maximum transport of
submarinemeltwater and subglacial discharge occurs at 40m, and half themeltwater transport occurs below
65 m (Figure 4).

BEAIRD ET AL. 4168

melt

discharge



Multibeam sonar: repeat surveys to measure submarine melt

Sutherland et al, in review

May

August



Thanks!

Connections to the  
shelf & subpolar gyre
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Figure 1 | Circulation and freshwater content of the subpolar North Atlantic. a, Snapshot of surface speed in the high-resolution model illustrating the
vigorous eddying currents in the northwestern Atlantic as simulated. b, Mean depth of the March mixed layer (colours; in m) and eddy kinetic energy
(EKE; contoured); contour interval 25 cm2 s�2 (100 cm2 s�2) for EKE below (above) 100 cm2 s�2. c, Cumulated runo� perturbation imposed in MELT using
the rate of increase determined by ref. 3 until 2010 (light blue), and its extrapolation through to 2019 (dashed light blue), and the simulated freshwater
content anomaly in the subpolar North Atlantic (dark blue), and in the Labrador Sea only (green). d, Variability of freshwater content in the upper 2,000 m
of the North Atlantic between 50–80� N, derived from the ORAS4 ocean reanalysis data discussed in ref. 30 (grey), and model simulations CNTR (black)
and MELT (blue).

However, less than half of the additionalmeltwater, about 3,000 km3,
is accumulating in the subpolar North Atlantic (Fig. 1c), which
represents a relatively small addition to the large decadal changes
in the total (0–2,000m) freshwater content recorded by refs 12,13
(Fig. 1d). We note that the observed decadal variability is captured
by the hindcast simulation (CNTR), with a similar freshening trend
during the 1970s and 1980s, and its reversal thereafter.

The progression of the meltwater is illustrated by ‘dyeing’
the additional runo�—that is, by computing the fate of a dye
released with the same source distribution as the freshwater o�
Greenland (Fig. 2 and Supplementary Information 2). In accord
with previous studies18,19,23, highest concentrations are evolving
in Ba�n Bay, where the runo� from northwest Greenland is
superimposed by the northward flow of meltwater by the WGC,

and reinforced by a reduction in the southward volume transport
through Davis Strait23,24. Farther south the spreading in the high-
resolutionmodel (Fig. 2a) di�ers from lower-resolution simulations
in two main respects, as emphasized by the companion experiment
using the 0.25�-grid without refinement in the North Atlantic
(Fig. 2b). First, in the emergence of a near-surface route inshore
of the Gulf Stream, providing an outlet for some fraction of the
meltwater into the Mid-Atlantic Bight. Second, there are enhanced
concentrations over the northern Labrador Sea, owing to the flux by
the WGC eddies10.

A first inference of the potential relevance of themeltwater signal
for the convection intensity can be obtained by contrasting the
freshwater anomaly developing at present in the surface layer with
the historic episodes of surface freshening25 around 1970 (known

524
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Böning et al 2016

Greenland→ocean: freshening & impacts on convection?
freshwater content from Greenland

Increased meltwater from Greenland  
‣ freshening coastal current & Labrador sea 
‣potential impacts on deep winter convection 

But freshwater from Greenland is injected into the model at the surface (in top 6m bin)…. !
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across the mouth of the fjord30,31, stations to the east of the fjord are 
representative of continental shelf waters (that is, are upstream of 
any glacier-induced modification within Sermilik32), while stations 
to the west lie downstream of the fjord26.

Source waters entering the fjord from the continental shelf  
are initially well stratified, with a layer of cold Polar Water (PW) 
of Arctic origin in the top 200 m (with endmember properties 
Θ =  − 1.40 °C, SA =  33.41 g kg–1), separated by a sharp pycnocline 
from Atlantic Water (AW) of subtropical origin below (Θ =  3.21 °C, 
SA =  34.89 g kg–1) (Figs. 1b,c and 2a and Supplementary Fig. 1). In 
contrast, waters found in the top 250 m of the fjord have proper-
ties that are distinct from those identified on the shelf. While near-
surface (< 5 m) waters in this layer are warmer (Θ =  0.91 ±  1.16 °C) 
and fresher (22.00 ±  6.90 g kg–1) than surface waters upstream of 
the fjord (Θ =  − 0.60 ±  0.38 °C, SA =  28.75 ±  0.74 g kg–1), subsur-
face waters (< 250 m) are warmer (Θ =  1.53 ±  0.83 °C) and saltier 
(33.96 ±  0.55 g kg–1) than PW, yet colder and fresher than AW. 
Earlier studies have identified these waters as GMW26,31–35—a mix-
ture of upwelled AW, PW and different meltwater sources—formed 
as a result of glacier, iceberg and ocean exchanges.

