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To assess the effects of Greenland freshwater discharge on the 
ice sheet, ocean and dependent systems requires knowledge of 
where and when ocean-bound freshwater is released. A recent 

study estimated iceberg melt within the ice mélange (icebergs and 
bergy bits distributed near the glacier terminus) in two Greenland 
fjords using remotely sensed digital elevation models of the fjord 
surface1. The authors concluded that iceberg melt probably domi-
nated the liquid freshwater discharge in winter, but fell short of eval-
uating the iceberg-melt contribution with respect to all freshwater 
sources, the separate iceberg-melt processes and the seasonal evolu-
tion and vertical distribution of iceberg melt, which have also been 
neglected in previous iceberg-melt studies2,3. Similarly, recent esti-
mates of liquid freshwater transport cannot separate iceberg melt 
from other sources4. In the absence of better information, iceberg-
melt production has been ignored in ocean models5 or treated as 
ocean-surface input only6,7. When included, it has been handled as 
time invariant, which reflects no seasonal changes, or the discharge 
of the solid ice sheet has been instantaneously converted into liquid 
freshwater, ignoring the iceberg transition6. Here we develop a new 
approach to determine iceberg melt (Methods and Supplementary 
Methods) and apply it to the Helheim–Sermilik glacier–fjord sys-
tem (Fig.  1), one of the highest discharge systems of solid ice in 
Greenland. We fully resolve the timing and distribution of the liquid 
freshwater flux into the fjord, partitioned by source, and elucidate 
the dominant and spatiotemporally unique role of iceberg melt.

Greenland fjord liquid freshwater flux is composed of terres-
trial runoff, subglacial discharge (primarily derived from ice-sheet 
surface melt), glacier terminus melt and iceberg melt. All of these 
components feed a cycle of changing fjord water properties and cir-
culation that further modifies ocean waters and influences glacier 
stability4,8,9. For example, the effect of iceberg melt on the vertical 
and horizontal salinity gradients impacts not only buoyancy-driven 

flows but, effectively, all fjord circulation processes (for example, 
subglacial discharge-driven plumes10–12, intermediary circulation13,14 
and internal waves15,16). Thus, iceberg-melt-induced changes in the 
fjord are expected to influence the magnitude, timing and spatial 
distribution of the submarine melt at glacier termini—a potential 
trigger of glacier retreat and ice loss17–19.  Resolving iceberg melt and 
its spatiotemporal distribution can improve understanding of these 
associated ice and ocean responses, as well as biosphere effects20,21.

Seasonal environmental conditions control most freshwater-flux 
processes (Fig.  2). Summer snowmelt and precipitation over land 
create terrestrial runoff, whereas ice-sheet surface snowmelt, ice 
melt and precipitation create an active glacier hydrological system. 
This hydrological system facilitates seasonal subglacial discharge, 
which increases the submarine glacier terminus melt from upwell-
ing meltwater plumes9,22. In winter, glacier hydrology shuts down 
as surface melt ceases, which decreases the subglacial discharge to 
that produced only through frictional heating and leaves primarily 
ambient melt at the terminus23,24.

