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Predicting the retreat of tidewater outlet glaciers forms a major
obstacle to forecasting the rate of mass loss from the Greenland
Ice Sheet. This reflects the challenges of modeling the highly
dynamic, topographically complex, and data-poor environment
of the glacier–fjord systems that link the ice sheet to the ocean.
To avoid these difficulties, we investigate the extent to which
tidewater glacier retreat can be explained by simple variables:
air temperature, meltwater runoff, ocean temperature, and two
simple parameterizations of “ocean/atmosphere” forcing based
on the combined influence of runoff and ocean temperature.
Over a 20-y period at 10 large tidewater outlet glaciers along
the east coast of Greenland, we find that ocean/atmosphere forc-
ing can explain up to 76% of the variability in terminus position
at individual glaciers and 54% of variation in terminus position
across all 10 glaciers. Our findings indicate that (i) the retreat of
east Greenland’s tidewater glaciers is best explained as a product
of both oceanic and atmospheric warming and (ii) despite the
complexity of tidewater glacier behavior, over multiyear time-
scales a significant proportion of terminus position change can
be explained as a simple function of this forcing. These findings
thus demonstrate that simple parameterizations can play an im-
portant role in predicting the response of the ice sheet to future
climate warming.
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Loss of mass from tidewater glaciers to the ocean through
iceberg calving and submarine melting is a major component

of the mass budget of the Greenland Ice Sheet (GrIS). The
contribution of this frontal ablation to ice-sheet mass balance
can vary dramatically on short timescales: Increased frontal ab-
lation was responsible for 39% of GrIS mass loss from 1991 to
2015 (1), and accounted for as much as two-thirds of GrIS mass
loss during a phase of rapid retreat, acceleration, and thinning of
outlet glaciers between 2000 and 2005 (2). Understanding the
controls on frontal ablation is thus crucial if its contribution to
the mass budget of the GrIS is to be predicted by models (e.g.,
ref. 3).
Frontal ablation and tidewater glacier retreat are closely

interlinked––if ice loss at the terminus is more rapid than the
delivery of ice from up-glacier, the terminus will retreat. A
leading hypothesis attributes the recent rapid retreat of many of
Greenland’s tidewater glaciers to an increase in submarine
melting, and consequently calving, in response to oceanic
warming (e.g., ref. 4). Alternatively, retreat may have been
driven by increasing surface melt, with meltwater runoff draining
through glaciers and entering fjords at depth to form buoyant
plumes which enhance submarine melting at glacier termini (e.g.,
refs. 5 and 6). It has also been suggested that increased surface
melt and runoff may accelerate calving through hydrofracturing
of near-terminus crevasses (e.g., ref. 3), or by increasing basal
water pressure and hence basal motion (e.g., ref. 7). A third
hypothesis links retreat to increased calving rates following a
reduction in terminus buttressing by ice mélange and land-fast

sea ice (e.g., refs. 8 and 9). In most cases, however, it has not
proven possible to attribute observed variability in terminus
position to a particular cause, especially when multiple glaciers
are considered (e.g., refs. 9–13).
The lack of a clear relationship between observed tidewater

glacier retreat and changing environmental conditions presents a
significant issue for modeling studies which seek to predict mass
loss from the GrIS under a warming climate (e.g., refs. 14 and
15). One challenge in establishing a causal relationship between
environmental forcings and tidewater glacier retreat is that at the
scale of individual glaciers these relationships often appear
highly nonlinear, with feedbacks triggered as the terminus re-
treats across uneven bed topography obscuring the forcing
driving the initial retreat (e.g., ref. 16). This difficulty is com-
pounded by a poor understanding of the oceanic forcing of these
glaciers, due both to the scarcity of observations and the com-
plexities of calving and submarine melt processes at glacier termini
(17). A further issue is that accurately representing these processes
in ice sheet and ocean models would require model resolution and
a knowledge of boundary conditions that lies beyond current
capabilities (18).
In this paper, we seek to address these challenges to improve

