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Abstract Greenland's glacial fjords are a key bottleneck in the earth system, regulating exchange of

heat, freshwater and nutrients between the ice sheet and ocean and hosting societally important fisheries.

We combine recent bathymetric, atmospheric, and oceanographic data with a buoyant plume model to show
that summer subglacial discharge from 136 tidewater glaciers, amounting to 0.02 Sv of freshwater, drives
0.6-1.6 Sv of upwelling. Bathymetric analysis suggests that this is sufficient to renew most major fjords within
a single summer, and that these fjords provide a path to the continental shelf that is deeper than 200 m for
two-thirds of the glaciers. Our study provides a first pan-Greenland inventory of tidewater glacier fjords and
quantifies regional and ice sheet-wide upwelling fluxes. This analysis provides important context for site-
specific studies and is a step toward implementing fjord-scale heat, freshwater and nutrient fluxes in large-scale
ice sheet and climate models.

Plain Language Summary The interaction between the Greenland Ice Sheet and the surrounding
ocean is one of the key links in the regional climate system. Ocean heat melts the edges of the ice sheet, causing
glacier speed-up, retreat and sea level contribution. Meltwater from the ice sheet enters the ocean where it
alters ocean properties and potentially ocean currents. This meltwater also drives upwelling of nutrients that
can impact local ecosystems. All of these processes occur in long, deep and narrow fjords that connect the ice
sheet and ocean. In this study, we present a first continent-wide overview of the geometry and dynamics of
Greenland's fjords. We combine recent bathymetric, atmospheric, and oceanographic datasets with a simple
model to show that many fjords are well connected to the ocean in both bathymetry and circulation, suggesting
that changes in the ocean on the continental shelf will be quickly transmitted to the ice sheet margin. We also
suggest that meltwater from the ice sheet is rapidly mixed within fjords and will enter the wider ocean as a
dilute subsurface mixture. This study is a step toward implementing fjord heat, freshwater and nutrient fluxes
into large-scale models that cannot resolve fjords.

1. Introduction

The Greenland Ice Sheet interacts with the ocean through glacial fjords, which play a key role in moderating
multiple components of the regional climate and ecosystem. Fjord-scale transport of ocean heat melts the termini
of tidewater glaciers (Sutherland et al., 2019; Wood et al., 2021) in a process understood to have driven half of
the ice sheet's mass loss since 1992 (Straneo & Heimbach, 2013; The IMBIE Team, 2020). Freshwater fluxed
into the ocean from the ice sheet drives fjord circulation and stratification (Straneo et al., 2011) and enters Green-
land's boundary currents and potentially the deep ocean (Boning et al., 2016; Dukhovskoy et al., 2019; Le Bras
et al., 2021). Upwelling of deep nutrients in glacial fjords sustains higher productivity marine ecosystems than
is typically observed in similar environments receiving only surface runoff (Hopwood et al., 2020), impacting
inshore fisheries (Meire et al., 2017). Yet, across each of these disciplines, many of the processes and impacts
remain poorly quantified on a pan-Greenland scale.
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Figure 1. (a) Location of the 136 tidewater glaciers considered (purple circles) and the hydrographic profiles used to force the plume model (yellow triangles). The
encompassing blue line defines the fjord-ocean boundary as described in Section 2.1. (b) Detail of the Ilulissat Isfjord system, containing three of the tidewater glaciers
in our data set and the location of the conductivity-temperature-depth profile used to force the plume model at these glaciers. The dashed black line on the ice sheet
denotes the boundaries of the hydrological catchment, over which surface meltwater drains to the bed and flows downstream to the grounding line of Sermeq Kujalleq.
(c) Schematic of the glacier-plume-fjord system illustrating key definitions.