Observations of nutrient enrichment and transport
Differences in the physical characteristics of the fjord’s upper water 
column are parallelled by a striking disparity in macronutrient 
load. Fjord waters in the upper 250 m are significantly enriched in 
macronutrients ( −NO3   =  12.0 ±  0.84 μ M, Si(OH)4 =  6.67 ±  0.65 μ M, 

−PO4
3  =  0.72 ±  0.05 μ M) relative to waters found at similar depths on  

the continental shelf ( −NO3  =  6.19 ±  0.44 μ M, Si(OH)4 =  4.82 ±  0.21 μ M,  
−PO4

3   =  0.61 ±  0.02 μ M; Figs. 1c and 2c,e,g and Supplementary  
Figs. 1 and 2), and instead have concentrations similar to those  
of deep (> 300 m) shelf waters ( −NO3  =  12.3 ±  1.20 μ M, Si(OH)4 =   
6.22 ±  0.77 μ M, −PO4

3  =  0.74 ±  0.08 μ M). While macronutrients are 
drawn down in the euphotic zone (~30 m throughout the fjord), 
consistent with enhanced local (fjord-scale) primary and second-
ary productivity at tidewater glacier margins14,15,36, silicate and TdFe 

concentrations remain elevated in surface waters < 5 m in the fjord 
and, in the case of TdFe, downstream (Si(OH)4 =  3.46 ±  1.64 μ M, 
TdFe =  6.96 ±  4.68 nM; Supplementary Fig. 3). Nutrient enrichment 
of this magnitude has previously been reported in the upper 100 m 
of other Greenland glacial fjord systems10,14,15,37,38. Biogeochemical 
modification within this major fjord are by comparison far more 
extensive, spanning the entire upper 250 m of the water column and 
the length of the 100-km-long fjord (Fig. 2).

To confirm that these nutrient-enriched waters are indeed 
GMW, we examine along-isopycnal property anomalies relative 
to upstream conditions (Fig. 2b,d,f,h), alongside Θ–SA character-
istics of the water masses (Fig. 3). In this framework, water mass 
modification as a result of interaction with the glacier (includ-
ing SGD) would be characterized by anomalies that decay away 
from the glacial terminus26, and Θ–SA properties consistent with 
transformation of ambient water masses by addition of SGD and 
SMW39,40 (Fig. 3a). Within the fjord, weak temperature and nutrient 
anomalies are apparent below 250 m (apart from phosphate, which 
shows strong negative anomalies associated with high turbidity at 
depth, see Supplementary Fig. 4) (Fig. 3d,f,h), with Θ–SA proper-
ties in this layer resembling a mixture of AW and PW (that is, the 
ambient trend; Fig. 3a), suggesting that these waters are unmodi-
fied. Above 250 m, Θ–SA properties instead fall between the ambient 
trend and the melt (that is, SMW) and runoff (that is, SGD) mixing 
lines26,39,40, with nutrient and temperature anomalies consistent with 
the vertical redistribution of AW driven by mixing with SGD and 
SMW. In addition, these observations are also consistent with noble 
gas observations collected concurrently during the cruise32, whose 
chemical signatures provide definitive evidence for the presence of 
SMW and SGD in the upper layer of the fjord.

Previous studies have shown that this upper layer (< 250 m) 
is exported to the shelf by the mean summer circulation35 
(Supplementary Fig. 5). The vertical distribution and biogeochemi-
cal properties of GMW in the fjord show that summertime circula-
tion will drive the export of nutrient-rich GMW to the continental 
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Fjord collected on 9 August 2015 during the sampling period, showing the position of occupied stations. Note the presence of sea ice along the continental 
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shelf (Supplementary Fig. 6). Observational evidence for this export 
pathway along the Greenland margin is found in the temperature, 
salinity, nutrient and noble gas32 signature of subsurface waters found 
16 km downstream of the fjord mouth, which match the Sermilik 
Fjord GMW properties (Figs. 1b–d and 3 and Supplementary  
Fig. 7). This GMW layer appears between 130 and 150 m at the sta-
tion closest to the coast, but not the offshore station, indicating that 
its horizontal extent is less than our coarse station spacing (4 km). 
The layer’s small scale and isolation from the surface also suggest 
that complex turbulent processes mix the fjord waters into the East 
Greenland Coastal Current in the mouth region of Sermilik.

Resolving water mass composition
The significant enrichment of nitrate (Fig. 1d), a macronutrient pres-
ent at low concentration (< 2 μ M) in ice and meltwater10,41,42, suggests 
that the physical and biogeochemical properties of this modified 
water mass are largely set by entrained deep fjord waters. We trace 

the source of nutrient enrichment in the upper water column by 
quantitatively decomposing GMW into its water mass constituents 
using optimum multiparameter analysis (OMP)43 (see Methods). 
We find that, owing to the large entrained AW content of glacially 
modified waters32 (> 85% of GMW by volume; Supplementary  
Fig. 8), and its high nutrient load, most of the dissolved macronutri-
ents in GMW below the euphotic zone are sourced from upwelled 
ambient waters (contributing on average >−NO 96%3 , Si(OH)4 >  
91%, >−PO 95%4

3  of the signal), as opposed to the injection of SGD 
and SMW from the GrIS. While previous observational data have 
suggested contributions from upwelling to nutrient enhancement 
along Arctic glacial margins14,15,44–46, our study quantitatively dem-
onstrates its dominance in a major glacial fjord by objectively pars-
ing and comparing meltwater and ocean contributions to observed 
nutrient enrichment.