our understanding of the retreat of Greenland’s tidewater gla-
ciers on timescales relevant to predictions of mass loss over
coming decades. We focus our study on 10 tidewater glaciers
along Greenland’s east coast of varying size and spanning >10° of
latitude (Fig. 1 and SI Appendix, Table S1). Over a 20-y period
(1993–2012) we compare the observed pattern and rate of re-
treat with variability in five environmental forcings, assessing the
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ability of these forcings to explain variability in the terminus
position (P) of the study glaciers, both individually and collec-
tively. These forcings comprise near-terminus air temperature
(TA), glacier meltwater runoff (Q), ocean temperature (TO), and
two parameterizations of combined ocean/atmosphere forcing
(M1 and M2). These ocean/atmosphere forcing parameteriza-
tions reflect the theory that frontal ablation will depend not only
on ocean temperature but also runoff due to its role in stimu-
lating buoyant upwelling adjacent to the terminus (e.g., refs. 5
and 19) and driving the renewal of warm water in the fjord (e.g.,
refs. 20 and 21), thereby increasing the transfer of heat between
the ocean and ice. To represent this combined ocean/atmosphere
forcing we define M1 = Q(TO − Tf) and M2 = Q1/3(TO − Tf). In
these parameterizations, ocean temperature is expressed relative
to the in situ freezing point at the calving front, approximated as
Tf = −2.13 °C based on a depth of 300 m and salinity of 34.5 psu
(e.g., ref. 22). M1 is thus a simple product of runoff and the
oceanic heat available for melting, while the addition of the
exponent to the formulation for M2 is based on the expectation
that submarine melt rate will scale linearly with temperature and
with runoff raised to the power of 1/3 (5).

Results
Time series of variability in TA, Q, TO, and P for each of the study
glaciers are plotted in Fig. 2 (see also Methods). These time se-
ries, along with the two ocean/atmosphere forcings M1 and M2,
are displayed as normalized values for each glacier in Fig. 3.
Glaciers are grouped into “northern” and “southern” subsets
based on their location with respect to a steep latitudinal gra-
dient in ocean temperature at ∼69° N, which reflects the influ-
ence of the Irminger Current (23) (Fig. 1). Features specific to
the individual glaciers (in particular, fjord and subglacial to-
pography) may modify their response to environmental forcings
(e.g., ref. 12), and so the normalized values are also averaged for
the five southern and five northern glaciers to show the regional
trends, thereby emphasizing the climatic signal (Fig. 3 F and L).
We begin by examining the relationship between terminus

position and the environmental forcings at the scale of individual
glaciers. At the southern glaciers, there is a marked increase in
the values of the forcings and retreat of the glaciers between
2000 and 2005, with periods of relative stability either side (Figs.
2 and 3 A–F). There are strong correlations between P and the
forcings (R2 = 0.24–0.76, depending on the glacier and forcing;
Fig. 4 and SI Appendix, Table S3) for both the individual glaciers
and regional trends. Because the time series involved are non-
stationary, there is however an increased risk of spurious cor-
relations resulting from similar long-term trends in the forcing
and response variables existing over the study period (24). We
therefore run an Engle–Granger test for cointegration (25),
which facilitates statistical comparison between two (or more)
nonstationary time series showing stochastic trends (SI Appendix).
We find that P is significantly cointegrated (P < 0.05) with Q and
M1 at all of the southern study glaciers, with TA and TO at Mogens
3 (M3), AP Bernstorffs Glacier (AB), and Helheim Glacier (HG),
and with M2 at AB and HG (Fig. 4 and SI Appendix, Table S3).
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Fig. 1. Map showing the location of the 10 study glaciers (SI Appendix,
Table S1) in east Greenland: AB; BG, Borggraven; DJ; HG; HK, Heinkel Gla-
cier; KG, Kangerdlugssuaq Glacier; M3; T1, Tingmjarmiut 1; VG, Vestfjord
Glacier; WG. The location of Nioghalvfjerdsbræ (NG), which is referenced
but does not constitute one of the study glaciers, is marked with a star.
Hydrological catchments are shaded, and the divide between the northern
and southern study glaciers at ∼69° N is marked with the dashed line. The
sample locations for ocean reanalysis temperature for the glaciers are shown
as colored circles. Also shown are the approximate locations of warm ocean
currents (22), with IC, Irminger Current and NIIC, North Iceland Irminger
Current, and cross-shelf troughs that may allow warm subsurface waters to
access the study glaciers (black arrows; ref. 44). The background image
shows a satellite mosaic of Greenland with shaded sea-floor bathymetry
[Google Earth; Data: Scripps Institution of Oceanography (SIO), National
Oceanic and Atmospheric Administration (NOAA), US Navy, National Geo-
spatial-Intelligence Agency (NGA), General Bathymetric Chart of the Oceans
(GEBCO); Image: Landsat/Copernicus, International Bathymetric Chart of the
Arctic Ocean (IBCAO), US Geological Survey].
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Fig. 2. Annual average values of (A and B) air temperature (TA), (C and D)
runoff (Q), (E and F) depth-averaged subsurface ocean temperature (TO),
and (G and H) glacier terminus position (P), relative to an arbitrary up-glacier
location, for the 10 study glaciers (Methods and SI Appendix, Table S1). Left
and right columns show glaciers south and north of ∼69N, respectively, and
colors are as for Fig. 1.
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Cointegration indicates a temporally constant functional rela-
tionship, meaning that these results support the existence of
causal relationships between P and the environmental forcings.
However, because the forcings demonstrate similar temporal
variability to each other, determining which (if any) is the key
control on terminus position from this analysis alone remains
difficult.
The results are qualitatively similar at the northern glaciers,