Greenland's ice sheet-ocean system consists of hundreds of tidewater glaciers connected to the continental shelf
by almost as many glacial fjords (Figure 1). Each glacier delivers freshwater to the fjord in both iceberg and liquid
form. The liquid freshwater is derived from submarine melting of the ice-ocean interface and, during summer,
melting of the ice sheet surface (Figure 1¢). Surface meltwater drains to the bed and enters the fjord at the ground-
ing line as subglacial discharge, often hundreds of meters below the fjord surface. This process drives buoyant
upwelling plumes that entrain ambient waters and reach neutral buoyancy in the stratified upper water column
(Figure Ic; Jackson et al., 2017; Mankoff et al., 2016; Stevens et al., 2016). Among the many drivers of fjord
circulation, such as variability in shelf water masses, winds, tides, sea-ice and icebergs (Davison et al., 2020;
Jackson et al., 2014; Mortensen et al., 2014), the buoyancy-driven circulation induced by plumes during summer
plays a key role in fluxing heat toward the ice sheet, freshwater toward the ocean, and deep nutrients into the
euphotic zone (Beaird et al., 2018; Cape et al., 2019; Cowton et al., 2016; Oliver et al., 2020; Zhao et al., 2021).

Field observations from multiple fjords have shown that the total flux upwelled by a plume exceeds the subgla-
cial discharge by 1-2 orders of magnitude and that after reaching neutral buoyancy, waters from the plume flow
down-fjord in the subsurface (Beaird et al., 2018; Jackson et al., 2017; Mankoff et al., 2016). Numerical models
have furthermore quantified how plume dynamics depend on grounding line depth, subglacial discharge and fjord
stratification (De Andrés et al., 2020; Jenkins, 2011; Xu et al., 2013). A few studies have considered multiple
glaciers: Carroll et al. (2016) evaluated plume dynamics and the induced submarine melting across 12 glaciers
around the ice sheet, while Millan et al. (2018) showed that the majority of 20 examined glaciers in southeast
Greenland have a deep connection to the continental shelf. Yet, to date there has not been a pan-Greenland exam-
ination of plume dynamics, fjord volumes and fjord-to-shelf connectivity, making it difficult to place individual
fjord studies into an ice sheet-wide context. We also currently lack estimates of regional and ice sheet-wide plume
fluxes and a quantification of how many glaciers have deep connections to the continental shelf. Such an aim has
recently become achievable through new bathymetric and oceanographic datasets. Here, we therefore describe
the first ice sheet-scale overview of fjord and plume characteristic depths, fluxes and renewal timescales.
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2. Methods
2.1. Fjord and Glacier Delineation

We first delineate Greenland's tidewater glacier fjords using an algorithm based on the BedMachine v4 ice-ocean-
land mask (Morlighem et al., 2021). We use the MATLAB function “boundary” to draw a boundary such that
all mainland ice and land is contained within the boundary and define fjords as the collection of ocean pixels
inside the boundary (Figure 1). The boundary has an associated “shrink factor” («) that controls how tightly the
boundary fits: @ = 0 corresponds to the convex hull (i.e., a loose fit) while @ = 1 yields the shoreline itself (i.e.,
a tight fit). The shrink factor controls the scale of topographic features that are considered to be a fjord, and its
value is therefore subjective. A practical definition is to choose a such that the boundary separates regions that are
typically resolved by large-scale ocean models (e.g., Disko Bay) and those that are not (e.g., narrow fjords). We
set @ = 0.5, which results in Ilulissat Isfjord being considered a fjord (Figure 1b), while the outer part of Scoresby
Sund is not (Figure 1a). Individual fjord systems (Figure 1b, Supporting Information S2) are then identified by
grouping connected ocean pixels inside the boundary.

To define the tidewater glacier dataset, we use a list of Greenland's 243 fastest-flowing glaciers (Morlighem
et al., 2017), but remove glaciers that: (a) have a grounding line depth shallower than 50 m according to BedMa-
chine v4 (92 glaciers), (b) have a mean annual subglacial discharge less than 2.5 m3s~! (Section 2.2; seven
glaciers), or (c) have a deepest path to the ocean that is shallower than 25 m (8 glaciers). By these criteria we focus
on large tidewater glaciers with substantial upwelling that are well connected to the ocean. Each glacier is then
allocated to its respective fjord. The resulting dataset contains 136 tidewater glaciers that drain into 89 fjords. A
map and key statistics for each system are provided in Supporting Information S2 and S3.

2.2. Buoyant Plume Model and Inputs

We use the buoyant plume model described in Slater et al. (2016) without modification to quantify upwelling
driven by subglacial discharge at tidewater glaciers. Relative to a full numerical ocean model, buoyant plume
models are more practical for simulating hundreds of plumes and perform well in idealized scenarios such as
are considered here (Kimura et al., 2014). Plume models are furthermore increasingly well-validated by studies
comparing observed and simulated fluxes and characteristic depths (De Andrés et al., 2020; Jackson et al., 2017).
Following studies suggesting that a line plume geometry of a few hundred meters width best captures near-glacier
observations (Fried et al., 2019; Jackson et al., 2017), we employ a line plume model with width of w = 250 m.