The consistency of anomaly maps, Θ–SA–nutrient profiles,  
and OMP results with known fjord circulation and glacial meltwater  
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500m in the horizontal and 25m in the vertical and oc-
cupy the 50–500-m depth range. Particles are seeded in
May and November (the last months of our winter and
summer seasons) with 61 releases in each month. The
total number of particles tracked is thus about 155 000.
The particles are tracked backward in time for

5months. A year-long sensitivity study with 3822 particles
showed that over 80%of the particles that reach either the
KO or FF section (83% of the total) do so within this
period, 15% of the particles are killed because they come
within 5m of the surface, and less than 2% remain in the
subsurface but do not reach either section within a year.
Important to note is that the statistics on u–S trans-
formation from KO/FF to KS do not change for simula-
tions of 4 months or longer. Only particles that could be
traced back to either the KO or the FF section are in-
cluded in the analysis. The two sections represent distinct
sources, as only a negligible fraction (!1%) of KO par-
ticles originated in the Irminger Basin and FF particles
originated in the Nordic Seas.

3. Preferred pathways

a. A horizontal view

The pathways followed by particles approachingKF are
visualized in Fig. 6. The figure shows the likelihood that an
area will be visited by a particle in the given season. Al-
though some significant differences between the seasons

are clear, parts of the pathways are common to both
seasons and notably influenced by bathymetry. In partic-
ular, the KT steers the flow toward the fjord entrance.
The KO particles (blue shading) show the largest sea-

sonal variability. A coastal route appears in both summer
and winter, but a second (offshore) pathway crosses onto
the shelf around 67.58N in summer, while it follows the
continental slope and takes the long way around Dohrn
Bank and into KT in winter. Given the fact that sea ice
overlies the summertime crossing location onto the shelf
(Fig. 6), the presence or absence of the sea ice could
play a role in changing the preferred route.
The FF particles (red shading) exhibit less variationwith

season. They generally follow the rim of the Irminger
Basin into the Denmark Strait, as previously described by
Rudels et al. (2002), and then return to the Irminger Basin
and into the KT. A small fraction of the FF particles
follow a route northward through Denmark Strait and
then onto the shelf in summer, but like theKOparticles, in
the winter months trajectories are restricted to the KT.
The seasonal difference in preferred routes leads to

different typical transit times from the upstream control
sections toKS (Fig. 7). Both source waters take longer to
reach the fjord in winter than in summer: the median
transit time for FF particles increases from 56 to 73 days,
while the median transit time for KO particles doubles
from 44 to 97 days. In summer, the fastest route is thus
from the KO section, while in winter the FF particles
reach the fjord first. This is reflected in the fractionation

FIG. 6. Particles trajectories per season. The shading indicates the fraction of particle trajectories per control
section reaching that location in themodel domain. Only values exceeding 1% are shaded. Color coding is the same
as in Fig. 1. The 400-m isobath is shown as the dashed gray contour. The black solid contour represents the offshore
edge of the area exceeding 50% sea ice coverage. Note that the pathways are three-dimensional but are projected
onto the horizontal plane in this figure.
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Ocean→Greenland: origin & variability of source waters

tracing origin & variability in fjord water masses:

warm Atlantic waters &  cold Polar waters



around the continental slopes of Greenland and North America encir-
cling the colder, denser interior of the SPNA29,30. Cold, fresh water 
from the Arctic flows around Greenland’s 200–300 m deep continental 
shelves, partially buffering Greenland’s coast from the warm, Atlantic 
waters31 (Fig. 3a). The glacier retreat coincided with a rapid warming 
of the SPNA that began in the mid-1990s15,29 and that continues today32 
(Fig. 3b–d). The SPNA change is manifested in a warming of the upper 
500–1,000 m of the waters off west Greenland, including the continental 
shelf28,33,34 (Fig. 1b) and extending to Baffin Bay35. Data from the conti-
nental shelves of southeast Greenland are limited, but repeated annual 
hydrography across the Irminger Sea shows an extensive thickening of 
the Atlantic layer around the mid-1990s and suggests a similar warming 
of the shelf waters30. The continental shelf warming is probably associ-
ated with more frequent intrusions of (warmer) Atlantic water in the 
deep troughs that stretch across Greenland’s shelves31. Whether these 
have a surface signature36 remains unclear. 