which show a brief retreat during a phase of higher TA, Q, and TO
(and thus alsoM1 andM2) between ∼1994 and 1995, then a slight
readvance, before embarking on a more sustained retreat in
keeping with the increase in the forcings after ∼2001 (Fig. 3 G–

L). The statistical significance of these trends is however weaker
at the northern glaciers (Fig. 4 and SI Appendix, Table S3), with
significant cointegration of P with all forcings at Daugaard–
Jensen Glacier (DJ) and with M1 and M2 at Waltershausen
Glacier (WG). This may be due in part to the smaller absolute
variability in the time series at the northern glaciers, increasing
the magnitude of short-term noise relative to the long-term

trends (Figs. 2 and 3). Nevertheless, clear similarities appear
between the variability in the forcings in P when the normalized
data from the northern glaciers are combined to show the re-
gional trends (Fig. 3L). Correlation of the individual forcings and
P for the combined northern glaciers data sets give R2 values of
0.51–0.63 (significant at P < 0.01, Fig. 4 and SI Appendix, Table
S3); however, only M1 is significantly cointegrated with P at
P < 0.05.
This analysis indicates that, despite the complexities intro-

duced by bed topography and ice dynamics, over timescales of
a few years or more many individual glaciers display a largely
linear response to environmental forcings. This is particularly
apparent at the southern glaciers, where both the increase in
forcings and glacier retreat have been more pronounced (Figs. 2
and 3). However, because at this level P demonstrates strong
correlations with multiple forcings, it remains unclear whether
this retreat has been driven primarily by warming of the atmo-
sphere, ocean, or both. To gain further insight, we therefore
examine variation in glacier retreat across all 10 study glaciers.
Any environmental control on P should also be able to explain

variation in retreat rate between glaciers. In particular, the ab-
solute magnitude of retreat is consistently lower at the northern
compared with the southern glaciers (with the SD in P at the
northern glaciers just 17% of that exhibited at the southern
glaciers), a trend which remains true for an expanded sample of
32 of east Greenland’s tidewater glaciers (23). When the abso-
lute variability at all glaciers is considered together, there is a
significant (P < 0.01) correlation of P with TA (Fig. 5A; R2 =
0.21), Q (Fig. 5B; R2 = 0.40), and TO (Fig. 5C; R2 = 0.36) (SI
Appendix, Table S4). However, while TA, Q, and TO are all typ-
ically higher at the southern than the northern glaciers, the lat-
itudinal difference in the magnitude of the variability is less
marked compared with that in P: the SD in TA, Q, and TO at the
northern glaciers is 93%, 60%, and 74%, respectively, of the SD
at the southern glaciers. The implication is that for a given
change in these forcings, the southern glaciers have responded
more sensitively than the northern glaciers. Combining Q and T
to create M1 and M2 increases the latitudinal gradient in the
forcings to give better agreement with that observed in P, with
the SD in both M1 and M2 at the northern glaciers 36% of that
exhibited at the southern glaciers. Combined with a good
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Fig. 3. Time series of normalized anomalies in air temperature (~TA, orange),
runoff (~Q, blue), ocean temperature (~TO, red), ~M1 (purple), and ~M2 (green),
and terminus position (~P, black circles) for (A–E) southern glaciers, and (G–K)
northern glaciers. F and L show the combined southern and northern gla-
ciers, respectively. Anomalies are expressed relative to the 20-y mean, and all
values are normalized with respect to the observed range at that glacier. For
ease of comparison, ~P is shown inverted (i.e., positive change means retreat)
and is in some cases discontinuous due to lack of observations. Vertical gray
bars indicate the adjustment of P relative to Pmean (SI Appendix).

