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Abstract Submarine melting has been implicated as a driver of glacier retreat and sea level rise, but to
date melting has been difficult to observe and quantify. As a result, melt rates have been estimated from
parameterizations that are largely unconstrained by observations, particularly at the near-vertical termini
of tidewater glaciers. With standard coefficients, these melt parameterizations predict that ambient
melting (the melt away from subglacial discharge outlets) is negligible compared to discharge-driven
melting for typical tidewater glaciers. Here, we present new data from LeConte Glacier, Alaska, that
challenges this paradigm. Using autonomous kayaks, we observe ambient meltwater intrusions that are
ubiquitous within 400 m of the terminus, and we provide the first characterization of their properties,
structure, and distribution. Our results suggest that ambient melt rates are substantially higher (x100)
than standard theory predicts and that ambient melting is a significant part of the total submarine melt
flux. We explore modifications to the prevalent melt parameterization to provide a path forward for
improved modeling of ocean-glacier interactions.

Plain Language Summary Tidewater glaciers discharge ice into the ocean through iceberg
calving and submarine melting. Submarine melting has been implicated as a driver of glacier retreat and
sea level rise, but melt rates have been difficult to directly observe and quantify. As a result, melt rates are
typically estimated using a theory that has not been tested with observations at any tidewater glaciers. Two
types of melting are expected at tidewater glaciers: Where subglacial discharge drains from outlets in the
terminus, energetic upwelling plumes rise along the ice face, and theory predicts vigorous melting. Away
from discharge outlets, weaker plumes form from ambient melting, and theory predicts that these ambient
melt rates are effectively negligible compared to discharge-driven melting. Here, we present new data from
LeConte Glacier, Alaska, that challenges this paradigm. Using autonomous kayaks, we observe intrusions
of meltwater—the product of ambient melt plumes—that are only found within 400 m of the terminus, and
we provide the first characterization of their properties, structure, and distribution. Their ubiquity suggests
that ambient melt rates are substantially higher than standard theory predicts and that ambient melting is
a significant—but often neglected—part of the total submarine melt flux.

1. Background

Mass loss from marine-terminating glaciers is increasing the freshwater flux into the ocean and contributing
to rising sea levels (Bamber et al., 2018; Dieng et al., 2017; Shepherd et al., 2018). Glacier dynamics, in
turn, are modulated by perturbations at their marine termini from submarine melting and iceberg calving
(Ma & Bassis, 2019; Nick et al., 2009). By altering the near-glacier waters that influence submarine melting,
ocean variability is thought to have triggered the recent acceleration and retreat of many glaciers (e.g., Alley
et al., 2015; Holland et al., 2008; Luckman et al., 2015; Straneo & Heimbach, 2013). However, models of
ocean-glacier interaction rely on parameterizations of submarine melting that have not been validated with
observations from the near-vertical, calving termini of tidewater glaciers (Straneo & Cenedese, 2015).

In the most common melt parameterizations, heat and salt transfer across the turbulent boundary layer is
calculated as a function of near-ice velocity, temperature, and salinity (Holland & Jenkins, 1999; McPhee
et al., 1987). At tidewater glaciers, two distinct sources of buoyancy drive velocities near the ice boundary:
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(1) Subglacial discharge, fed by surface runoff and precipitation, emerges at the base of termini as a source of
localized buoyancy that drives vigorous upwelling (e.g., Slater et al., 2015), and (2) away from these discharge
outlets, submarine melting provides a source of distributed buoyancy that drives weak plumes with relatively
small upwelling velocities (e.g., Magorrian & Wells, 2016).

