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Abstract. The increased melting and rapid retreat of marine-terminating glaciers is a key contributor to sea level rise. In glacial
fjords with shallow sills common in Patagonia, Alaska, and other systems, these bathymetric features can act as a first-order
control on the dynamics. However, our understanding of how this shallow bathymetry interacts with the subglacial discharge
from the glacier and impacts the fjord circulation, water properties, and rates of submarine melting is limited. To address this
gap, we conduct idealized numerical simulations using a coupled plume-ocean fjord model spanning a wide range of initial
ocean conditions, sill depths, and subglacial discharge. A previously documented circulation regime leads to strong mixing
and vertical transport over the sill, where up to ~70% of the colder water from the upper-layer outflow is refluxed into the
deeper layer, cooling the incoming warm oceanic water by as much as 1 °C and reducing the stratification near the glacier
front. When the initial stratification is relatively strong or the subglacial discharge is relatively weak, an additional unsteady
circulation regime arises where the freshwater flow can become trapped below the sill depth for weeks to months, creating an
effective cooling mechanism for the deep water. We also find that submarine melting often increases when a shallow sill is
added to a glacial fjord due to the reduction of stratification—which increases submarine melting—dominating over the cooling
effect as the oceanic inflow is modified by the presence of the sill. These results underscore that shallow-silled fjords can have

distinct dynamics that strongly modulate oceanic properties and the melting rates of marine-terminating glaciers.

1 Introduction

From 2000 to 2019, global glaciers lost mass at a rate of ~267 Gt yr~!, which amounts to approximately twenty percent of
the observed sea-level rise (Hugonnet et al., 2021). As a critical link between glaciers, ice sheets, and the large-scale ocean,
glacial fjords and their dynamics modulate the retreat rates of glaciers and the offshore transport of freshwater discharge.
Increased submarine melting of glaciers terminating in fjords can be a significant contributor to glacier retreat, and the resulting
freshwater is transformed by fjord processes before being released to the ocean (Straneo and Cenedese, 2015). Knowledge of
fjord dynamics and processes is thus key to estimating glacier melt rates and understanding the fate of meltwater in the coastal
ocean.

At the fjord scale, the circulation can be influenced by tides, local winds and other air-sea exchange processes, and interac-
tions of buoyancy-driven and intermediary flows (Straneo and Cenedese, 2015). At the glacier front, buoyant plumes generated

by subglacial discharge and/or submarine melting are a source of mass and freshwater for the system (e.g., Xu et al., 2013;
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Kimura et al., 2014). The resulting buoyancy-driven circulation results from this freshwater, leaving the terminus and mixing
with ambient water, the latter being replaced by a deep inflow towards the fjord head. The intermediary circulation driven by
variability outside the fjord, on the other hand, is an effective mechanism for the advection of shelf anomalies inside the fjord, is
often stronger than the estuarine-like circulation, and likely has an impact on melting rates (Sciascia et al., 2014; Moffat, 2014;
Jackson et al., 2014). However, our estimates of submarine melt rates are still highly uncertain due to limited observations and
potential shortcomings in existing parameterizations (Jackson et al., 2020).

A key control on the circulation of fjord systems is the presence of a shallow sill (Geyer and Cannon, 1982; Arneborg
et al., 2004; Inall et al., 2004). While many studies have focused on large fjords with no or deep sill (Sutherland et al., 2014;
Bartholomaus et al., 2016; Rignot et al., 2016), shallow sills are common in fjords in Alaska, Patagonia, and Greenland where
the widespread retreat of glaciers is impacting sea-level rise and regional ecosystems (Mortensen et al., 2013; Motyka et al.,
2013; Moffat et al., 2018). In southeastern Greenland, Sutherland et al. (2014) investigated the circulation regimes of two major
outlet glacial fjords and found that the magnitudes of the estuarine and intermediary circulation are determined by the sill depth
compared to the fjord depth, with shallower sills corresponding to weaker intermediary circulation.