Additional fjord conditions influence iceberg melt (Figs. 1 and 2) 
In the Sermilik Fjord, summer ice cover is concentrated in the near-
terminus mélange region (within ~20–30 km from the terminus) 
(Fig. 1a), with mostly open water elsewhere. Despite a greater sea 
ice cover in winter25 (Fig. 1b), Sermilik Fjord is rarely completely ice 
covered26 (Supplementary Fig. 1) and strong katabatic down-fjord 
and cross-fjord winds27,28 can produce larger winter waves, which 
potentially enhance wave-induced iceberg melt. However, this 
effect, and melt along the full iceberg keel depth, is also influenced 
by seasonally variable fjord stratification; the winter water column 
is more strongly stratified, with a cold fresh upper layer and a warm, 
more-saline deep-Atlantic water layer (below ~170 m). Summer 
has warmer near-surface ocean temperatures and an upper mixed 
layer29,30 (Figs. 2 and 3b).
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Resolving subsurface iceberg melt
The first goal of this research was to resolve iceberg melt spatially 
through the vertical water column. To do this, we created an 
iceberg-melt model (10 m vertical resolution (Supplementary 
Methods and Supplementary Fig. 2)2,31,32 to calculate freshwater flux 
for individual icebergs (50–1,000 m length, 48–393 m keel depth). 
The model input incorporates in situ ocean temperature, salinity 
and velocity profiles from CTD (conductivity/temperature/depth) 
casts4 and moorings28, modelled vertical melt-driven buoyant plume 
velocities22, ERA-Interim global atmospheric reanalysis data33 
and remotely sensed iceberg lengths26 (Fig.  1 and Supplementary 
Figs.  3–5). The model includes five key iceberg-melt processes: 
wave erosion (Mwave), forced (Mta) and free (Mra) convection in air 
and depth-dependent forced (Mtw) and free (Mfw) convection in 
water (Fig.  3a and Supplementary Methods). We use CTD casts 
and moorings to assess the oceanographic conditions, create 
iceberg-melt calculations from CTD-collected data (Fig.  4) and 
develop a full annual hydrographic profile from mooring and CTD 
data (Supplementary Fig. 3), which is used to assess intra-annual 
freshwater source partitioning (discussed later).

Our in situ CTD-coincident observations from March and 
August 2010 (Fig. 3b) are representative of the mean conditions 
during winter (March) and summer (August) (Supplementary 
Methods) and provide insight into seasonal differences in iceberg 
melt (Fig.  3c). Above and at the ocean surface, higher summer 
sea-surface and air temperatures and lower sea-ice concentra-
tions increase surface melt rates by a factor of more than three 
compared with winter (summer, 0.90 m d−1; winter, 0.26 m d−1). 
Wave-induced melt generates the highest local melt rates (winter: 
0–2.2 m d−1, summer: 1.7–4.9 m d−1 (Supplementary Fig.  6 and 

Supplementary Table 1). Its limited area of influence (for exam-
ple, Fig. 3a), however, makes it a minor contributor to total ice-
berg melt, although it may play an important secondary role by 
facilitating mechanical iceberg break-up through wave-notch cre-
ation34 (illustrated in Fig. 3a). Below the ocean surface, melting is 
controlled by water velocity, temperature and stratification, all of 
which change seasonally. Summer submarine iceberg-melt max-
ima at ~100 and ~300 m depth are generated by opposing water 
velocity directions with a velocity shear zone at ~170 m depth. In 
winter, the velocity shear increases (Supplementary Fig.  5) but 
the upper water temperatures are colder (Fig. 3b). The result is a 
reduced melt above the velocity shear zone (responding primar-
ily to colder temperatures) but a greater melt below (responding 
primarily to higher velocities). The keel depth determines how 
much an iceberg extends into the deep-water layer, and thus how 
much the velocity of the deep-water layer opposes the force of the 
upper water layer on the iceberg and changes the relative velocity 
of water felt along the iceberg draft35. As the keel depth increases 
below the shear zone, the upper-layer melt rates increase as deeper 
layer melt rates decrease (Fig. 3c).

Iceberg melt for the full fjord
To calculate the iceberg-meltwater flux for the entire fjord, we scale 
up our iceberg-melt model using iceberg size distributions from 
Landsat 8 and Moderate Resolution Imaging Spectroradiometer 
(MODIS) images26 (Methods and Supplementary Fig.  4). Our 
analysis does not include the Midgaard fjord arm (Fig.  1b); 
on average ~90% of fjord iceberg volume is generated by the 
Helheim Glacier (Supplementary Fig. 7). We also do not include 
fjord bergy bits (less than ~30 m width), which contribute to the 
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Fig. 1 | Helheim Glacier and Sermilik Fjord study region. a, Landsat 8 satellite image of representative summer fjord conditions that shows the locations 
for Helheim (H), Midgaard (M) and Fenris (F) glaciers, terminus positions (white) and sites of in situ CTD casts. b, Representative winter Landsat 8 image 
with locations of glacier ice discharge flux gates (black lines), terminus positions (white) and in situ ocean moorings ML1 and ML2. The red outline shows 
the region used for iceberg remote sensing and full fjord freshwater calculations.
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surface-layer freshwater flux (shown in Fig. 3d (Supplementary 
Methods gives bias estimates)). Owing to these two factors, our 
total iceberg-melt calculations (Fig. 3d,e) represent conservative 
estimates.