At tidewater termini, the near-ice velocity has rarely been measured and is impossible to resolve in most
models (due to the small-scale, nonhydrostatic dynamics of plumes), so a common approach for deriv-
ing these velocities and associated melt rates is to couple buoyant plume theory (which describes the
evolution of a turbulent plume; Ellison & Turner, 1959; Morton et al., 1956) with a submarine melt param-
eterization (Holland & Jenkins, 1999) to create a coupled plume-melt parameterization (Jenkins, 2011;
MacAyeal, 1985). Using this plume-melt framework, the large upwelling velocities from subglacial discharge
plumes are expected to drive high melt rates, while the weak velocities of ambient melt plumes produce
low melt rates. As a result, for typical tidewater glaciers in Greenland or Alaska, the total ambient melt is
often believed to be negligible compared to discharge-driven melt, even after accounting for the substantial
difference in surface area between localized discharge plumes and distributed ambient melt (Carroll et al.,
2016; Cowton et al., 2015).

Recent studies have thus focused on subglacial discharge plumes, including near-glacier measurements and
their comparison with models (Bendtsen et al., 2015; Everett et al., 2018; Jackson et al., 2017; ManKkoff et
al., 2016). The properties of an energetic subglacial discharge plume are relatively insensitive to melting,
because the meltwater flux is dwarfed by the subglacial discharge flux (Slater et al., 2016). Consequently,
recent observations of subglacial discharge plumes have been able to test the buoyant plume model within
coupled plume-melt theory (Jackson et al., 2017; Mankoff et al., 2016), but these observations provide limited
insight into the validity of the melt parameterizations. Ambient melt plumes, on the other hand, should
have properties that are sensitive to melting—because meltwater is their only source of buoyancy—and thus
they should provide a more direct signal of melt dynamics. However, until now, observations of ambient
melt have been lacking.

In the absence of observations, laboratory experiments and theoretical studies have provided a basic foun-
dation for the dynamics of ambient melt plumes and intrusions (Jenkins, 2011; Huppert & Turner, 1980;
Magorrian & Wells, 2016): Ambient melting produces a distributed source of buoyancy that forms weak
upwelling plumes; as the plumes entrain ocean waters, they lose their buoyancy and form middepth intru-
sions, where the melt rate and vertical rise of the plumes should scale with the ocean stratification and
temperature.

A small but growing body of evidence suggests that we should reconsider ambient melt dynamics. In the
standard plume-melt theory, there is a critical assumption that the relevant velocity for melt calculations
is the upwelling velocity in buoyant plumes. This results in a self-contained model where melt rates can
be predicted based solely on the near-glacier stratification and the influx of subglacial discharge (or lack
thereof). However, Slater et al. (2018) suggest that a recirculation gyre—set up by the subglacial discharge
plume—should drive horizontal velocities over large swaths of the terminus and thus enhance ambient melt
rates. Other studies have also noted that ambient melt rates from the standard plume-melt parameterization
seem unrealistically low relative to the total ice flux into the terminus region (Carroll et al., 2016; Fried
et al., 2015; Wagner et al., 2019). Finally, melt rates derived from repeat multibeam surveying of LeConte
Glacier reveal high melt rates of 1-5 m/day over the entire terminus (Sutherland et al., 2019), suggesting a
discrepancy between observed and predicted melt rates but leaving open the question of what melt processes
produce these high melt fluxes.

Here, we present the first comprehensive near-glacier observations to characterize ambient melt processes
at a tidewater glacier. We find meltwater intrusions to be ubiquitous near the terminus and carry a large
quantity of meltwater, indicating that ambient melting is a significant component of the total terminus
ablation.