Fig. 4. R2 values for the relationship of terminus position (P) with air
temperature (TA), runoff (Q), ocean temperature (TO), and M1 and M2 at
each glacier and for the averaged regional southern ("S") and northern
("N") trends (Fig. 3). Large markers show time series that are significantly
cointegrated at P < 0.05. Solid dots show instances which are correlated at
P < 0.05, but are not cointegrated at this confidence level. No marker is
shown where the time series are not significantly correlated or cointegrated.
The dashed line separates the southern (Left) and northern (Right) glacier
subsets. Statistical values are given in SI Appendix, Table S3.
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correlation at the glacier level (Fig. 4), this helps to strengthen
the correlation of P with M1 (Fig. 5D; R2 = 0.54), and to a lesser
extent the slightly more complex ocean/atmosphere forcing pa-
rameter M2 (Fig. 5E; R

2 = 0.45) (SI Appendix, Table S4).
We additionally test the ability of the environmental forcings to

explain only the interglacier variability in long-term retreat rate, a
property of arguably greater importance than the year-to-year
variability from the perspective of predicting future ice-sheet mass
loss. To examine this, we compare the overall retreat of each
glacier (defined as the difference between the mean values from
1993 to 1995 and 2010 to 2012) against the equivalent change in
the five forcings. Again, M1 and M2 provide the strongest corre-
lation, giving R2 values of 0.54 and 0.57 (P < 0.01), respectively,
compared with 0.41 (P < 0.01) for TO (Fig. 5 E–H and SI Ap-
pendix, Table S4). There is no significant correlation between the
magnitude of the overall change in P and TA and Q at P < 0.05,
with the northern glaciers again showing a much smaller retreat
for a given increase in the atmospheric forcing.

Discussion
Our findings demonstrate that the timing and magnitude of
tidewater glacier retreat along Greenland’s east coast can be
effectively explained as a combined linear response to atmo-
spheric and oceanic conditions. While variation in runoff alone
can explain a large proportion of glacier retreat at individual
glaciers (Fig. 4), the sensitivity of this relationship is much
stronger in southeast Greenland where ocean waters are warmer
(and continued to warm more rapidly over the study period)
compared with northeast Greenland (Fig. 5 A, B, F, and G). It
may thus be that contact with warm ocean waters preconditions
the southern glaciers to greater sensitivity to changes in atmo-
spheric temperature and hence runoff––if the ocean temperature
is close to the in situ freezing point, this will limit the potential
for submarine melting, irrespective of the vigor of runoff-driven

circulation. While previous studies have hypothesized that re-
gional differences in glacier stability in east Greenland may be
linked to the strong latitudinal ocean temperature gradient (23,
26) and that a combined warming of ocean and atmosphere may
provide the key trigger for rapid glacier retreat (8, 11), we are able
to demonstrate quantitatively that the combined influence of
ocean and atmospheric temperature provides the strongest pre-
dictor of both spatial and temporal variation in glacier terminus
position (Fig. 5). In this way, our results agree with recent ob-
servations from the Antarctic Peninsula which show that, while
there has been a strong atmospheric warming trend in this region,
the magnitude of glacier retreat is much greater in areas where
glaciers are in contact with warm Circumpolar Deep Water (27).
While the existence of a correlation cannot alone provide con-
clusive evidence of a causal link, our results thus join a growing
body of evidence indicating a role for both oceanic and atmo-
spheric warming in driving the retreat of marine-terminating
outlet glaciers.
Our results suggest that variability in terminus position across

the 10 study glaciers can be parameterized as

dP
dt

= a
dM1

dt
, [1]

where t is time and a = −0.014 ± 0.002 or −0.018 ± 0.006
km/(m3 s−1 °C) depending on whether the parameterization is
fitted to maximize agreement with the year-to-year variability
(Fig. 5D) or overall retreat (Fig. 5I), respectively (SI Appendix,
Table S4). This simple formulation effectively captures both the
temporal variability in the rate of change of glacier front position
and the widely differing magnitude of response at the different
outlet glaciers (Fig. 6). Across 10 glaciers, Eq. 1 can explain 54%
of year-to-year variability in terminus position (Fig. 5D) and 54%
of variation in the overall retreat rate (Fig. 5I). As such, while the
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Fig. 5. (A–D) Relationship between anomalies in terminus position (P′) and (A) air temperature (TA′), (B) runoff (Q′), (C) ocean temperature (TO′), and ocean/
atmosphere forcing (D)M1′ and (E)M2′. Anomalies are shown relative to the 20-y mean at each glacier. (F–J) Relationship between overall change in terminus
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overall change is calculated by subtracting the mean 1993–1995 value from the mean 2010–2012 value. On all plots, blue and red markers denote data from
the southern and northern glaciers subsets, respectively, and black lines show the best fit to all data. R2 values (all significant at P < 0.05) are shown on all plots
except F and G, which are not significant at this level. Statistical values are given in SI Appendix, Table S4.
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prediction of individual tidewater glacier behavior on timescales
of a few years or less may require detailed glacier-specific knowledge
of bedrock topography (e.g., refs. 12 and 28) and high-resolution
modeling of ice dynamics (e.g., ref. 29), our results show that on
longer timescales variation in the glaciers’ terminus positions can
be captured with much simpler parameterizations. These parame-
terizations translate the complex interaction of ice sheets with the
atmosphere and ocean into simple yet statistically strong relation-
ships that provide a pathway for the inclusion of tidewater glacier
retreat in the large-scale ice-sheet models needed to predict global
sea-level rise (e.g., refs. 15 and 30).
This quasi-linear behavior likely reflects the complex topog-