Numerical simulation studies have also emphasized the importance of geometric parameters in controlling fjord renewal and
exchange. Idealized modeling with varying depths of subglacial discharge in sill fjords shows that the depth of the grounding
line compared to the sill is a primary control on the plume-driven renewal of basin waters (Carroll et al., 2017). When the
inflow is deeper than the sill, the former determines the depth of the exchange circulation. For subglacial discharge entering
at the grounding line of a glacier with a sill shallower than the terminus, the exchange flow spans the entire water column
(Carroll et al., 2017). In addition, Zhao et al. (2021) addressed geometric and forcing parameters that control the fjord-to-shelf
overturning circulation by combining theories for transport across the continental shelf, the fjord mouth sill, and the fjord head.
Their numerical experiments demonstrated sill depth as one of the first-order controllers on the overturning circulation. Most
recently, a study in LeConte Bay, Alaska based on both numerical modeling and observations, showed that deep incoming flow
can be significantly cooled at the sill by mixing with the outgoing freshwater outflow, a process called reflux (Hager et al.,
2022). And while not the focus of this study, even deep sills can play a key role in modulating deep water properties and the
heat supply to marine-terminating glaciers (Schaffer et al., 2020; Nilsson et al., 2023). All of these studies highlight that the
mass and heat exchange processes in fjords are significantly different when a sill is present.

We aim to understand how shallow sills modulate the water properties, circulation, and rates of submarine melting in glacial
fjords. We use idealized numerical simulations based on a coupled plume-ocean model setup to explore a range of sill depths,
shelf properties, and glacial forcing. We also aim to extend the results of Hager et al. (2022) for LeConte Bay to understand
the role of reflux when different sill depths and forcing conditions are considered. Because freshwater discharge and ocean
conditions in these systems often vary significantly in seasonal scales, our objective is to understand the circulation in those or
shorter timescales. Our model setup is introduced in Section 2, followed by results in Section 3, and discussion and conclusions

in Sections 4 and 5, respectively.
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Figure 1. Two-dimensional schematic (x, z) of the circulation and water properties in a glacial fjord. The flow in a fjord of depth h; is
constrained by a sill of depth hs. Cross-sections for analysis are defined near the glacier front (SO) and on either side of the sill (S1, S2).

Qo,Q1,Q2 are volume fluxes through the sections and in the vertical (Q).

2 Methodology
2.1 Coupled Plume-Ocean Fjord Model

We use the Massachusetts Institute of Technology General Circulation Model (MITgcm; Marshall et al., 1997) in a three-
dimensional hydrostatic configuration. The model can incorporate ice shelves and vertical ice faces and has been used in
several studies of ice-ocean interactions in glacial fjords (e.g., Xu et al., 2012; Carroll et al., 2016; Hager et al., 2022). Since
the fjord-scale model lacks the grid resolution to resolve the small-scale dynamics at the ice front, we use the IcePlume package
(Cowton et al., 2015) to parameterize the formation of a buoyant plume adjacent to the glacier terminus and obtain estimates
of the resulting submarine melt.

The IcePlume package implements the evolution of a plume for a given buoyancy forcing, stratification, and geometry
from idealized plume theory (Morton et al., 1956). Simplified expressions for plume properties are derived assuming that the
entrainment velocity is a fixed fraction of the vertical velocity in the plume. The plume radius, velocity, temperature, salinity,
and vertical extent are calculated, with the plume ascent terminating when it reaches neutral buoyancy (i.e., the plume density
is equal to the ambient density) or the fjord surface. Water, heat, and salt are then removed from MITgcm cells in which
ambient water is being entrained into the ascending plume, and put into the cell at the depth at which the plume terminates,
that is, stops ascending (Cowton et al., 2015). In grid locations where subglacial discharge is specified, the submarine melt rate
is calculated based on the temperature, salinity, and velocity of the plume, as well as the ice-ocean boundary layer temperature
and salinity (Holland and Jenkins, 1999). In the grid cells along the remainder of the glacier front, the melt rate is obtained using
the temperature, salinity, and velocity from the adjacent MITgcm cells. The resulting submarine melting is then incorporated
as virtual salt and heat fluxes to those adjacent grid cells. Relative to the cooling and freshening caused by the subglacial