2. Autonomous Near-Terminus Surveying at LeConte Glacier, Alaska

LeConte Glacier is a fast-flowing tidewater glacier (with velocities up to 18 m/day) in southeast Alaska that
drains into a proglacial fjord known as LeConte Bay. At the terminus, the glacier is 1 km wide and ~200 m
deep. One or two localized subglacial discharge plumes are typically observed at the terminus, resulting in
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Figure 1. Cold intrusions are ubiquitous in near-glacier region. (a) Satellite image of LeConte Glacier and Bay, with
locations of acoustic doppler current profiler sections (ADCP, gray lines) and deep conductivity-temperature-depth
casts (CTD, colored circles) collected from kayaks and a ship. Color indicates the maximum isopycnal temperature
anomaly (6 ) below 40 m depth for each CTD cast. Terminus positions during the surveying period are shown in black
lines. Dashed black line shows transect location for (c) and (d), and thick brown line shows transect location for (e).
(b) Temperature of all near-glacier casts within 400 m of the terminus in green lines. Thick black line is the mean
downstream temperature (from profiles >400 m from terminus), and thin black lines indicate the envelope that
contains all downstream profiles (187 casts). Semitransparent green shading represents the deviation of each
near-glacier cast from the downstream mean, such that darker shading indicates a higher concentration of profiles.
(c) Mean isopycnal temperature anomaly, from all CTD casts binned as a function of distance from the glacier.

(d) Mean eastward velocity (toward the glacier), also bin averaged with distance from the glacier. (e) Snapshot of
eastward velocity on 17 September from cross-fjord transect (brown line in (a)) with isopyncals in gray lines spaced
every 0.1 kg/m?3.

a near-surface outflow (Motyka et al., 2003) and a recirculation gyre in the fjord's inner basin (Kienholz
etal., 2019).

The near-terminus region was surveyed extensively with autonomous kayaks (Nash et al., 2017) over a 7-day
period in September 2018 (Figure 1a). Within 350 m of the terminus, the kayaks collected 37 cross-fjord
transects of velocity and 166 profiles of temperature and salinity. These near-glacier observations were
complemented by downstream shipboard measurements of velocity, temperature, and salinity, with 10
cross-fjord transects occupied between 0.5 and 2 km from the glacier over the same surveying period.
(See supporting information for sampling details.)

3. Observations of Meltwater Intrusions From Ambient Melting

The observed velocity patterns are consistent with subglacial discharge-driven circulation (Figures 1d and
1le; Motyka et al., 2003, 2013): A localized discharge plume at the glacier drives an overturning circulation
with outflow in the upper 30 m and compensating inflow toward the glacier at depth. However, the most
striking feature of the near-glacier profiles is not the subglacial discharge plume but the anomalous prop-
erties observed along the rest of the terminus. Within 400 m of the glacier, we observe layers of cold water
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Figure 2. Cold layers are intrusions from ambient melting. Meltwater intrusions in a sample set of CTD casts from a
1.5 hr surveying period on 18 September. Downstream profiles are shown in gray, while near-glacier profiles are shown
in shades of red-orange, with locations in inset map. (a) Temperature, density, and meltwater content versus depth.

(b) Temperature versus salinity, with mixing lines for submarine melt (blue) and subglacial discharge (dashed green).
(left) Same set of casts as (a). (right) Black line shows predicted signal of meltwater intrusions using standard
plume-melt theory (supporting information).

that are ~10 m thick and have temperature anomalies of up to —2.2 °C (Figure 1b). These cold layers are
ubiquitous near the glacier (63% of casts within 350 m of the terminus have anomalies of at least —0.5 °C)
and are most commonly observed in and below the pycnocline at 30 to 70 m depth (Figure 1c).

Submarine melting and subglacial discharge—the two sources of buoyancy at the terminus—Ieave distinct
imprints on temperature-salinity (6-S) properties because submarine melting requires latent heat from the
ocean to melt ice, whereas subglacial discharge is already in liquid form (Gade, 1979). The cold layers have
temperature and salinity properties that fall along predicted meltwater mixing lines in -S space (Figure 2b)
and therefore appear to be the result of submarine meltwater that was in direct contact with ambient fjord
waters—that is, a product of ambient melting. There is no detectable modification from subglacial discharge
in these intrusions, so we attribute them to ambient melting and not discharge-driven melting. (We do, how-
ever, see a strong signal of subglacial discharge in the upper 30 m where the discharge plume is flowing away
from the glacier, Figures 1d, le, and 2, and supporting information.) The large temperature anomalies in the
intrusions are salinity compensated, such that the density profile is stably stratified (Figure 2a), so these cold
layers appear to be anomalous features of glacier origin and associated with lateral transport. Given these
characteristics, we posit that the cold layers are the signal of ambient melt intrusions—a mixture of subma-
rine melt and fjord waters—after the upwelling ambient plumes have reached their neutral buoyancy and
started intruding horizontally into the fjord. Thus, we refer to these cold layers as meltwater intrusions.