raphy and thus relatively frequent occurrence of pinning points
(such as lateral constrictions and submarine sills) within
Greenlandic glacier–fjord systems. This means that, unlike re-
gions of West Antarctica where bed topography may pre-
condition the ice sheet to centennial-scale unstable retreat (e.g.,
ref. 31), change at many of Greenland’s tidewater glaciers may
occur as series of rapid short-lived retreats which collectively do
not deviate far from the linear response to climate warming.
Capturing the exact timing and magnitude of these steps is dif-
ficult and may not be necessary if the aim is to predict ice-sheet
mass loss on timescales of decades or longer. A good example of
this can be seen when comparing Kangerdlugssuaq Glacier (KG)
and HG: As the forcings increased between 2000 and 2005, HG
retreated steadily while KG remained comparatively stable be-
fore undergoing a rapid ∼5-km retreat between topographic
pinning points in 2004–2005 (Fig. 3 D and E and SI Appendix,
Fig. S2). If viewed over the period 2000–2005, the retreat of KG
appears sudden while the retreat of HG appears prolonged;
however, when considered over the full 20-y time series, both
glaciers exhibited a broadly similar retreat between 2000 and
2005 with periods of comparative stability before and after.
This topographic influence accounts for some of the largest

outliers in the relationship between P and M1 (Fig. 5D), with an
∼3–4-km discrepancy between the observed and parameterized
modeled terminus position briefly existing at KG due to the
delayed response of this glacier to ocean/atmosphere warming
during 2000–2005 (Figs. 3E and 6A). At KG, this discrepancy is
short-lived, but this observation illustrates how Eq. 1 is likely to be
least effective at glaciers at which current behavior is particularly
strongly influenced by topography: For example, looking to west
Greenland, Jakobshavn Isbræ may have been undergoing an un-
stable retreat into deeper water due to the loss of its floating
tongue in the late 1990s (32), while the stability of Store Glacier to
the north is attributed to the presence of an exceptionally prom-
inent topographic pinning point (29). While such glaciers will ul-
timately adjust to a new climatically stable position, their terminus
position may differ more strongly from the linear trend in the
short term. Nevertheless, our findings suggest that simple formu-
lations such as Eq. 1 can play an important role in parameterizing

the response to climate warming of many tidewater glaciers, in-
cluding major outlets such as KG, HG, and DJ.
The efficacy of this approach is likely to be dependent on the

timeframe in question. The influence of topographic pinning
points will be magnified on short timescales (∼5 y or less), with
this effect reduced when retreat rates are averaged over longer
timescales. Furthermore, the slow response time of glaciers will
modulate climatic signals by filtering out higher-frequency vari-
ation––for example, this may explain the muted response of the
southern glaciers to the short-lived cooling/warming over 2009–
2010 (Figs. 2 and 3). At much longer timescales, glaciers will
become less sensitive to the ocean as they retreat into shallower
water and onto dry land, while evolving ice-sheet mass balance
and geometry will also likely impact upon the relationship be-
tween forcings and terminus position. We therefore suggest that
the relationship described in Eq. 1 is most appropriate when
considering processes on timescales of ∼5–100 y, with un-
certainty increasing either side of this window.
The dependency of retreat rate on both runoff and ocean