Exchanges between fjord and continental shelf
Greenland’s large marine-terminating glaciers are typically grounded 
several hundreds of meters below sea level at the head of long (10–
100 km), narrow (<10 km) fjords that connect them to the continental 
shelf (which we refer to in this Review as shelf; Fig 4). Data from the 
fjords preceding the SPNA warming are too scarce to provide informa-
tion that, in conjunction with recent surveys, could be used to describe 
how the fjords responded to the shelf warming. A comparison of ocean 
properties from two summer surveys taken before and after the mid-
1990s warming (1993 and 2004) in Kangerdlugssuaq Fjord, southeast 
Greenland, shows warming of fjord waters37, but it is unclear to what 
extent differences between the two short surveys are representative of 
longer term changes in the fjord compared with the large weekly to 
inter-annual variability. Recently collected data from several fjords, 
combined with dynamical considerations, however, provide a consist-
ent picture that offers insight into how the fjord properties may have 
changed in response to the SPNA warming. Surveys have shown that 
the fjords contain a thick layer of warm (0–4 °C, compared with the 
freezing point of seawater, roughly −1.9 °C) saline, subsurface Atlan-
tic water beneath a layer of cold, fresh polar water (Fig. 4)28,37–40. The 
warmest Atlantic water is found in glacial fjords abutting the SPNA and 
Baffin Bay, whereas the coldest is found in glacial fjords abutting the 
Arctic Ocean in northern Greenland. This is consistent with variations 
in the mean Atlantic water properties on the nearby shelf and slope and 
reflects the distance (along its mean flow pathway) from the subtropical 
source region41. Along-fjord variations are relatively small, suggesting 
that Atlantic water is also found in the vicinity of the glaciers, although 

most of the surveys terminate about 10 km from the glaciers’ edge 
because of the inaccessibility of this region (Fig. 2). 

The similarities between the fjord and the shelf properties are 
consistent with the fact that the fjords typically have deep (>200 m) 
sills that allow for a relatively unobstructed exchange between the  
two36,40,41. This suggests that these fjords contained Atlantic water and 

Figure 1 | Retreat of Greenland’s outlet glaciers is occurring at a time when 
the waters of the subpolar North Atlantic are the warmest on record. a, 
Mass balance (MB), surface mass balance (SMB) and ice discharge (D) 
anomalies in gigatonnes per year based on refs 5, 6. b, Mean temperature 
anomaly (an.) of the upper 40 m at Fylla Bank, west Greenland58 and heat 
content anomaly of the SPNA’s upper 700 m55. c, Atlantic multidecadal 
oscillation (AMO) index anomalies with and without the global SST trend71,73, 
and North Atlantic oscillation (NAO) winter index66. All time series have been 
extended to 2010 and 5-year low-pass filtered, and the mean with respect to 
the period shown has been removed. Recent glacier acceleration began in the 
late 1990s (dark shading), a similarly warm period occurred in the 1930s (light 
shading) with some evidence for glacier retreat of comparable magnitude.

–300

–200

–100

0

100

M
as

s 
ch

an
ge

 (
G

t 
yr

–1
)

SMB
D
MB

–1.5
–1

–0.5
0

0.5
1

1.5
2

Te
m

pe
ra

tu
re

 a
n.

 (
°C

)

–6
–4
–2
0
2
4
6
8

H
ea

t 
co

nt
. a

n.
 (

10
18

J)T 0−40m Fylla
SPNA HC

1910 1930 1950 1970 1990 2010

–0.4

–0.2

0

0.2

0.4

Year

AM
O

 in
de

x

–2

–1

0

1

2

N
AO

 in
de

x

AMO AMO (global SST removed) NAO

a

b

c

 ● Units Typical units used by the glaciological and oceanographic 
communities are mass loss in gigatonnes per year (Gt yr−1), global 
mean eustatic sea-level rise in millimetres per year, and volume 
transport in sverdrups (1 Sv = 106 m3 s−1). Conversion factors between 
these are: 1 Gt yr−1 = 2.8×10−3 mm yr−1 = 3.17×10−5 Sv.

 ● Estuarine-driven circulation The buoyancy-driven circulation 
associated with the entrainment of ambient water into the plume as it 
rises along the ice face and flows out of the fjord47,49.

 ● North Atlantic oscillation (NAO) A leading pattern of atmospheric 
variability measuring the sea-level pressure differences between 
weather stations in the Azores and Iceland66.

 ● Atlantic multidecadal oscillation (AMO) A mode of oceanic 
variability expressed as the sea-surface temperature (SST) anomaly 
over the North Atlantic70,71.

 ● Atlantic Meridional overturning circulation (AMOC) Zonally 

(west–east) integrated and vertically accumulated volume (or mass) 
transport in the Atlantic.

 ● Freshwater discharge The sum of solid ice discharge due to 
calving and liquid subglacial discharge from surface- and sub-glacial 
melting5,6.

 ● Ice mélange A mixture of icebergs and sea ice found in front of the 
terminus of many Greenland glaciers that may affect calving27.

 ● Glacial isostatic adjustment (GIA) Geodynamic and geodetic 
effects associated with ice-sheet mass loss, including visco-elastic 
rebound due to unloading of the mantle, adjustment of Earth’s angular 
momentum and rotation, and change of Earth’s gravity field (geoid) 
owing to mass redistribution86.

 ● Mass balances  
Total mass balance (MB) = surface MB (SMB) – discharge (D); 
SMB = accumulation (A) – runoff (R); freshwater flux = R + D. 

BOX 1

Ice glossary
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How to interpret correlations between ocean & Greenland Ice Sheet?