Vertical integration (Fig.  3d) shows that above-water ice-
berg melt, including wave melt, constitutes 13% (August 2010) to 
15% (March 2010) of the total iceberg melt. In contrast, 68–78% 
(all periods) of the total iceberg melt enters the water column at 
depths >​20 m. Ocean stratification analysis from CTDs indicates 
a strong summer stratification maximum at 10–20 m depth and a 
weaker one at 160–170 m depth. In winter, the 10–20 m stratifica-
tion maximum diminishes, whereas the 160–170 m one remains. 
Based on ambient plume melt models11,36, this density stratification 
impedes melt upwelling (Methods and Supplementary Fig. 8). As a 
result, we expect that all the melt produced below 20 m in the sum-
mer remains at depth (68–78% below 20 m, including 4–9% below 
170 m). In winter, 63% of the melt is produced above 170 m and may 
ultimately make its way to the surface layer, but 37% is produced, 
and will probably remain, below 170 m.

Previous research on iceberg melt (and current model stan-
dards) input meltwater to near-surface layers7,37 (for example, the 
top 6 m grid box6), which is clearly problematic given our results. 
Measurements from the Sermilik Fjord demonstrate that water 
conditions near the fjord mouth are mirrored by water conditions 
outside the fjord30. This suggests that our vertically partitioned flux 
from inside the fjord should represent the vertically partitioned flux 
that leaves the fjord, and can be used directly to better parameterize 
the freshwater flux for fjord, ocean and ice sheet-ocean modelling.

Monthly source-partitioned fjord freshwater budget
We complete the fjord freshwater budget by calculating the terres-
trial runoff, subglacial discharge and glacier terminus melt (Fig. 4). 
The runoff of the ice-sheet-surface meltwater within tidewater 
glacier catchments acts as a proxy for subglacial discharge, and we 
sample 2008–2015 terrestrial runoff and subglacial discharge from 
the downscaled 1 km resolution regional atmospheric climate model 
RACMO2.3 (Methods and ref. 38). Using these subglacial discharge 
estimates, we run a terminus-melt model to determine the glacier 
terminus melt for the Helheim, Midgaard and Fenris Glaciers, and 
ultimately produce mean annual freshwater fluxes for all the fjord 
components (Fig. 4).

Flux sources have marked differences in timing and magnitude, 
which alter their importance throughout the year. Seasonal varia-
tions in terminus melt, terrestrial runoff and subglacial discharge 
are closely tied to atmospheric conditions, which results in similar 
seasonal timing, but they are differentiated by their peak summer-
flux magnitude. Glacierterminus melt may be important for glacier 
stability, but it is the smallest contributor to freshwater flux (Fig. 4). 
Ambient melt dominates in winter (Fig.  2b)  and our combined 
Helheim, Midgaard, and Fenris winter melt flux model estimates 
are ~16 m3 s−1 (Methods). Summerterminus melt includes ambient 
melt and melt from subglacial discharge plumes (Fig. 2a), and the 
three-glacier total peaks at ~38 m3 s−1 (for ten subglacial conduits 
(Methods)). Terrestrial runoff is substantially larger than terminus 
melt, with a mean annual flux of ~45 m3 s−1 and a summer peak of 
~240 m3 s−1.

Peak contributions from subglacial discharge are roughly one-to-
two orders of magnitude larger than the terrestrial runoff and ter-
minus melt contributions. Despite the small iceberg contributions 
from the Midgaard and Fenris Glaciers, they produce substantial 
subglacial discharge (Fig. 4 and Supplementary Fig. 7). Combined 
with the subglacial discharge from Helheim and two small catch-
ments at mid-fjord, the subglacial discharge is seasonally dominant, 
and reaches ~1,800 m3 s−1 at the summer peak (Fig. 4).