temperature points to a key role for calving front processes in
driving the retreat of Greenland’s tidewater glaciers. The obvious
link lies in submarine melting: Theory and modeling suggest that
submarine melt rate is dependent on both ocean temperature and
runoff, with the latter driving buoyant plumes that increase the
turbulent transfer of oceanic heat to glacier calving fronts (e.g.,
refs. 5 and 33). The role of submarine melting as a control on
terminus position appears straightforward where glaciers are rel-
atively slow flowing and warm ocean waters are capable of in-
ducing submarine melt rates on par with ice velocity; in such
circumstances undercutting by submarine melting may be the
primary source of frontal ablation (34, 35), such that changes in
terminus position are determined by the difference between ice
velocity and submarine melt rate (36). The applicability of this
mechanism at faster-flowing glaciers is less clear, however, as
predictions of ice-front-averaged submarine melt rates fall far
below terminus velocities (37, 38). Indeed, observations indicate a
mechanistic difference between the small-scale calving in
submarine-melt-dominated systems (35) and the massive buoy-
ant calving of icebergs from Greenland’s largest and fastest-flowing
glaciers (39). Nevertheless, our findings indicate that terminus po-
sition at these large and fast-flowing glaciers also responds rapidly
and predictably to variability in ocean/atmosphere forcing.
We also note that the lack of improvement in the correlation

between P and M2 [= Q1/3(TO − Tf)] compared with M1 [= Q(TO −
Tf)] is at odds with the dependency expected if retreat rate was a
direct function of submarine melt rate (5). It may be that this
theoretical relationship (which is yet to be validated by field data)
does not reflect the reality of the relationship between TO, Q, and
submarine melting––for example, Slater et al. (40) report that the
correct value for the exponent may be as high as 3/4 under certain
circumstances. Alternatively, the apparently simple relationship
between P and M1 may be the integrated result of not only sub-
marine melting but also additional factors including ice mélange/sea
ice coverage (e.g., refs. 8 and 9) and hydrologically forced accel-
eration of ice motion (e.g., ref. 7). The stronger correlations be-
tween P and Q rather than TA (Figs. 4 and 5) indicate that
catchment-wide melt, and hence runoff, is of greater importance
than local air temperatures at the terminus as a control on retreat
rate. While this suggests that processes driven by local surface
melting (e.g., through hydrofracture-driven calving) are of second-
ary importance, we cannot discount the possibility that our results
reflect a more complex mix of processes related to basal hydrology,
glacier dynamics, submarine melting, and calving. Thus, while our
findings indicate that a combined ocean/atmosphere forcing is a key
control on the stability of even large, fast-flowing tidewater glaciers,
further research is needed to identify and constrain the processes
that link this forcing with frontal ablation and glacier retreat.

A B

Fig. 6. Change in terminus position P at the (A) southern glaciers and (B)
northern glaciers, as observed (solid lines) and parameterized based on Eq. 1
(dashed lines). P is shown relative to an arbitrary up-glacier location, as in
Fig. 2 E and F.
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Over a 20-y period, we have observed a significant correlation
between variability in glacier terminus position and a simple
parameterization that combines oceanic and atmospheric forc-
ings at 10 tidewater glaciers along Greenland’s east coast. Our
results demonstrate that while increased melting and runoff in
response to atmospheric warming can explain much of the
temporal variability in glacier terminus position, the temperature
of the adjacent ocean waters is also a strong determinant of the
absolute magnitude of retreat. We find that even at very large
and fast-flowing glaciers like KG and HG, where the nonlinear
response to climate forcing has previously been emphasized, over
timescales of a few years or longer, this forcing dominates over
site-specific effects relating to the complexities of local topog-
raphy. While topography remains an important factor in modu-
lating the response of tidewater glaciers to climate, our findings
nevertheless suggest that simple parameterizations linking ter-
minus retreat to runoff and ocean temperature, suitable for in-
clusion in large-scale ice-sheet models, have an important role to
play in modeling the response of the Greenland ice sheet to
atmospheric and oceanic warming.

Methods
Details of the 10 study glaciers are given in SI Appendix, Table S1. These glaciers
represent a subset of the 32 glaciers documented by Seale et al. (23), chosen to
span a range of conditions along the east coast of Greenland. For each glacier, we
obtain 20-y (1993–2012) time series of air temperature TA, runoff Q, ocean tem-
perature To, and terminus position P. TA is based on the May–September mean of
monthly temperatures from European Reanalysis (ERA)-Interim global atmo-
spheric reanalysis (41), whileQ is obtained from a 1-km surface melting, retention,
and runoff model forced using ERA-Interim reanalysis (42). TO is based on the
mean 200–400-m temperature from GLORYS2V3 1/4° ocean reanalysis (43), ad-
justed to better agree with available in situ observations. P is obtained from
automated classification of Moderate Resolution Imaging Spectroradiometer
(MODIS) scenes (23) and manual classification of Envisat (11) and Landsat scenes.
For a more complete description of these methods, please see SI Appendix.