Straneo & Heimbach, 2013

Greenland Ice Sheet

Ocean heat content

Climate indices

bold = mass balance

blue = heat content anomaly of 
subpolar N. Atlantic, 0-700 m



How to disentangle potential drivers of glacier?

shelf fjord

GLACIER
freshwater

heat
submarine 
melt

subglacial 
discharge

calving

surface melt

ice melange

plumes

atmospheric 
warming

warm ocean waters → increase submarine melt → glacier acceleration/retreat 

increase surface melt → increase discharge → increase submarine melt → glacier acceleration/retreat 

increase surface melt → increase discharge → increase basal lubrication → glacier acceleration/retreat 

weaken ice melange & sea ice → reduce back stress → glacier acceleration/retreat

An example:



Summary
Ice mélange in the fjords
Unlike submarine melting, it is less clear how the warming of the SPNA 
may have affected the ice mélange — another proposed direct influence 
on the glaciers27. SPNA warming probably resulted in an increase in the 
subsurface Atlantic water temperatures in the fjords, but it is unclear 
what direct impact it had on the surface temperatures in the fjords and, 
hence, on the ice mélange. However, SPNA warming is highly correlated 
with an increase in the coastal air temperatures16,17, which, in turn, may 
affect the structural integrity of the mélange. Changes in sea ice cover 
outside of the fjord may further affect the mélange.

Glacier retreat during the past century
The recent warming of the upper 1,000 m of the SPNA is unprecedented 
over the instrumental record of upper ocean temperatures (although a 
less pronounced warming occurred in the 1960s)32,55 (Figs 1b, 3d). Dur-
ing the past century, warming comparable with that of recent decades 
only occurred in the 1930s as observed from temperature records of 
the upper 300 m of the North Atlantic56; sea-surface temperatures from 
the eastern subpolar North Atlantic57; temperatures (0–40 m depth) 
from Fylla Bank, west Greenland, 1870 to present58 (Fig. 1b); and in the 
reconstruction of ocean temperatures at the surface and at 300 m from 
sediment cores in Disko Bay, west Greenland59. 

Records of glacier frontal position before continuous dedicated 
satellite radar observations became available (from 1991) are scarce. 
Cumulative evidence from several studies nevertheless suggests that 
the only time over the past century when glaciers in southeast and 
west Greenland retreated as much as in the present day was in the 
1930s, consistent with the North Atlantic warming. These include 
the reconstruction of frontal positions of glaciers in southeast and 

west Greenland from photographs (for example, Fig. 2b) and remote 
sensing59–61, and a reconstruction of calving variability over the past 
120 years of one major southeast Greenland glacier from sediment 
cores58. Air temperatures over the ice sheet were also high in the 
1930s14, which, together with ocean warming, would also have led to 
an increase in submarine melting. 

Causes of SPNA warming
The SPNA ocean warming that began in the mid-1990s is manifested 
as an increase in heat content of the upper 1,000 m (Fig. 3d) and has 
been associated with a slow down of the subpolar gyre55,62. The warm-
ing is attributed to the anomalous inflow of warm, salty, subtropical 
Atlantic water into the subpolar region63 driven by shifting wind pat-
terns over the North Atlantic62,64. These, in turn, are strongly corre-
lated with the wintertime occurrence of large, quasi-stationary waves 
in the North Atlantic eddy-driven jet stream (atmospheric blocking) 
over Greenland and western Europe64,65. 

Although progress has been made in explaining SPNA warming, its 
connection to the large-scale variability of the coupled ocean–atmos-
phere system remains unclear. Several studies have linked the SPNA 
changes to the North Atlantic oscillation (NAO)66,67, a dominant mode of 
atmospheric variability over the North Atlantic (Box 1), which switched 
from a persistent positive phase in the early 1990s to a negative or quasi-
neutral phase until the mid-2000s (Fig. 1c). This inference is consistent 
with the expected warming of the subpolar and cooling of the subtropical 
North Atlantic during a negative NAO phase. This opposing behaviour 
has been used to explain the synchronous and opposite changes in upper 
ocean heat content anomalies of the subtropical and subpolar gyres from 
the 1950s to 2000s67,68,32 (Fig. 3c, d), and has led investigators to conclude 

Figure 3 | Thinning of the Greenland ice sheet is concentrated at the 
margins of the subpolar North Atlantic. a, The large-scale ocean 
circulation around Greenland, indicating the major currents and basins. 
Atlantic-origin water pathways, red to yellow; Arctic-origin freshwater 
pathways, blue41. The dynamic thinning of Greenland is superimposed19. 

b, Heat content anomaly estimates in the North Atlantic as a whole and 
c, separated into tropical and subtropical and d, subpolar contributions 
over the period 1960–2010 (ref. 32). Extremely sparse observational 
coverage below 700 m depths over much of the period adds significant 
uncertainties.
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Scales: from subpolar gyre to ocean-ice boundary

freshwater

heat

• plume dynamics modulate melting & mixing  
‣ just starting to test parameterizations with observations – 

should be treated with caution! 