For iceberg melt, the first-order link between the melt and 
ocean temperature and velocity creates a temporal pattern distinct 
from that of all other sources. The magnitude of the late summer 
(~August) iceberg-melt flux is roughly half the magnitude of the 
mid-to-late summer subglacial discharge. As subglacial discharge 
declines with the melt season, however, iceberg melt increases (pri-
marily in response to warmer ocean waters (Supplementary Fig. 3)) 
and dominates the monthly freshwater signal for most of the year 
(Fig. 4). Annually, iceberg melt is also the largest contributor, with 
a ~515 m3 s−1 mean annual flux, compared with ~260 m3 s−1 from 
subglacial discharge. The actual difference may be even larger, 
given that recent research suggests RACMO2.3 overestimates run-
off39, whereas our iceberg-melt estimates are conservative. The spa-
tial fingerprint of iceberg melt is also distinct from other sources 
that input freshwater only at the fjord boundaries. Together, these 
results highlight the key role of iceberg melt in the Sermilik Fjord  
freshwater budget.

Our results align with previous, more-limited estimates of 
freshwater flux. Using our upper bound of summer submarine 
terminus melt rates (150 m3 s−1) and the summer 2013 CTD-
coincident iceberg-melt estimate (875 m3 s−1) yields a total iceberg 
and terminus flux of ~1,025 m3 s−1, at the low end of heat, salt and 
mass-budget results (1,500 ±​ 500 m3 s−1) (ref. 4). Focusing only on 
iceberg melt, summertime (June 2012 and July 2014) calculations 
of the iceberg-meltwater flux in the mélange region (0–20 km 
from the terminus) based on digital elevation models yield  
120–490 m3 s−1 (ref. 1). Our CTD-coincident summertime fjord-
wide iceberg-melt estimates yield 675–875 m3 s−1 (using 2012–2014 
data only). Estimating that the mélange region constitutes 30–40% 
of the total fjord iceberg melt, we calculate that its contribution 
is ~200–350 m3 s−1, within the range of previous mélange-only  
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Fig. 2 | Seasonal differences in the glacier–fjord environment.  
a,b, Graphical representation of the glacier–fjord system that highlights the 
summer (a) and winter (b) differences. Summer includes an active glacier 
hydrology system with subglacial discharge driving upwelling plumes at the 
glacier terminus. Winter includes stronger winds, greater sea-ice extent, 
diminished solar insolation and differences in vertical ocean temperature 
and salinity profiles.
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estimates1. With our unique method, we then also provide the spa-
tiotemporal resolution needed to incorporate our results into ice 
sheet and ocean models.

Using our monthly iceberg-melt calculations, we can also explore 
the transport of solid ice out of the fjord. Based on our solid-ice dis-
charge (D) (Supplementary Fig.  7) and iceberg melt (M) (Fig. 4), 
and remotely sensed measurements of the change in total iceberg 
volume in the fjord over time ( )V

t
d
d (ref. 26), we calculate ice-volume 

flux out of the fjord (Qout) as:

= − −Q D M V
t

d
d

(1)tou

Applying a constant ice discharge of 2.3 km3 month–1 (~900 m3 s–1  
(Supplementary Fig.  7) for time-varying ice discharge based on 
velocity-flux gates) and the mean iceberg melt during July–August, 
August–September and September–October (time periods based 
on ( )V

t
d
d  availability), we find that 52% (1.2 km3 month–1), 52% 

(1.2 km3 month–1) and 22% (0.5 km3 month–1), respectively, of solid-
ice discharge exits the fjord. The result is a substantial subsurface 
freshening from summer into autumn and a decrease in iceberg 
transport from the fjord. Combining our melt-flux methods with 
future improvements in time-varying solid-ice discharge (including 
terminus advance and retreat) and fjord ice volume measurements 
will facilitate more-detailed time series of solid-ice transport.