We identify 95 intrusions that meet two criteria: (i) a cold anomaly of at least —0.2 °C over a vertical thickness
of >4 m, and also (ii) a peak anomaly of at least —0.5 °C (anomalies calculated on isopycnals, relative to
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Figure 3. Typical characteristics of ambient melt intrusions. (a) Schematic of ambient melt plume and intrusion, with
an inset showing additional details of the upwelling plume. Variables are shown schematically, and results in lower left
box are from composite of observations. (b) Composite of 95 intrusions, selected with criteria of 9; < —0.5°Cand
vertical thickness of >4 m. From left to right: isopycnal temperature anomaly, melt content, stratification, and
eastward velocity. Velocity is shown both as absolute velocity (green) and relative velocity (anomaly relative to mean
near-glacier velocity). Error bars are bootstrap 95% confidence intervals. Before averaging, the depth dimension, z,

of each intrusion is rescaled as z,p5.q, = (2 — Zgr max)% where Zyr 1.y is the depth of the maximum temperature
anomaly, A is the thickness of the intrusion, and (h) is the average thickness of all intrusions.

downstream fjord properties). For each intrusion, we quantify the meltwater content by assuming that (a)
the ambient fjord waters that have been entrained are linear in 8-S space in the vicinity of the intrusion,
and (b) there is no contribution from subglacial discharge, which has its own unique 6-S characteristics.
This allows us to derive not only the meltwater content (Figure 2a) but also the average 6-S properties of
entrained fjord waters, the mean depth of the entrained waters for each intrusion, and the vertical scale of
upwelling for ambient melt plumes (supporting information).

We average the properties of all 95 intrusions to create a composite that describes the typical characteristics
of the meltwater intrusions (Figure 3). On average, the intrusions have a maximum meltwater content (X,,,)
of 1.1 + 0.1%, an isopycnal temperature anomaly (8! ) of —1.0+0.1 °C, and a velocity (u,,;) of 3.4 + 2.1 cm/s
away from the glacier, relative to the mean velocity (all quoted with bootstrap 95% confidence limits). The
intrusions are also characterized by a peak in stratification—they are most frequently observed near the
pycnocline and are also associated with a positive anomaly in stratification relative to the mean. The average
vertical rise of the plumes, D, is 29.4 + 4.3 m, and the average thickness of the intrusions, h, is 16.8 + 2.6 m.

There is no signal of meltwater intrusions beyond 400 m from the glacier (Figure 1c and supporting
information), which we attribute to the subglacial discharge-driven circulation. The meltwater intrusions
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Table 1
Comparing Observations With Plume-Melt Theory

Melt content ~ Vertical rise Melt rate

Observations or theory Parameter adjustments X (%) D (m) m (m/day)
Observed intrusions 1.1+0.1 29 +4 6.1[1.7 14.4)2
Observed fjord budgets 5.5+ 1.0
Theory: standard values of Cpy, I'g 1, Vpor = 0 0.09 31 0.05
Theory: one parameter adjusted Vhor = 0.85m/s 1.1 27 6.0
to match observations Cpx175 1.1 33 3.0
Tgp %13 1.1 36 6.5
Theory: realistic velocity Cpx14 1.1 28 5.4
of v,,,=0.2 m/s with other Cgrx4 1.1 27 5.7
parameters adjusted Cpx4,Tgyx2 1.1 27 5.7