• freshwater input at depth drives massive upwelling 
‣ freshwater is often exported subsurface, after it has mixed 

~30:1 with deep fjord waters 
‣ future fjord parameterizations for large-scale ocean models 

need to account for this 

• progress in measuring freshwater fluxes (melt & discharge) but 
monitoring variability is an open challenge 

• increasing freshwater flux from Greenland has potential impacts 
on coastal currents, subpolar gyre, ecosystems, etc.  

• shelf and subpolar processes control origin & variability of fjord 
waters that drive submarine melting 

• challenge to disentangle various glacier drivers & feedbacks 



Questions?
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seasonal variability in the latter years. Since 2013, the year of great-
est thinning, glacier speeds slowed while remaining above their 
pre-1998 levels. More significant slowing occurs in 2017, the first 
year we detect a transition from glacier thinning to thickening. 
Observations in spring 2018 reveal a continuation of glacier decel-
eration and thickening.

Recent cooling of ocean waters near Jakobshavn Isbrae
Over the past several years, ocean temperatures have cooled on the 
continental shelf in the vicinity of Jakobshavn Isbrae (Fig. 3d and 
Supplementary Figs. 7 and 8). We find that ocean temperatures in 
Disko Bay below about 150 m cooled by nearly 2 °C between 2014 
and 2016. It is primarily water from this deeper layer that flows 
into Ilulissat Icefjord and comes into contact with Jakobshavn 
Isbrae at depth25,26.

Atlantic Water reaches Disko Bay via a boundary current that cir-
culates along the shelf break around Greenland’s continental shelf27 
(the East and West Greenland Current, Fig. 1a). During its transit in 
the boundary current, Atlantic Water follows the northern periph-
ery of the North Atlantic subpolar gyre (Fig. 1a) and cools by sev-
eral degrees Celsius28. After flowing through Davis Strait at 67° N, a 
branch of the boundary current is steered northeast towards the ice 
sheet in a 350-m-deep trough cut into the shallower (100–250 m) 
continental shelf (Fig. 1b). This trough provides a pathway that per-
mits warm, salty Atlantic Water to transit across the shelf beneath 
the shallower and fresher Polar Water layer25,26. Before reaching 

Jakobshavn, Atlantic Water in the trough is partially impeded by 
two sills, one at mid-shelf (68.50° N, 54.60° W) at ~300 m depth and 
another near the mouth of Ilulissat Icefjord (69.18° N, 51.25° W) at 
250 m. A mixture of Atlantic and Polar waters with potential den-
sities between 1,027.2 and 1,027.4 kg m−3 (Supplementary Fig. 9) 
flows over this last sill into Ilulissat Icefjord26. Flushing of the fjord 
happens mostly during summer, when density surfaces are shal-
lower and subglacial discharge (Fig. 3c and Supplementary Fig. 16) 
drives strong circulation throughout the fjord25.