Our analysis provides conclusive evidence that iceberg melt is 
the largest fjord freshwater contributor for this major glacier–fjord 
system and that its temporal, horizontal and vertical distribution 
is distinct from that of all other sources. As the dominant fresh-
water source for the Sermilik Fjord, it cannot be ignored for this 
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system. Although our new framework to assess the complete liq-
uid freshwater budget is applicable to all tidewater glacier systems, 
our results are most-directly transferrable to coastal regions near 
high-discharge Greenland glaciers, such as Jakobshavn Isbrae, 
Kangerdlugssuaq Glacier and other fast-flowing glaciers40. As 
the top producers of solid ice-discharge, these areas are the most 
important for understanding the future dynamic mass loss of ice, 
and our results indicate that iceberg melt must be a part of this anal-
ysis. Similarities in fjord stratification around the ice sheet16 help 
transfer our results to other Greenland regions. Substantial het-
erogeneity in the ice-sheet-wide distribution of ice loss via surface 
mass balance versus solid-ice discharge41 also suggests that iceberg 
melt may be locally or regionally dominant, particularly for regions 
along the northwest and southeast coasts where the majority of fast-
flowing Greenland tidewater glaciers are located42 and solid-ice dis-
charge is large. Iceberg mobility and residence time, which depend 
on ocean and atmospheric conditions, also influence local iceberg-
melt fluxes, which potentially increases the importance of iceberg 
melt within systems with lower rates of solid-ice discharge but long 
iceberg-residence times. Given that icebergs account for ~30–50% 
of Greenland mass loss40,43,44, there is no doubt that understanding 
their solid-to-liquid transition is important on an ice-sheet-wide 
scale. The results presented here provide a step-change improve-
ment for current research efforts, and combining our methods 
with current efforts to increase in situ ocean data45 and analyse 
pan-Greenland iceberg distribution and motion46 will facilitate 
future spatiotemporal analysis of the iceberg freshwater flux for the 
entire ice sheet. Assessing the spatiotemporal signal of individual 
freshwater sources, as we have done here, can also improve model 
parameterizations. To resolve the sources, timing and input loca-
tions of freshwater is critical for projecting the impacts of surface 
mass balance and ice-discharge changes47,48 on both the ice sheet 
and the ocean.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-017-0018-z.
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Methods
Iceberg-melt model. To calculate iceberg melt, we developed an individual 
iceberg-melt model, which is explained in depth in Supplementary Information. 
Key concepts and references (Supplementary Methods gives additional details) 
used in the iceberg-melt model are summarized here:

•	 We test icebergs of length L (longest axis at the waterline) 50–1,000 m,  
and develop a geometry for icebergs of keel depth less than 200 m from 
ref. 49. The shortest waterline axis width, W, equals L/1.62 (ref. 50).  
The width is modified to make the iceberg stable for the four smallest-size 
classes based on ref. 51. We do not allow icebergs to roll52,53 or overhanging 
slabs to fracture and calve off icebergs32,34.

•	 To model the five iceberg-melt processes included—wave erosion (Mwave), 
forced (Mta) and free (Mra) convection in air, and depth-dependent forced 
(Mtw) and free (Mfw) convection in water—we use parameterizations 
developed in previous studies and tuned for use in operational  
iceberg models31.

•	 Supplementary Methods contains a discussion of the uncertainties  
in iceberg-melt estimates, including a table that assesses uncertainties 
arising from differences in methods, atmospheric conditions and  
parameter choices.

Model input data. Supplementary Methods also includes details on the model 
input data, which include:

•	 Hydrographic data from six summertime research cruises (2008–2013)  
and one wintertime survey conducted by helicopter and a small boat during 
March 201029.

•	 Time series of hydrographic observations from mid-fjord moorings  
that were installed in 20094 (Fig. 1b).

•	 Observations of water velocities from an upward-looking acoustic Doppler 
current profiler (ADCP)54.

•	 Vertical water velocities estimated using two methods: (1) a commonly 
used one-dimensional buoyant-plume model22 and (2) idealized numerical 
experiments with an ice–ocean coupled MITgcm (Massachusetts Institute  
of Technology General Circulation Model) simulation55.

•	 Wind speed, 2 m air temperature and net downward-radiation flux from  
the ERA-Interim reanalysis project33.

•	 Sea-ice cover based on the analysis of Landsat 8 and MODIS imagery26  
and observations at Sermilik Fjord25.