to match observations

Note. The first row has average properties of observed melt intrusions, while the second row shows the melt estimate
based on the fjord budgets. Results from plume-melt theory (i.e., predictions for the terminal properties of upwelling
ambient plumes) are shown for both the standard coefficient values and with parameters adjusted to match the observed
meltwater fraction of 1.1%. Standard values for the drag coefficient (Cp) and the thermal and saline transfer coefficients
(Tr, Tg) are as follows: Cpy = 2.5x 1073, Ty = 2.2 x 1072, ['g = 6.2 X 1074,

aThe melt rate from the observed intrusions is shown in gray because it is derived from an approximate scaling. *The
melt rate inferred from fjord budgets should correspond to a terminus-average melt rate, while all the other melt rates
are estimates of the ambient melt rate in particular (excluding any discharge-driven melting).

are primarily observed below 30 m where the flow is, on average, moving toward the glacier at 2 to 5 cm/s
(Figures 1d and 1e). The intrusions, on the other hand, are moving away from the glacier at 3.4 + 2.1 cm/s
relative to this mean velocity and are approximately stagnant (0.1 + 2.0 cm/s) in their absolute velocity
(Figure 3b). Thus, the intrusions are fighting against the larger-scale circulation and appear to be eventu-
ally entrained into the subglacial discharge plume along with the inflowing fjord waters. This could explain
the absence of intrusions beyond 400 m and suggests that the intrusions’ meltwater (the product of ambient
melting) is ultimately exported with the subglacial discharge plume near the surface.

4. Discrepancy Between Observations and Standard Plume-Melt Theory

The observed signal of melt intrusions is significantly larger than standard theory predicts for ambient
melting (Figure 2b). Using the plume-melt framework of coupling buoyant plume theory to a melt parame-
terization with typical coefficient values (e.g., Cowton et al., 2015; Jenkins, 2011; Magorrian & Wells, 2016),
ambient melt plumes are predicted to have a vertical rise (D) of 3 m, form intrusions with 0.09% meltwa-
ter content, and drive 0.05 m/day of melting (Table 1 and supporting information). However, the observed
intrusions have an average vertical rise of 29 + 4 m and meltwater content of 1.1 + 0.1%—both an order of
magnitude larger than standard theory. The ratio of melt to entrainment must be significantly higher than
theory predicts in order to produce the observed meltwater intrusions.

Given this discrepancy, we examine how the coupled plume-melt parameterization could be adjusted to
align with the observations. The theory relies critically on turbulent transfer coefficients for heat and salt
(I'7,T'y) and a drag coefficient (Cp), and a standard set of values has been used in almost all studies of
tidewater glaciers (e.g., Carroll et al., 2016; Cowton et al., 2015; Jenkins, 2011; Magorrian & Wells, 2016;
Sciascia et al., 2013; Slater et al., 2016, and many others). However, these coefficients are empirically derived
from horizontal ice interfaces (sea ice and ice shelves; e.g., Jenkins et al., 2010; McPhee et al., 1987) and
have not been validated for near-vertical termini. There are several ways one could adjust these coefficients
to yield the observed meltwater content (Table 1). For example, in order to create intrusions with meltwater
content of 1.1% by adjusting the drag coefficient, C, would have to increase from the standard value of
2.5x1073 to 0.4, that is, by a factor of 175. Alternatively, to match the observations by adjusting the turbulent
transfer coefficients, I'; and I'g would both have to increase by a factor of 13.

We also explore a new modification to buoyant plume theory by adding the effect of an external, hor-
izontal velocity. While previous studies have examined the impact of horizontal velocities—modeled or
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observed—using the melt parameterization alone (e.g., Cai et al., 2017; Slater et al., 2018), here we retain the
plume component and modify the coupled plume-melt theory to include a prescribed horizontal velocity
(supporting information). The horizontal velocity directly increases the melt rate and indirectly increases the
vertical rise of the plume by increasing the buoyancy forcing. This modification to plume-melt theory allows
us to explore the impact of the horizontal velocity not only on the melt rate—as in previous studies—but
also on the meltwater products (plume and intrusion) from ambient melting.