The cooling we observe in Disko Bay is also seen at 200–250 m 
in instrumented moorings at two sites (Fig. 1a and Methods) situ-
ated upstream in the northward-flowing West Greenland Current 
in eastern Davis Strait (Fig. 3e and Supplementary Figs. 9 and 10). 
The close correspondence of the temperature and salinity observed 
in Davis Strait and in Disko Bay (Supplementary Fig. 9) supports 
the conclusion that the water in these density classes in Disko 
Bay primarily originates upstream and passes through the moor-
ings25,26. These mooring data reveal anomalously cold waters per-
sisting in Davis Strait throughout the second half of 2015, normally 
the warming period of the seasonal temperature cycle (Fig. 3e and 
Supplementary Fig. 10). The data then show cooling in the first half 
of 2016 of a normal magnitude (~2 °C) acting on water at already 
below-average temperatures cooling it to 1 °C, which is ~2–2.5 °C 
colder than the 2009–2015 values (Fig. 3e and Supplementary  
Fig. 10). The mooring data also show that temperatures remain  
significantly below average through summer 2017.
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Fig. 1 | The study area and recent thickening observations. a, A map of Greenland showing the location of Jakobshavn and Disko Bay (orange box) 
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locations referred to as C5 and C6. Ocean depth below sea level (bathymetry) is shown in the blue colours (scale is in b). The white, hill-shaded areas are 
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Fig. 3 | Ocean forcing and glacier response. a, Normalized changes in surface elevation of Jakobshavn Isbrae (JI) from one year to the next (red line), 
averaged between 10 and 15!km upstream from the front location in each year (Methods and Supplementary Table 1). Also shown is the yearly average of the 
maximum melting rate at the glacier front as estimated by the plume model (blue line, Methods). b, The flow speed of Jakobshavn at the location marked 
by the cross in Fig. 1. This series is extended to 1985 in Supplementary Fig. 6, which also shows data sources. c, Yearly integrated subglacial discharge 
volumes. d, Observed summer ocean temperatures in Disko Bay at 250!m depth. e, Ocean temperatures between the depths of 200 and 250!m in the West 
Greenland Current from moorings in eastern Davis Strait (31-day boxcar smoothed), and temperatures upstream at 64°!N from the ECCO state estimate 
(monthly mean). Average summertime 250-m-depth ocean temperatures from the mooring are shown as yellow bars to simplify comparison with d.
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Fig. 3 | Ocean forcing and glacier response. a, Normalized changes in surface elevation of Jakobshavn Isbrae (JI) from one year to the next (red line), 
averaged between 10 and 15!km upstream from the front location in each year (Methods and Supplementary Table 1). Also shown is the yearly average of the 
maximum melting rate at the glacier front as estimated by the plume model (blue line, Methods). b, The flow speed of Jakobshavn at the location marked 
by the cross in Fig. 1. This series is extended to 1985 in Supplementary Fig. 6, which also shows data sources. c, Yearly integrated subglacial discharge 
volumes. d, Observed summer ocean temperatures in Disko Bay at 250!m depth. e, Ocean temperatures between the depths of 200 and 250!m in the West 
Greenland Current from moorings in eastern Davis Strait (31-day boxcar smoothed), and temperatures upstream at 64°!N from the ECCO state estimate 
(monthly mean). Average summertime 250-m-depth ocean temperatures from the mooring are shown as yellow bars to simplify comparison with d.
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reduced in summer and fall and increases 
in winter and spring, associated with a 
thickening of the warm AW layer in sum-
mer and fall, and thinning in winter and 
spring (Harden et al., 2014). This seasonal 
variability is corroborated by hydrogra-
phy collected by tagged seals along the 
Southeast Greenland shelf (Sutherland 
et  al., 2013). Moorings deployed mid-
fjord (see Figure  4 for locations) since 
summer of 2009 show large seasonal vari-
ability in the upper ~300 m that in part 
mimics that of the shelf: thinning of the 
AW layer in winter/spring and thickening 
in summer/fall (Figure 6). However, fjord 
variability is also influenced by the export 
of GMW in the upper 100–200 m (Straneo 
et al., 2011; Jackson and Straneo, 2016). 
This is particularly true in late spring 
and summer, when subglacial discharge 
rates of 800–1,200 m3 s–1 (e.g.,  from the 
regional model RACMO 2.3; see Jackson 
and Straneo, 2016) are diluted by mix-
ing with AW, and the resulting GMW is 
exported as a relatively warm water mass 
in the upper layers (Straneo et al., 2011; 
Jackson and Straneo, 2016). Assuming a 
dilution ratio of subglacial discharge to 
ambient of 1:30, as recently estimated for a 
West Greenland glacier using noble gases 
(Beaird et  al., 2015), this will result in 
GMW summer export rates of ~0.025 Sv 
(1 Sv = 1.0 × 106 m3 s–1). This GMW con-
tributes to the warming of waters above 
200 m in the late spring/early sum-
mer recorded by moorings located mid-
fjord (Figure 6), making the fjord waters 
warmer than the shelf waters (Figure 7). 
Beneath 300–400  m, it is challenging 
to discern any seasonal variability. The 
moored records from mid-fjord, and as 
close as 20 km from Helheim Glacier, do 
show is that AW is present year-round 
and year after year, and that temperature 
variations of 1°C at 500–600 m depth are 
not uncommon (Figure 6a,b). 

In terms of circulation, moored veloc-
ity data show that between September 
and May, the circulation is dominated 
by shelf-forced flows, and no mean cir-
culation is discernible. In summer, as the 
shelf-forced circulation decreases and the 

buoyancy-driven circulation increases, 
a mean exchange flow emerges consist-
ing of export of GMW in the upper lay-
ers and inflow of AW at depth (Jackson 
and Straneo, 2016). While qualitatively 
similar to the estuarine-type circulation 
proposed for glacial fjords (Motyka et al., 
2003), this exchange flow is likely due 
to the combination of buoyancy-driven, 
shelf-driven, and locally driven flows. 

Interannually, we found consider-
able variability in fjord properties. In 
particular, the 400–550 m average tem-
perature mid-fjord shows rapid varia-
tions that exceed 1°C—some transient 
and some not (Figure  6a,b). Over the 
period of the observations, the fjord AW 

cooled from the start of 2010 to the start 
of 2013, after which it regained much of 
its heat content. 

SEASONAL AND 
INTERANNUAL VARIABILITY 
OF HELHEIM GLACIER 
In parallel to the ocean monitoring, we 
have tracked the seasonal and inter-
annual changes in Helheim Glacier using 
remote-sensing data sets. Our observa-
tions show clear annual cycles in flow 
speed and terminus position (Figure 7). 
Like many tidewater outlet glaciers, 
Helheim Glacier begins to accelerate and 
retreat in early spring. Its peak speeds 
and minimum terminus positions are 
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FIGURE  6. (a) Potential temperature (°C) time series from mid-fjord interpolated over available 
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whether Atlantic waters reached the mar-
gins of the ice sheet. Observations from 
Greenland’s glacial fjords were scarce 
at that time, however, and fjords were 
not resolved by even the highest resolu-
tion regional ocean models, due to their 
small scales and to the lack of appropriate 
bathymetry. Hence, addressing this ques-
tion required data from the fjords. 