Estimates of total fjord iceberg melt. Once we have mean melt rates for each 
iceberg-size class over each set of environmental conditions, we can calculate a 
melt flux from the icebergs. We then use these melt fluxes for each iceberg-size 
class, along with the observed iceberg distributions, to estimate the total melt flux 
from icebergs into the fjord.

The first step is to take the melt rates (metres per day) and calculate melt fluxes 
(cubic metres per second) for each melt process (Fig. 2a). To do so, we multiply 
each melt rate by an appropriate surface area to derive the melt flux. For Mwave, we 
assume the iceberg is travelling obliquely into the waves, so that wave erosion only 
effectively drives melt along one length and one width. Also, Mwave only affects a 
vertical extent equal to twice its wave height (Hwave), but split between one above 
the water layer and one below the water layer. Thus, the melt flux caused by Mwave is 
applied to an area equal to (LHwave +​ WHwave) +​ (LHwave +​ Wuw,1Hwave), where Luw,1 and 
Wuw,1 are the length and width, respectively, of the first iceberg layer underwater 
and Hwave is the wave height driven by winds (Supplementary Table 2 gives 
parameter symbols, descriptions and their applied range and/or definition). The 
smaller area affected by Mwave results in melt fluxes similar in magnitude to other 
terms, despite the much larger melt-rate magnitudes (Supplementary Fig. 6 and 
Supplementary Table 1). For Mra, the melt flux is calculated using the planar surface 
area of the above water portion of the iceberg, or LW. For Mta, we assume the wind 
acts on three sides of the iceberg above water (that is, all except the lee side), as well 
as on one-half of the surface of the above-water iceberg area. Thus, the melt flux for 
Mta is calculated using an area equal to (2LH +​ WH) +​ 0.5(LW). For the buoyancy-
convection driven melt, Mfw, the melt flux is calculated using the depth-dependent 
melt at each layer multiplied by the layer area on all submerged sides, equal to 
(2dzL +​ 2dzW) and summed over each zn layer below water. Finally, the melt flux 
for turbulent convection, Mtw, is calculated similarly to Mfw, but only along three 
sides of the iceberg, assuming there is a lee side not affected by water motion, akin 
to Mta. Thus, for each zn layer, the area Mtw is applied to is (2dzL +​ dzW) and the 
total flux is the sum over all of these layers.

Summing these melt fluxes together gives a vertically varying iceberg melt flux 
for each size class (Fig. 2). To derive the total iceberg-melt flux over the Sermilik 
Fjord, we then scale these results using observed iceberg distributions from optical 
satellite imagery26. Supplementary Fig. 4 shows the mean distribution of icebergs 
in the Sermilik Fjord as a function of size class binned by L. The same data can be 
used to estimate the along-fjord variation in iceberg distribution, which shows that 
slight differences arise between zones close to the fjord mouth versus those closer 
to the glacier termini (Supplementary Fig. 4). For each size class, we multiply the 
number of icebergs in the size class by the melt flux calculated for that size class 
and the given forcing. We then sum these contributions to arrive  

at a total iceberg-melt flux. We can partition the iceberg-melt flux to show its depth 
dependence or along-fjord dependence (Fig. 2). We use the same distribution data 
for summer, winter and seasonal runs of the iceberg-melt model. We justify this 
approximation for several reasons. First, the Helheim Glacier, the main source of 
icebergs to the fjord, often calves year round, with minimal regular seasonality 
observed (Supplementary Fig. 7)28,56. Second, the fjord is typically not frozen over 
with fast ice in the winter26, which suggests that icebergs can move around and 
not accumulate. The latter evidence is further supported by GPS-tracked icebergs 
that continually move throughout the winter months29. Finally, this is a pragmatic 
choice, given that no data exist on iceberg distributions in the winter months.