For inputs, the plume model requires subglacial discharge and fjord temperature and salinity profiles. The subgla-
cial discharge dataset is from Mankoff et al. (2020) and we consider a single value of subglacial discharge for each
glacier that is the mean summer (June, July, August) value during 2010-2020. Fjord hydrography is provided
by shipboard and airborne conductivity-temperature-depth profiles collected between July and October during
2013-2020 (Fenty et al., 2016; Mankoff et al., 2016; Mortensen et al., 2020; Willis et al., 2018, Figure S1 in
Supporting Information S1). To each tidewater glacier we assign the closest profile (Figures 1a and 1b), so that
102 (out of 136) glaciers have a profile from within 10 km of the terminus (Figures 1 and S1 in Supporting Infor-
mation S1), 131 have a profile within 50 km and all but four glaciers have a profile within their associated fjord.

2.3. Sensitivity Experiments

Recognizing that the distribution of subglacial discharge at grounding lines is poorly constrained by observations,
we conduct sensitivity experiments with small (w = 100 m) and large (w = 500 m) plume widths. From a plume
model perspective, a single plume of width 500 m is identical to two plumes of width 250 m, so our analysis
implicitly includes the possibility of multiple plumes at a single glacier. We also assess the impact of temporal
variability in summer subglacial discharge by running the model with low and high values of subglacial discharge
that are respectively the minimum and maximum summer discharge months for each glacier over the 2010-2020
period. The dominant plume model parameter that controls fluxes is the entrainment coefficient; here we assume
a value of 0.1 (Slater et al., 2016) but, recognizing uncertainty in this value, also consider values of 0.05 and 0.15
(e.g., Kimura et al., 2014).

We also quantify the impact of temporal variability in fjord stratification on plumes for two major systems:
Helheim Gletsjer and Kangilliup Sermia (Rink Isbra). The wealth of observations from the associated fjords
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Figure 2. (a) Characteristic depths for Greenland's tidewater glacier fjords, sorted by grounding line depth. The shading on neutral buoyancy and maximum height
shows the range arising from variation in subglacial discharge, plume width and entrainment coefficient. (b) Observed fjord potential density anomaly, showing the
mean and standard deviation for all casts (black and shading), and the mean for the three regions containing the most tidewater glaciers (SE, CW and NW). (c) Focus on
Helheim Gletsjer, SE Greenland and Kangilliup Sermia (Rink Isbra), west Greenland, showing the range in plume neutral buoyancy depth arising from variability in
subglacial discharge, plume width, entrainment coefficient and fjord stratification. Hollow circles show central values as on (a). Note the different y-axis scale on (c).

(e.g., Carroll et al., 2018; Straneo et al., 2011) allows us to consider seasonal variability (by comparing plumes
in early- and late-summer stratification) and interannual variability (by comparing plumes experiencing strat-
ification from different years). Further details on the observations used are given in Figure S5 in Supporting
Information S1.

2.4. Definitions

This study centers around several key quantities (Figure 1) that require definition. The plume is assumed to
originate at the grounding line depth, defined as the maximum depth of the calving front from BedMachine v4
(Morlighem et al., 2021). The fjord effective depth is the depth of the deepest water on the continental shelf at
the fjord mouth that can access the glacier without being impeded by bathymetry. The fjord effective depth may
correspond to a sill depth, or may be the depth of the shelf itself if the entire fjord is deeper than the shelf. As
buoyant plumes rise, there comes a depth where the density of waters in the plume equals that of the ambient
stratification (e.g., Figure S5 in Supporting Information S1), termed the plume neutral buoyancy depth. Due to
inertia, the plume will overshoot this depth until it stops rising at the plume maximum height. We neglect the
dynamics of plumes beyond their maximum height, for example, rebound and flow away from the glacier, but
revisit this limitation in the discussion. As such, we use the plume neutral buoyancy depth as an estimate of the
depth at which the plume will flow horizontally away from the glacier.