It was in this scientific context that, in 
July 2008, the authors initiated oceanic, 
glaciological, and atmospheric obser-
vations of one major glacier/fjord sys-
tem in Southeast Greenland, Helheim 
Glacier and Sermilik Fjord (Figure  1). 
What started as an unfunded collabo-
ration among oceanographers and gla-
ciologists has continued to the pres-
ent through multiple projects funded 
by federal agencies, the scientists’ insti-
tutions, and private foundations. In this 
synthesis, we summarize the lessons we 
have learned from working in the fjord, 
including determining how to make 
measurements in an unusually challeng-
ing environment, and from investigat-
ing simple correlations between the vari-
ability of fjord and glacier. The goal is not 
to duplicate recent reviews that summa-
rize the state of knowledge (e.g., Straneo 
et al., 2013; Straneo and Cenedese, 2015; 
Truffer and Motyka, 2016), but rather to 
focus on our own efforts to unravel one 
glacier/fjord system in Greenland.

HELHEIM GLACIER AND 
SERMILIK FJORD 
Glaciological Setting: 
The Southeastern Flank of 
the Greenland Ice Sheet and 
Helheim Glacier
Helheim Glacier (66.38°N, 38.8°W; 
Figure 1) is one of Greenland’s largest out-
let glaciers. Its catchment encompasses 
~4% (~48,000 km2) of the ice sheet’s total 
area. Between 2000 and 2012, the glacier 
itself accounted for ~20% of the ice sheet’s 
mass discharge (Enderlin et al., 2014). The 
inland boundary of the glacier’s catch-
ment is ~200 km from the coast at an ele-
vation of ~2,500 m. This region receives 
some of Greenland’s highest snowfall 
totals (>1 m yr–1 w.e. [water equivalent]; 
Burgess et al., 2010). Ice in the catchment 
converges ~50 km from the coast into 
the channelized flow of the outlet glacier. 
Mass is eventually discharged through a 
~6 km wide rock-walled channel near the 
glacier terminus, where flow speeds reach 
~25 m d–1 (Nettles et al., 2008). The gla-
cier terminates in ~600 m of water at the 
head of Sermilik Fjord, ~100 km from the 
open ocean (Figure 1b,c). 

The terminus of Helheim Glacier 
maintained an approximately stable posi-
tion at the head of Sermilik Fjord for sev-
eral decades, but between 2002 and 2005, 
it rapidly retreated by 7 km (Figure  1b; 
Howat et  al., 2007). This retreat was 

accompanied by an almost doubling of its 
flow speed (Rignot and Kanagaratnam, 
2006) and sustained rapid thinning 
in excess of 90 m yr–1 (Stearns and 
Hamilton, 2007) that created a distinctive 
“bathtub ring” at the lateral margins of 
the glacier (Figure 2). In all, ice loss from 
Helheim Glacier alone between 2002 and 
2005 led to a rise in sea level of 0.5 mm 
(Stearns and Hamilton, 2007). Since then, 
flow speeds have decelerated from their 
2005 peak (Moon et al., 2012) but remain 
above pre-2002 levels. Similarly, while the 
glacier has thickened (Csatho et al., 2014) 
and re-advanced beyond its 2005 min-
imum position, it is still thinner and its 
terminus position is still retreated with 
respect to pre-2002 levels. Seasonally, the 
glacier’s terminus advances and retreats 
by 1–2 km (Figures 1c and 2; Schild and 
Hamilton, 2013).

Oceanographic Setting: 
The East Greenland Shelf and 
the Irminger Sea
Sermilik Fjord is connected to the con-
tinental shelf (“shelf ” hereafter) of 
Southeast Greenland, which, in turn, 
forms one of the boundaries of the 
Irminger Sea, a basin within the sub-
polar North Atlantic. Cold, fresh water 
exported from Fram Strait (Polar Water, 
PW) flows equatorward along the 
shelf, transported primarily by the East 

FIGURE  1. (a) Southern Greenland and the subpolar 
North Atlantic showing the catchment basin of Helheim 
Glacier (HG) with the 2003 mean sea surface tempera-
ture observed by the Moderate Resolution Imaging 
Spectroradiometer (MODIS) on NASA’s Terra satellite 
overlaid with schematic upper layer circulation (solid 
and dashed lines). The magenta box outlines the area 

shown in b. (b) Portion of Landsat-8 satellite image (acquired May 15, 2016) showing Helheim Glacier and Sermilik Fjord. The dashed red line shows 
the pre-retreat terminus position of August 2002, and the solid red line is the minimum terminus position, reached in August 2005. (c) Helheim Glacier 
centerline thickness (gray) from Morlighem et al. (2014) where x = 0 is a mean terminus position. For x > 0 km, the black line shows bathymetry along 
the center of the fjord (Schjøth et al., 2012), with estimated depths for outside the mouth and under the ice melánge (triangles, from expendable CTD 
[XCTD] profiles). The red shaded area shows the mean seasonal extent of Helheim Glacier advance/retreat. 
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