Glacier ice flux. To compare solid-ice discharge volume from the Helheim, Fenris 
and Midgaard Glaciers (Supplementary Fig. 7) with the subsequent freshwater flux, 
we estimate the ice flux across the flux gates shown in Fig. 1b. The ice flux, Q, is:

∫=Q u x t H x t x( , ) ( , )d (9)
W

0

where x is the coordinate parallel to the flux gate, t is time, W is the glacier width, 
u(x,t) is the depth-averaged velocity normal to the flux gate and H(x,t) is the ice 
thickness. We assume that the depth-averaged velocity is equal to the surface 
velocity. Given that basal sliding accounts for >​90% of the surface velocity under 
the main trunk of Helheim57, the depth-averaged velocity should be within 
~2% of the surface velocity58. Although less is known about basal sliding at 
Midgaard and Fenris, surface velocities are >​1,000 m yr−1 at both glaciers, which 
probably indicates plug flow. We calculate ice flux for all of the time periods with 
surface-velocity measurements, and the ice-thickness measurements are linearly 
interpolated to match those time periods. We use glacier-velocity estimates from 
the speckle tracking of synthetic aperture radar (SAR) images from the TerraSAR-X 
mission for Helheim and Midgaard59 and from feature tracking of Landsat 7/8 and 
ASTER optical imagery for Fenris60. To calculate the ice thickness for Helheim, 
we use point bed-elevation measurements from the Center for Remote Sensing of 
Ice Sheets (CreSIS) and surface-elevation measurements from Worldview-1/2/3 
and TanDEM-X (ref. 58). Very few bed-elevation measurements exist for Fenris 
and Midgaard, so we substitute bed elevations inferred from mass continuity for 
those glaciers61. The inferred bed elevations have large uncertainties. At Midgaard, 
surface-elevation measurements at the flux gate indicate that the glacier thinned 
below the inferred bed elevation in 2014. As a result, we decreased the bed elevation 
at the flux gate by 145 m, so that the surface elevation at the flux gate remained 
above the bed elevation and bed elevations downstream of the flux gate matched 
radar ice thicknesses collected by CreSIS in 2013. Surface-elevation measurements 
for Fenris and Midgaard are from National Aeronautics and Space Administration 
(NASA)’s Airborne Topographic Mapper (ATM)62. The ice-flux estimates are 
converted into a mass flux assuming a constant ice density of ρi =​ 900 kg m−3. Based 
on the quality of the available data for each glacier, we assume uncertainties of 
6%, 20% and 100% in our ice-flux estimates for Helheim, Fenris and Midgaard, 
respectively. The uncertainty estimates arise from bed-elevation uncertainties of 
50 m for Helheim, 100 m for Fenris and 200 m for Midgaard, which we determined 
by comparing the limited bed-elevation measurements with the BedMachine v2 
(ref. 61). All other uncertainty sources should be comparatively small.

We use the mean flux-gate cross-sectional areas for Helheim, Midgaard and 
Fenris when converting estimates of the submarine terminus melt to freshwater 
flux. These are 4.522 ×​ 106 m2, 4.4646 ×​ 105 m2 and 2.2534 ×​ 106 m2 for Helheim, 
Midgaard and Fenris, respectively. These cross-section areas may be overestimates 
as they are extracted several kilometres up-glacier of each terminus (Fig. 1b), 
although further evaluation of this question is limited because of bed topography 
uncertainties.

Subglacial discharge and terrestrial runoff. As it is not possible to measure 
subglacial discharge directly, we use surface runoff as a proxy. We use separate 
glacier hydrological catchments for Helheim, Fenris, Midgaard and several smaller 
glaciers to sample regional atmospheric climate model surface runoff data. For 
the glacier hydrology basins, we delineate glacier catchments using standard 
watershed analysis and assuming water flows in the direction of the negative of the 
gradient of the subglacial hydropotential63 (Supplementary Fig. 7). Ice-sheet-bed 
topography is defined by the BedMachine v2 bed61 and the ice surface is defined by 
the Greenland Ice Mapping Project (GIMP) digital elevation model64. We manually 
group watersheds that contribute to each marine-terminating glacier terminus in a 
manner similar to that of ref. 65. These hydrological catchments are used to estimate 
subglacial discharge into the fjord. All other hydrological catchments are used 
to estimate terrestrial runoff into the fjord. For each catchment, we extract daily 
surface runoff data from the 1 km resolution downscaled regional atmospheric 
climate model RACMO2.3 (ref. 38) (results in Supplementary Fig. 7). We use the 
interannual variability in surface runoff about the 2008–2015 mean as a measure 
of the uncertainty in the runoff estimates during any given year (green and red 
shading for terrestrial runoff and subglacial discharge, respectively (Fig. 4)). As in 
previous studies56, we assume that within marine-terminating glacier catchments, 
all the surface melt is discharged as subglacial freshwater, which is a reasonable 
assumption given no known or observed mechanisms for increasing the net 
subglacial water storage. We also assume that all the runoff is delivered to the fjord 
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instantaneously. This assumption may affect the precise timing of subglacial water 
discharge, but it should have little influence on our monthly scale comparisons of 
freshwater-flux sources.