If the coefficients (I'y, 'y, and Cp) are kept at their standard values, a mean horizontal velocity of 0.85
m/s along the ice face is required to match the observations. Alternatively, the observed intrusions can be
matched by using the observed along-ice horizontal velocity of 0.2 m/s (Figure S7 in the supporting infor-
mation) and also increasing the drag and turbulent transfer coefficients by more modest factors of 4 and 2,
respectively (Table 1).

We cannot say which, if any, of these scenarios is correct—most likely the inclusion of the horizontal
velocity field and modifications to the empirical coefficients are both needed. But, importantly, in all of
these scenarios where we adjust theory to match the observations, the resulting melt rates are 3-6 m/day
(Table 1), which is 2 orders of magnitude greater than the standard theoretical estimate of 0.05 m/day. Thus,
if the basic physics of plume-melt theory is correct (a shear-driven boundary layer and entrainment pro-
portional to velocity; supporting information), then our observations suggest that (1) critical parameters in
the plume-melt parameterization must be adjusted, and (2) ambient melt rates are 100 times higher than
expected.

5. Corroborating Evidence for Elevated Ambient Melting

In addition to the comparison between observed intrusions and plume-melt theory, there are three other
pieces of evidence that point toward elevated ambient melt rates of ~5 m/day:

(a) Fjord Budgets to Infer Meltwater Flux. Using 10 cross-fjord transects of velocity and water properties,
we evaluate budgets of heat, salt, and mass (Jackson & Straneo, 2016; Motyka et al., 2003; Sutherland
et al., 2019) to estimate the flux of submarine meltwater and subglacial discharge through the fjord
(supporting information). The average meltwater flux is 9.8 + 1.7 m3/s, which corresponds to a
terminus-averaged melt rate of 5.5 + 1.0 m/day. The standard plume-melt parameterization would give
a maximum terminus-averaged melt rate of only 1.1 + 0.1 m/day, based on combining discharge-driven
melting of 8.0 + 0.8 m/day over 13% of the terminus and 0.05 m/day of ambient melting over the other
87% (supporting information). Thus, the fluxes inferred from fjord budgets also indicate that melt rates
are significantly higher than standard theory predicts.

(b) Scaling for Melt Rate From Intrusions. With the observed intrusions’ properties and relative velocity, we
can estimate the magnitude of ambient melting using a simple scaling that does not rely on plume-melt
theory. Neglecting the cross-terminus dimension, a steady-state equation for the conservation of melt-
water is

Zo+h
/ ureledz =mD (1)

2o

where the meltwater exported by an intrusion over its thickness, h (left-side integral) must equal the
input from melting (right-side, depth-average melt multiplied by the vertical rise of the plume). Using our
observations to estimate D and the left-side integral, we estimate a mean melt rate of m = 6.1 [1.7 14.4]
m/day (with bootstrap 95% confidence interval) over the vertical rise of the ambient plumes (supporting
information). While there is significant uncertainty in this estimate, even the lower bound of 1.7 m/day
is more than an order of magnitude larger than standard theory would predict for ambient melting.

(c) Acoustic Detection of Terminus Ice Loss. The inferred ambient melt rates also align with independent mea-
surements of LeConte Glacier from multibeam sonar surveys (Sutherland et al., 2019). By differencing
repeat multibeam scans, the terminus-averaged melt rates are estimated to be 5.2 m/day in August 2016
and 1.3 m/day in May 2017 (compared to standard plume melt estimates of 0.9 + 0.4 and 0.5 + 0.3 m/day
for these time periods, respectively). Our results corroborate the findings of Sutherland et al. (2019)—that
submarine melt rates are significantly higher than theory predicts—and the intrusions described here
reveal the importance of ambient melting for explaining the elevated melt rates.