ACKNOWLEDGMENTS. We thank Adrian Luckman and Suzanne Bevan for
providing glacier terminus position data, Edward Hanna, David Wilton, and Phil-
ippe Huybrechts for providing surface melting and runoff data, Fiamma Straneo,
Mark Inall, and Stephen Dye for providing hydrographic data, and the Global
Ocean Reanalysis and Simulation (GLORYS) project for providing ocean reanalysis
data (GLORYS is jointly conducted by Mercator Ocean, Coriolis, and CNRS/Institut
National des Sciences de l’Univers). This work was funded by Natural Environment
Research Council (NERC) Grants NE/K015249/1 and NE/K014609/1 (to P.W.N. and
A.J.S., respectively) and an NERC Studentship (to D.A.S.).

1. van den Broeke M, et al. (2017) Greenland ice sheet surface mass loss: Recent de-
velopments in observation and modeling. Curr Clim Change Rep 3:345–356.

2. Rignot E, Kanagaratnam P (2006) Changes in the velocity structure of the Greenland
ice sheet. Science 311:986–990.

3. Nick FM, et al. (2013) Future sea-level rise from Greenland’s main outlet glaciers in a
warming climate. Nature 497:235–238.

4. Straneo F, Heimbach P (2013) North Atlantic warming and the retreat of Greenland’s
outlet glaciers. Nature 504:36–43.

5. Jenkins A (2011) Convection-driven melting near the grounding lines of ice shelves
and tidewater glaciers. J Phys Oceanogr 41:2279–2294.

6. Fried MJ, et al. (2015) Distributed subglacial discharge drives significant submarine
melt at a Greenland tidewater glacier. Geophys Res Lett 42:9328–9336.

7. Sugiyama S, et al. (2011) Ice speed of a calving glacier modulated by small fluctuations
in basal water pressure. Nat Geosci 4:597–600.

8. Christoffersen P, O’Leary M, Van Angelen JH, van den Broeke M (2012) Partitioning
effects from ocean and atmosphere on the calving stability of Kangerdlugssuaq
Glacier, East Greenland. Ann Glaciol 53:249–256.

9. Moon T, Joughin I, Smith B (2015) Seasonal to multiyear variability of glacier surface
velocity, terminus position, and sea ice/ice mélange in northwest Greenland.
J Geophys Res Earth Surf 120:818–833.

10. McFadden EM, Howat IM, Joughin I, Smith B, Ahn Y (2011) Changes in the dynamics
of marine terminating outlet glaciers in west Greenland (2000-2009). J Geophys Res
Earth Surf, 116.

11. Bevan SL, Luckman AJ, Murray T (2012) Glacier dynamics over the last quarter of a
century at Helheim, Kangerdlugssuaq and 14 other major Greenland outlet glaciers.
Cryosphere 6:923–937.

12. Carr JR, Vieli A, Stokes C (2013) Influence of sea ice decline, atmospheric warming,
and glacier width on marine-terminating outlet glacier behavior in northwest
Greenland at seasonal to interannual timescales. J Geophys Res Earth Surf 118:
1210–1226.

13. Murray T, et al. (2015) Extensive retreat of Greenland tidewater glaciers, 2000-2010.
Arct Antarct Alp Res 47:427–447.

14. Goelzer H, et al. (2013) Sensitivity of Greenland ice sheet projections to model for-
mulations. J Glaciol 59:733–749.

15. Fürst J, Goelzer H, Huybrechts P (2015) Ice-dynamic projections of the Greenland ice
sheet in response to atmospheric and oceanic warming. Cryosphere 9:1039–1062.

16. Vieli A, Jania J, Kolondra L (2002) The retreat of a tidewater glacier: Observations and
model calculations on Hansbreen, Spitsbergen. J Glaciol 48:592–600.

17. Straneo F, et al. (2013) Challenges to understanding the dynamic response of
Greenland’s marine terminating glaciers to oceanic and atmospheric forcing. Bull Am
Meteorol Soc 94:1131–1144.

18. Benn DI, Cowton T, Todd J, Luckman A (2017) Glacier calving in Greenland. Curr Clim
Change Rep 3:282–290.

19. Chauché N, et al. (2014) Ice-ocean interaction and calving front morphology at two
west Greenland tidewater outlet glaciers. Cryosphere 8:1457–1468.

20. Cowton T, et al. (2016) Controls on the transport of oceanic heat to Kangerdlugssuaq
Glacier, east Greenland. J Glaciol 62:1167–1180.

21. Carroll D, et al. (2017) Subglacial discharge‐driven renewal of tidewater glacier fjords.
J Geophys Res Oceans 122:6611–6629.