Terminus-melt model. To estimate the submarine terminus melt from Helheim, 
Fenris and Midgaard, we combine a point-source subglacial plume model with 
an ambient line plume model22. This model formulation follows the methods 
described in the supporting information (S1) of ref. 11. The ambient plume model 
is used to simulate melt-driven (that is, free) convection in regions outside of the 
subglacial discharge plumes66. We compute monthly and daily climatologies of 
linearly interpolated hydrographic profiles and subglacial discharge, respectively; 
these are time stepped and used as input for the plume models. Melt rates are 
calculated using a three-equation thermodynamic model67. We assume that 
the ambient melt is horizontally uniform across the width of the terminus, 
except in regions where the subglacial plumes are active. Simulations with 
one, five and ten subglacial conduits (with the subglacial discharge held fixed) 
spaced evenly across the width of the terminus are conducted; net submarine 
terminus-melt fluxes are computed by spatially integrating the submarine 
melt in the subglacial discharge plume and ambient regions. Increasing the 
turbulent transfer coefficients in the ambient plume model by a factor of five 
results in roughly a 444% increase in the mean submarine terminus melt at peak 
subglacial discharge. We acknowledge that our ambient plume model assumes 
that submarine melting outside of the subglacial plume region is driven solely by 
free convection; strong flows generated by external forcing, such as shelf-forced 
winds54, or induced by buoyancy-driven circulation9, may result in larger ambient 
melt rates along the ice front.

We also use our ambient line plume model to examine whether iceberg melt 
produced at depth remains at depth or rises vertically in the water column and 
penetrates through strong stratification layers. We test this using four iceberg-
size classes (d =​ 76, 166, 239 and 392 m) and both standard turbulent transfer 
coefficients and standard turbulent transfer coefficients multiplied by a factor of 
five, which increases melt and hence vertical plume velocity. The results indicate 
that melt plumes reach neutral buoyancy rapidly, which allows the melt to remain 
at depth (Supplementary Fig. 8).

Data availability. ERA-Interim data are available from the ECMWF website at 
www.ecmwf.int/en/research/climate-reanalysis/reanalysis-datasets/era-interim. 
Downscaled RACMO2.3 data were provided by M. van den Broeke and are not 
available publicly. Greenland BedMachine data are available at sites.uci.edu/
morlighem/dataproducts/bedmachine-greenland and GIMP surface elevation 
data at nsidc.org/data/docs/measures/nsidc-0645. Ice-flow velocities derived from 
Landsat and TerraSAR-X are available at nsidc.org/data/nsidc-0646 and nsidc.
org/data/nsidc-0481 and ATM data at nsidc.org/data/ILATM2/versions/2. Iceberg 
distribution data are available at www.oceanice.org/icebergs-research and on 
request to T.M. Data from fjord moorings, including ADCP data, are available 
through these URLs (address numbers refer to National Ocean Data Center 
(NODC) accession number): accession.nodc.noaa.gov/123217 (2008–2009), 
accession.nodc.noaa.gov/127320 (2009–2012), accession.nodc.noaa.gov/123282 
(2010–2011), accession.nodc.noaa.gov/126772 (2011–2012) and accession.nodc.
noaa.gov/127325 (2012–2013).  Ocean hydrographic profile data is available upon 
request to T.M. Requests for data in specific formats or not listed here can be 
directed to the corresponding author.

Code availability. The iceberg and terminus-melt model code is available as a set 
of MATLAB scripts from the authors.
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