JACKSON ET AL.

7 of 10



Arru

100

AND SPACE S

Geophysical Research Letters 10.1029/2019GL085335

6. Implications for Net Terminus Ablation and Ocean-Glacier Interactions

We have found a strong signal of ambient melting in the vicinity of an energetic subglacial discharge plume,
and our results suggest that ambient melt is a significant—and previously neglected—component of the net
ablation (calving plus melting) at the terminus. During the surveying period, ambient melting of ~5 m/day
should balance ~33% of the incoming ice flux locally over ambient melt regions of the terminus, based on
a mean ice velocity of 15 m/day. The maximum ice velocity (18 m/day) also provides an upper limit on the
discharge-driven melt rate, given that the terminus position was relatively stable. Using this upper limit,
ambient melting should constitute at least ~65% of the total melt budget (compared to 4% predicted by
standard plume-melt theory). Additionally, the total melt over the entire terminus should balance at least
one third of the incoming ice flux (similar to the conclusions of Motyka et al., 2013), whereas standard theory
would predict that total melt balances only 7% of the ice flux. Thus, our results indicate that modeling of
terminus ablation and glacier dynamics requires accurate representation of ambient melting.

We show that ambient melt intrusions are only observable by autonomous sampling within 400 m of
LeConte's terminus. Measurements made further downstream (which are the only observations available
at most tidewater glaciers) show no signal of these meltwater intrusions—instead, the meltwater is ulti-
mately exported near the surface after mixing with the subglacial discharge plume. This is consistent with
observed patterns of glacially modified waters in other fjords, where the downstream distribution of subma-
rine meltwater is highly correlated with subglacial discharge (e.g., Beaird et al., 2017, 2018). Thus, submarine
meltwater—at LeConte and in other fjords—might often look like discharge-driven melting, despite being
the product of ambient melting (as also hypothesized by Mankoff et al., 2016).

While our observations are limited to one glacier-fjord system, corroborating evidence of ambient melt-
water intrusions can be found in the near-glacier observations of Everett et al. (2018) and Mankoff et al.
(2016), which show similar cold layers with properties along the meltwater mixing line. However, these and
other studies using near-glacier observations (Bendtsen et al., 2015; Everett et al., 2018; Jackson et al., 2017;
Mankoff et al., 2016) have focused on subglacial discharge plume dynamics without any characterization of
ambient melt processes.

We hypothesize that the ambient melt dynamics described here should be similar at Greenlandic glaciers,
although the signal of intrusions might be less discernible because the #-S properties of coastal waters
around Greenland often coincide with the meltwater mixing line (Straneo et al., 2012). For example, using
the ocean conditions near Helheim Glacier, Greenland (Beaird et al., 2018), plume-melt theory with stan-
dard coefficients would predict an average ambient melt rate of 0.12 m/day. With the smallest theoretical
adjustments that match LeConte observations (C; X 4, I' X 2 and v, = 0.2 m/s; last line of Table 1), the
ambient melt rate for Helheim would jump to 3.2 m/day and become a significant component of Helheim's
total ice discharge (~20 m/day, Bevan et al., 2015).

In the various attempts to match theory with our observations (Table 1), there is a physical basis for the
direction of each adjustment. The standard transfer coefficients have only been tested at near-horizontal
ice faces (Jenkins et al., 2010; McPhee et al., 1987)—where meltwater enhances stratification—and likely
underestimate the turbulent transfer at near-vertical termini, where meltwater input is convectively unstable
(Straneo & Cenedese, 2015). Additionally, the standard drag coefficient assumes a planar ice surface and
could underestimate the roughness of the terminus (Gwyther et al., 2015).