The upwelling flux is defined as the plume volume flux at the neutral buoyancy depth, providing an estimate of
the summer upwelling by a tidewater glacier. Lastly, the plume-driven renewal time is defined as the ratio of the
fjord volume below the neutral buoyancy depth to the upwelling flux. The fjord volume is calculated based on
the bathymetry and the algorithmic delineation of each fjord as described above. Where multiple glaciers (and
plumes) exist in a fjord, we calculate volume on the basis of the shallowest plume's neutral buoyancy and flux as
the sum of the individual upwelling fluxes. The plume-driven renewal time is thus a simple estimate, in isolation
of all other processes, of how long it would take the plume to upwell/renew all of the deep waters in the fjord.

3. Results

Considering first characteristic depths, grounding lines vary between 1,000 and 60 m, while fjord effective
depths range from 700 to 25 m with an interquartile range of 350 to 100 m (Figure 2a). Plumes rise unimpeded
through weakly stratified deep water but are trapped in the subsurface by light ambient waters close to the surface
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Figure 3. (a) Summer subglacial discharge and upwelling flux for Greenland's tidewater glaciers. (b) Kernel probability distribution function for subglacial discharge
versus grounding line depth and for (c) volume flux after upwelling versus neutral buoyancy depth. Values inside the shading in (b) and (c) give the total depth-
integrated flux. (d) Total upwelling as a function of assumed plume width and entrainment coefficient. (¢) Plume-driven renewal time. Glacier/fjord systems that fall
below the gray dashed line have a renewal time of less than 100 days and can renew within a single summer. The shading in (a) and (e) shows the range arising from
variation in subglacial discharge, plume width and entrainment coefficient.

(Figure 2b), so that plume neutral buoyancy depths range from 260 to 0 m with an interquartile range of 130 to
50 m and plume maximum height ranges from 150 to 0 m with an interquartile range of 60 to O m (Figures 2a and
S2 in Supporting Information S1). Characteristic depths are related; for example, grounding line depth explains
55% of variability in neutral buoyancy depth and, on average, plumes equilibrate 22 m deeper for every 100 m of
grounding line depth (Figure S3 in Supporting Information S1).

By focusing on Helheim Gletsjer we can explore the dominant sources of variability and uncertainty in calculated
plume neutral buoyancy. Holding stratification fixed, monthly variability in summer subglacial discharge can
drive excursions of 80 m in plume neutral buoyancy depth (Figures 2c and S5 in Supporting Information S1).
Adopting the narrow or wide plume width gives a range of 70 m, while changing the entrainment coefficient
by 50% gives a range of 50 m. With fixed discharge, the stratification observed in March and August 2010
yields a difference in neutral buoyancy depth of 30 m, while use of late summer stratification from each of the
years 2008-2012 causes neutral buoyancy to vary by 30 m. Similar magnitudes of variability are obtained for
Kangilliup Sermia (Figures 2¢ and S5 in Supporting Information S1). Since for these two glaciers the range in
plume neutral buoyancy obtained by varying discharge or model parameters is much larger than that arising from
temporal variability in stratification, we consider it justified to use synoptic ocean profiles for the other glaciers
in our analysis. Note that we are not suggesting neutral buoyancy does not vary seasonally, only commenting on
the relative importance of difference sources of variability in our analysis.

Entrainment of ambient water into the energetic plumes ensures that subglacial discharge of 0.01-1 mSv (10-103
m3s~1) per glacier drives upwelling amounting to 1-45 mSv (Figure 3a), which is consistent with field observa-
tions (Jackson et al., 2017; Mankoff et al., 2016). The upwelling flux responds to both the magnitude of subgla-
cial discharge and the grounding line depth (Straneo & Cenedese, 2015), the latter due to the greater distance
over which the rising plume entrains ambient water (Figure 3a). Considering all glaciers together, the emer-
gence of fresh subglacial discharge from glacier grounding lines amounts to 0.02 Sv that is relatively uniformly
spread over 0—1,000 m depth (Figure 3b). The resulting plumes, however, drive an upwelling flux of 1.07 Sv,
approximately two orders of magnitude greater, that equilibrates primarily at 50-200 m depth (Figure 3c).
Monthly variability in summer subglacial discharge leads to a minimum upwelling flux of 0.55 Sv in June 2018
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Figure 4. (a) Box and whiskers plot for characteristic depths grouped by the regions shown in Figure 1a. The bracketed numbers on the x-axis show the number of
glaciers per region in our dataset. (b) Subglacial discharge per glacier. (c) Total subglacial discharge (blue, left axis) and upwelling flux (purple, right axis) by region.