discharge, the melting generates a relatively small freshwater input (Cowton et al., 2015).
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To investigate the response of fjord circulation and submarine melting to variations in forcing and fjord geometry, we set
up the plume-ocean fjord model in a domain with one Gaussian-shaped sill near the mouth (Fig. 1). The sill has a fixed width
of 4 km and a shallowest depth of &, which is varied in our simulations to examine the role of sill depth in modulating fjord
circulation and heat supply to the glacier. The fjord domain is set to 2 km wide to limit the scope of our study to a reasonable
set of parameters. While relatively narrow, we will show that this does not prevent the generation of significant cross-fjord
variability in the circulation. The maximum depth of h¢ is 400 m in most cases, with a handful of cases using 200 m to test
our results in a broader parameter space. The fjord is 20 km long and opens to a shelf region (27 km long, 16 km wide, and
400 m deep), with open boundaries at the north, south, and east edges. The cross-fjord grid resolution is 200 m inside the fjord,
linearly increasing to 1 km at open boundaries. The along-fjord grid resolution ranges from 20 m at the sill to 100 m at the rest
of the fjord, also linearly telescoping to 1 km at open boundaries. The vertical grid size of the model domain increases from
2 m at the free surface to 6 m at the bottom.

The variables changed for different runs (geometry as well as initial and forcing conditions) are listed in Table 1. The initial
fjord conditions are horizontally homogeneous, with temperature and salinity profiles restored at open boundaries on the shelf
throughout the simulation. We changed the size of the shelf and found no significant difference in our results, suggesting that
they are not impacted by these boundary conditions. The initial water temperature is a constant ranging from 2 to 10 °C. Most
runs used an idealized initial salinity based on a Greenland fjord profile (Cowton et al., 2015), where the salinity ranges from
32 to 33.8 in the upper 80 m and slowly increases to 34.5 at the bottom ("Idealized" in Table 1). To further explore the impact
of varying stratification, we also set up a set of experiments with a linear salinity profile that increases from 23 on the surface
to 27 at the bottom with a stratification of 7.36 x 107° s~ defined as 1 /NZ. With a fixed mid-depth salinity, the gradient and
thus the initial ambient stratification range from 0.5N¢ to 4NZ. Initial velocities are zero throughout the domain except for
tidal simulations. For runs that include tidal forcing, a uniform zonal velocity is applied along the eastern boundary (the fjord
is oriented east-west) of the model domain U; = Uy sin(wt) at the M, tidal period (w = 27 /(12.42 h); ¢ is time), where the
velocity amplitude Uy ranges from 0.01 to 6 cms™! to generate weak to strong tides relative to the subtidal exchange flow at
the sill. The Coriolis parameter is set to 1.2 x 10~* s~1. The K-Profile Parameterization (KPP) scheme (Large et al., 1994) is
used to parameterize vertical mixing. A quadratic bottom drag parameterization with a drag coefficient of 2.5 x 103 for most
runs, but we conducted a small set of simulations using a range 1-25 x 1073 to test the impact of varying bottom drag. Those
runs are not shown, but changing the drag coefficient did not meaningfully impact our results.

We used passive tracers (MITgcm PTRACERS package) to estimate the timescales of the response of the fjord to changes
in shelf properties. For this purpose, a first tracer with a constant concentration was introduced at the entire shelf region, and a
second tracer was injected into the same region but its concentration increases with time at a fixed rate. Then the ratio of these
two tracers in any model grid is used to estimate the ‘age’ of the shelf water tracer at that location (e.g., Rayson et al., 2016;
MacCready et al., 2021).