22. Straneo F, et al. (2012) Characteristics of ocean waters reaching Greenland’s glaciers.
Ann Glaciol 53:202–210.

23. Seale A, Christoffersen P, Mugford RI, O’Leary M (2011) Ocean forcing of the
Greenland ice sheet: Calving fronts and patterns of retreat identified by automatic
satellite monitoring of eastern outlet glaciers. J Geophys Res Earth Surf, 116.

24. Granger CW, Newbold P (1974) Spurious regressions in econometrics. J Econom 2:
111–120.

25. Engle RF, Granger CWJ (1987) Cointegration and error correction–Representation,
estimation and testing. Econometrica 55:251–276.

26. Walsh K, Howat I, Ahn Y, Enderlin E (2012) Changes in the marine-terminating gla-
ciers of central east Greenland, 2000–2010. Cryosphere 6:211–220.

27. Cook AJ, et al. (2016) Ocean forcing of glacier retreat in the western Antarctic Pen-
insula. Science 353:283–286.

28. Howat IM, Joughin I, Fahnestock M, Smith BE, Scambos TA (2008) Synchronous retreat
and acceleration of southeast Greenland outlet glaciers 2000-06: Ice dynamics and
coupling to climate. J Glaciol 54:646–660.

29. Todd J, et al. (2018) A full‐Stokes 3‐D calving model applied to a large Greenlandic
glacier. J Geophys Res Earth Surf 123:410–432.

30. Aschwanden A, Fahnestock MA, Truffer M (2016) Complex Greenland outlet glacier
flow captured. Nat Commun 7:10524.

31. Joughin I, Smith BE, Medley B (2014) Marine ice sheet collapse potentially under way
for the Thwaites Glacier Basin, West Antarctica. Science 344:735–738.

32. Joughin I, et al. (2008) Continued evolution of Jakobshavn Isbrae following its rapid
speedup. J Geophys Res Earth Surf, 113.

33. Xu Y, Rignot E, Fenty I, Menemenlis D, Flexas MM (2013) Subaqueous melting of Store
Glacier, west Greenland from three-dimensional, high-resolution numerical modeling
and ocean observations. Geophys Res Lett 40:4648–4653.

34. Bartholomaus TC, Larsen CF, O’Neel S (2013) Does calving matter? Evidence for sig-
nificant submarine melt. Earth Planet Sci Lett 380:21–30.

35. Luckman A, et al. (2015) Calving rates at tidewater glaciers vary strongly with ocean
temperature. Nat Commun 6:8566.

36. Slater DA, Nienow PW, Goldberg DN, Cowton TR, Sole AJ (2017) A model for tide-
water glacier undercutting by submarine melting. Geophys Res Lett 44:2360–2368.

37. Todd J, Christoffersen P (2014) Are seasonal calving dynamics forced by buttressing
from ice melange or undercutting by melting? Outcomes from full-Stokes simulations
of Store Glacier, West Greenland. Cryosphere 8:2353–2365.

38. Rignot E, et al. (2016) Modeling of ocean-induced ice melt rates of five west Green-
land glaciers over the past two decades. Geophys Res Lett 43:6374–6382.

39. James TD, Murray T, Selmes N, Scharrer K, O’Leary M (2014) Buoyant flexure and basal
crevassing in dynamic mass loss at Helheim Glacier. Nat Geosci 7:594–597.

40. Slater D, Goldberg D, Nienow P, Cowton T (2016) Scalings for submarine melting at
tidewater glaciers from buoyant plume theory. J Phys Oceanogr 46:1839–1855.

41. Dee DP, et al. (2011) The ERA‐Interim reanalysis: Configuration and performance of
the data assimilation system. Q J R Meteorol Soc 137:553–597.

42. Wilton DJ, et al. (2017) High resolution (1 km) positive degree-day modelling of
Greenland ice sheet surface mass balance, 1870–2012 using reanalysis data. J Glaciol
63:176–193.

43. Ferry N, et al. (2012) Scientific Validation Report (ScVR) for reprocessed analysis and
reanalysis (Copernicus/MyOcean, Grenoble, France), MyOcean Project Report MYO-
WP04-ScCV-rea-MERCATOR-V1.0.

44. Jakobsson M, et al. (2012) The international bathymetric chart of the Arctic Ocean
(IBCAO) version 3.0. Geophys Res Lett 39:L12609.

7912 | www.pnas.org/cgi/doi/10.1073/pnas.1801769115 Cowton et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801769115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801769115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801769115