and a maximum upwelling flux of 1.55 Sv in July 2012. Adopting the narrow or wide plume width changes
the upwelling flux to 0.65 or 1.57 Sv, respectively, while varying the entrainment coefficient yields a range of
0.72-1.35 Sv (Figure 3d). The sensitivity of upwelling flux to plume width and the entrainment coefficient is
in general agreement with the 2/3 power law expected from theory (Jenkins, 2011). For the central values of all
parameters, the plume-driven renewal time is less than 100 days for 62 out of 89 fjords (corresponding to 85 out
of 136 glaciers), indicating that subglacial discharge-driven plumes can renew most major fjords during a single
summer (Figure 3e).

No region is statistically distinct in grounding line depth when compared against all others using a two-sample
Kolmogorov-Smirnov test (Figures 4a and S6 in Supporting Information S1). For plume neutral buoyancy depth,
however, the SE and CW regions are statistically distinct. In SE Greenland, the median neutral buoyancy depth
of 136 m is deeper than the ice sheet-wide median of 86 m, due to SE Greenland having relatively deep ground-
ing lines (Figure 4a), low subglacial discharge (Figure 4b) and a more stratified water column (Figure 2b). CW
Greenland, with a median of 37 m, has shallower plume neutral buoyancy than the rest of the ice sheet (Figure 4a)
due to shallow grounding lines, high subglacial discharge and a more weakly stratified water column (Figure 2b).
We caution against lending too much weight to regional comparisons in stratification, however, since not all
regions were sampled simultaneously (Figure S1 in Supporting Information S1), so we are not able to isolate
regional versus temporal variability in stratification. The SE, CW, and NW are the dominant regions in terms of
total subglacial discharge and upwelling due to their large number of tidewater glaciers (Figure 4c). Note that
upwelling flux depends on subglacial discharge but also on grounding line depth, explaining why some regions
can have relatively high subglacial discharge but lower upwelling.

4. Discussion

We have presented a first ice sheet-wide assessment of the depths and fluxes that characterize summer subgla-
cial discharge-driven upwelling in Greenland's tidewater glacier fjords. We find that just 0.02 Sv of subglacial
discharge distributed approximately uniformly over depth drives 0.6-1.6 Sv of upwelling that reaches neutral
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buoyancy at 0-260 m depth, renewing most fjords within a single summer (Figures 2 and 3). While SE, CW
and NW Greenland are the dominant regions in subglacial discharge and upwelling flux (Figure 4), just the 10
glaciers with the highest subglacial discharge account for 31% of the total subglacial discharge from all 136
glaciers. Similarly, the 10 glaciers with the highest upwelling flux account of 24% of the total upwelling. Sermeq
Kujalleq (Jakobshavn Isbr) is notable as the single largest contributor to upwelling, alone accounting for 4% of
the total.

Observations from fjord case studies, while limited, support our principal conclusions. Mankoff et al. (2016),
Jackson et al. (2017) and De Andrés et al. (2020) matched observed and modeled plume depths and fluxes
in west Greenland fjords. These studies showed plumes equilibrating in the subsurface and high upwelling
fluxes, consistent with results from the same plume model used here. In Sermilik Fjord, SE Greenland, Beaird
et al. (2018) estimated a glacially modified water export of 74 mSv over the top 200 m of the water column,
containing 800 + 500 m3s~! of subglacial discharge. Our discharge estimate of 140-960 m3s~! and plume neutral
buoyancy depth of 86-213 m are in a similar range, but our plume upwelling flux of 18—47 mSyv is 2-5 times
smaller than the observed export flux. Muilwijk et al. (2022) have similarly estimated that in Upernavik Fjord,
plume upwelling comprises only around 60% of the exported water mass. These studies highlight the importance
of fjord-scale mixing processes beyond the plume, including lateral recirculation, winds, tides, flow-topography
interactions and iceberg-driven mixing (Beaird et al., 2018; Carroll et al., 2017; Mortensen et al., 2014; Slater
et al., 2018; Straneo & Cenedese, 2015). The upwelling fluxes presented here are therefore likely to provide a
lower bound on the export flux from fjords to the ocean. Numerical ocean models however suggest that, despite
further mixing, the plume neutral buoyancy depth remains a good estimate of the depth at which export to the
ocean occurs (Carroll et al., 2015, 2017).