We emphasize, however, that both the dynamics of the fjord circulation and the dynamical response of the submerged
glacier terminus to ocean forcing are complex. Studies have shown, for example, that the formation of cavities in the ice

can significantly change the rates of submarine melting, driving higher than predicted melting (Jackson et al., 2017) and that
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Table 1. Summary of fjord geometry, initial conditions, and forcing conditions used in 93 model runs analyzed. h,: maximum sill depth,
hy: maximum fjord depth, Qs,: subglacial discharge, T},;: initial fjord temperature, NZ,;: initial fjord stratification, Cyy: quadratic bottom
friction coefficient, Up: tidal amplitude at the eastern open boundary. The linear stratification profile corresponds to values ranging from 0.5

to4 x NG (Ng =7.36 x 107° s72).

hs/hy hy (m) Qsg (m®s™) Timi °C) N2, (s72)  Cq(x107%) Us (cms™Y) # of Runs
0.04,0.06,0.08,0.1,0.12,1 400 250 10 Idealized 2.5 0 6
0.04,0.12, 1 400 25, 50, 100, 500, 1000 10 Idealized 2.5 0 15
0.04,0.12, 1 200 25,50, 100, 250, 500, 1000 10 Idealized 2.5 0 18
0.08 400 50, 500 2,4,6,8  Idealized 25 0 8
0.04, 1 400 250 2,6,10 Linear 2.5 0 30
0.04, 0.12 400 250 10 Idealized 1, 10,25 0 6
0.04,0.12 400 250 10 Idealized 2.5 0.01,0.1,05,1,6 10

existing melting parameterizations underestimate the observed background melting rates (Jackson et al., 2020). Our choice
of simplified sill is meant to understand the role of bathymetric constrictions on the flow, including enhanced mixing. In real
fjord systems, enhanced mixing could also be promoted by other bathymetric features, multiple sills, icebergs (Hager et al.,
2023), or other factors. This complexity is not well represented in our simplified model, but our setup is still a useful guide to
exploring the dynamics of ice-ocean interactions in systems with shallow sills.

We analyzed 93 model runs where we varied the sill depth h,, subglacial discharge (), initial fjord temperature Tj,;,
2

stratification [V

ine’

bottom drag Cy, and tidal forcing (Table 1). The shallowest sill depth & is nondimensionalized by dividing
by the maximum fjord depth h 7, and this depth ratio s /h s varies from 0.04 to 0.12 to characterize shallow-silled fjord systems,
e.g., in Alaska (Motyka et al., 2013; Love et al., 2016) and Patagonia (Moffat et al., 2018). Cases without sill (hs/h r=1)are
included to understand the overall impact of the sill. The subglacial discharge flux (), is varied in the range 25 to 1000 m3s~!
to cover different magnitudes of freshwater forcing and to represent the seasonal variation of runoff, although we recognize
that the high end of this range is likely unrealistic given the size of our domain. All simulations are run for 60 days, in which

most runs reached a near-steady state, where key aspects of the circulation (e.g., exchange flow) and water properties (layer

thicknesses, heat storage) did not change meaningfully with time.
2.2 Total Exchange Flow and Efflux-Reflux Calculations

The exchange flow along the fjord is calculated using the total exchange flow (TEF) method (MacCready, 2011). Transports
through a cross-fjord section are sorted into salinity classes, tidally averaged and then integrated vertically and across the fjord.
The inflow volume flux @;,, is the sum of the transport in all inward-flowing salinity classes, and the flux-weighted salinity
of the inflow is S;,,. Similarly, the outflow is quantified as @,,: and S,,:. The TEF method decomposes salt flux in salinity

space instead of physical space, yielding the exchange flow that incorporates both tidal and subtidal processes and satisfies the



135

140

145

150

155

160

Knudsen relation precisely (MacCready, 2011). TEF has been used extensively in estuarine systems (Geyer and MacCready,
2014; Wang et al., 2017; MacCready et al., 2021).