The scenarios that include a horizontal velocity are considered the most plausible—both because an ener-
getic velocity field is observed and because its inclusion in plume-melt theory reduces the difference between
ambient and discharge-driven melt rates. Recent evidence suggests that melt rates should not differ as dras-
tically across the terminus as standard theory predicts (Sutherland et al., 2019; Wagner et al., 2019). The
scenarios where only I'y. ¢ or C}, are adjusted (Table 1) seem least plausible because they would create unre-
alistically large discharge-driven melting if the coefficients are uniform across the terminus. For example,
if 'y g increased by a factor of 13, discharge-driven melt would increase from 8.0 + 0.8 to 96 + 10 m/day,
which is significantly higher than the ice flux into the terminus (18 m/day). Even the scenario including
a realistic horizontal velocity with smaller coefficient adjustments (Cp, x 4 and I'; g X 2) would result in
discharge-driven melting of 30 + 3 m/day, which is still larger than the ice velocity (though approaching
a similar magnitude). Therefore, a simple adjustment of the coefficients might not lead to a generalizable
melt parameterization for both regimes of melt, unless there is a physical basis for varying the coefficients
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across the terminus. For example, C, could have a different value behind the discharge plume, both due
to differences in ice roughness and because Cp, might depend on the Reynolds number of the flow (Ezhova
et al., 2018).

Further evidence for the importance of the horizontal velocity field is found in the sonar-derived melt rates
from Sutherland et al. (2019). Terminus-averaged melt rates were observed to be 4 times higher in August
than in May, whereas standard plume-melt theory predicts that ambient melt rates should be slightly higher
in May. Enhanced melting in August could be attributed to a more energetic velocity field, since speeds
near the terminus (derived from iceberg tracking) were 2-3 times higher in August than in May (Sutherland
etal., 2019). Ultimately, if the horizontal velocity from a discharge-driven recirculation (e.g., Kienholz et al.,
2019; Slater et al., 2018) plays a critical role in enhancing ambient melting, then ambient melt rates will be
linked to discharge—even though ambient melting is not directly driven by the discharge plume. However,
other processes (tides, winds, internal waves, etc.) could drive along-ice velocities and decouple ambient
melting from subglacial discharge.

Additional observations of the ocean-ice boundary layer are needed to validate the underlying functional
form of the melt parameterization. The standard melt parameterization (Holland & Jenkins, 1999, etc.)
assumes a shear-driven boundary layer, but recent laboratory and direct numerical simulation studies
(e.g., Kerr & McConnochie, 2015; McConnochie & Kerr, 2017; Mondal et al., 2019) find that boundary-layer
fluxes can be driven by convective instabilities, such that the melt rate becomes independent of plume veloc-
ity. While this latter regime is unlikely at a relatively warm, energetic system like LeConte (McConnochie
& Kerr, 2017), the variety of existing theories highlights a need for testing the functional form of our melt
parameterizations, not just the empirical coefficients therein.

7. Conclusions

We have shown that meltwater intrusions are ubiquitous near LeConte Glacier, and, even in the vicinity
of an energetic subglacial discharge plume, there is a strong signal of ambient melting. Our observations
indicate that ambient melting is 100 times higher than expected using existing theory (~5 m/day, instead
of 0.05 m/day) and an important—but previously neglected—part of the total melt budget. Several differ-
ent pieces of evidence point toward this conclusion: (1) a comparison between observed intrusions and
plume-melt parameterizations; (2) a melt conservation scaling from the observed intrusions; and (3) melt-
water fluxes derived from downstream fjord measurements of heat and salt transport. Our conclusions of
elevated ambient melting are further corroborated by independent estimates of melting from multibeam
sonar (Sutherland et al., 2019). The discrepancy between observations and existing plume-melt parameter-
izations is likely due to a combination of the horizontal velocity field and the use of empirical coefficients
that are untested at tidewater glaciers. Additional observations of the ocean-ice boundary layer are needed
to create a generalizable melt parameterization for modeling ocean-glacier interactions and sea level rise.
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