A number of further limitations should be considered and provide a focus for future efforts. First, the distribution
of subglacial discharge at grounding lines, including the possibility for multiple plumes, is poorly constrained by
observations. This uncertainty is represented in our analysis by variable plume width, which strongly affects the
plume neutral buoyancy depth, upwelling flux and plume-driven renewal time (Figures 2 and 3). Second, we have
largely relied on synoptic hydrographic profiles from fjords that may show significant temporal variability, and
previous work has shown that this can affect plume dynamics (De Andrés et al., 2020; Podolskiy et al., 2021).
Third, our analysis accounts for only 13% of the total ice sheet freshwater flux over the 2010-2020 period. The
other significant terms are solid ice discharge (50%), subglacial discharge from land-terminating margins (28%)
and subglacial discharge from tidewater glaciers not included in our analysis (7%; Figure S7 in Supporting Infor-
mation S1). While our analysis accounts for the vast majority of upwelling around the ice sheet, fully character-
izing Greenland's freshwater input to the ocean requires additional consideration of the non-summer months, of
icebergs and of runoff from land and groundwater.

Despite these limitations, our study has a number of key implications. In terms of impact on the ice sheet, the
quantification of fjord effective depth identifies the depth range of inflowing shelf water masses that drive subma-
rine melting of tidewater glaciers. The vast majority of grounding lines are deeper than the fjord effective depth
(Figure 2a), meaning that most fjords either have a sill or are deeper than the continental shelf. Yet, 82 of 136
glaciers are in fjords with effective depth deeper than 200 m, indicating that warm dense waters on the continen-
tal shelf can readily access most glacier grounding lines, a finding that is consistent with previous regional or
site-specific studies (e.g., Millan et al., 2018; Straneo et al., 2010). The remaining 54 glaciers are protected from,
or may experience less frequent incursions of warm shelf waters, but are typically small glaciers with shallow
grounding lines. In the absence of a more complete approach for ocean forcing of an ice sheet model, the water
masses melting the ice sheet might reasonably be taken as the water masses on the continental shelf at the fjord
effective depths estimated in this study.

In terms of impact on the ocean, and subject to the caveats described above, the plume neutral buoyancy depth
sets the depth for export of glacially modified water to the shelf. Our results suggest that over half is exported
below 100 m depth (Figure 3c), a fact that should be represented in ocean models examining the impact of Green-
land freshwater on the ocean. Indeed, the upwelling fluxes quantified here could be combined with estimates of
mixing in fjords beyond the plume (Beaird et al., 2018; Muilwijk et al., 2022) to provide boundary conditions
for large-scale ocean models that do not resolve fjords. Finally, plumes may impact fjord primary productivity
if upwelling reaches into the photic zone, which has a typical depth of at most 50 m (Mascarenhas & Zielin-
ski, 2019; Meire et al., 2017). Only 28% of glaciers considered here have plumes reaching neutral buoyancy in
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the photic zone, though it is 72% if we consider plume maximum height (Figure 2). For the maximum subglacial
discharge, these fractions increase to 46% and 87%, respectively, though we note that these fractions neglect the
finite vertical extent of plume waters flowing away from the glacier. Based on plume upwelling alone then, it is
mostly the glaciers with shallower grounding lines that will influence productivity throughout summer, but we
note that vertical mixing in the fjord beyond the plume may transport upwelled nutrients into the photic zone.

5. Summary

Greenland's fjords play a critical role connecting the ice sheet, ocean and marine ecosystems. We find that fjords
provide a path to the ocean that is sufficiently deep to allow warm waters to access the majority of large tidewater
glaciers. During summer, just 0.02 Sv of total subglacial discharge drives 0.6—1.6 Sv of upwelling, sufficient to
renew most fjords within a single summer. The neutral buoyancy depth of the upwelled water, spanning 0-260 m,
sets the depth for export of glacially modified waters to the continental shelf. We anticipate that the mapping of
characteristic depths and fluxes for Greenland's glacial fjords undertaken here will provide important context for
site-specific studies and be useful across multiple fields of ice-ocean-ecosystem research.

Data Availability Statement
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