To apply the TEF method, the volume transport through each cross-section is binned with salinity output stored every six
hours, using 1000 bins between 0 and 35. After tidally averaging (for runs where tides are included), the transport at each
time is divided into inflowing and outflowing components according to the dividing salinity method (MacCready et al., 2018).
Integrating transport in glacierward or oceanward components gives us ;,, and Q) ,¢. Similarly, integrating the transport times
the salinity of each bin in the two directions gives the inflowing and outflowing salt flux. Then S;,, and S,,,; are derived from
dividing the salt flux by the volume flux in the same direction. Based on steady-state volume conservation, the entrainment
flux (downward reflux) @, across the upper-bounding isohaline surface equals the divergence of inflow or outflow through the
segment bonded by two cross-sections (Wang et al., 2017).

To estimate and quantify the vertical exchange between the upper and lower layers, we utilize the efflux-reflux formalism that
was first developed in Cokelet and Stewart (1985) and has been applied to both estuary and glacial fjord studies (MacCready
et al., 2021; Hager et al., 2022, 2023). In its simplest form, the efflux-reflux theory defines a channel segment between two
cross-fjord sections with a steady two-layer exchange flow and known salt and volume transports through the cross-sections
on either side (Fig. 2a). For the flow from any incoming layer, the reflux fraction corresponds to independent upward and
downward turbulent transports across the segment, while efflux is the fraction that continues moving into the next reach. The
reflux fraction therefore expresses the vertical fluxes as volume transports, which is equivalent to the horizontal fluxes in TEF.
All transports are positive, the two cross-sections (S1 and S2) connect three segments, each of which has two layers in the

vertical, a shallow fresher one and a deep saltier one. Following Cokelet and Stewart (1985), the system of equations to be

solved is:
én Q(l)ut 0 0 99 qut
SénQén SfUtQ(l)Ut 0 0 Q19 7 S§UthUt (1)
0 0 poooQet | feu| | @
0 0 Séangn Slothclmt 11 Sithtlmt

The efflux-reflux coefficients « are then determined by solving the matrix equation based on the conservation of volume and
salt, and the sum of efflux and reflux fractions should be equal to unity, that is, ar11 + 12 = a1 + g = 1. In this framework,

the vertical exchange components that we are primarily concerned with can be solved as

n in n out Qout out
_ Ql S2 _Sl 0422_Q2 S2 _Sl
— (out Qin out’ - in in out
Ql 52 - Sl QQ ‘92 - Sl

2

a11

Combining efflux-reflux fractions and TEF transports, a control volume can be defined for layer temperature along the
fjord (Fig. 2b). It is also bounded by two cross-fjord sections S1 and S2, with no exchange at the sea surface. A third section

(S0) is defined to understand the near-glacier properties and circulation. The layer interface throughout the control volume is
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Figure 2. Notations of (a) efflux-reflux calculation and (b) a control volume. The segment between sections S1 and S2 has a fresher layer
and a saltier layer in the vertical. Temperature, salinity, and volume fluxes are denoted by 7', S, and Q. o from, 0 represent the efflux-reflux

fractions. Figure modified from Fig. 7 in MacCready et al. (2021).

determined by the zero-crossing point of the along-channel velocity profile, which assumes a two-layer exchange. Following

the notation in Fig. 2b, the equation for the temperature of the lower (saltier) layer with a volume of V can be expressed as:

dT
dt

Vo = T"Q5" (1 - a2) + T4 Q7" any — T,QY" 3)
At steady state (d7s/dt = 0), the expression of the lower layer temperature becomes

_ TMQF(1— ) + Ty Q" an
Qr

We can use the reflux part (a1, g2) of the efflux-reflux together with the TEF calculations to determine both horizontal and

T “4)

vertical transports and deep-layer temperature in the control volume. As we will show later, the exchange flow at the sill might
be of secondary importance to water modification and exchange occurring elsewhere, or the exchange flow might have three
layers, and thus we are limiting the use of this approach only to cases where there is a well-defined two-layer exchange flow at
the sill.

3 Results
3.1 Base Case: First-Order Impacts of a Shallow Sill

To illustrate the first-order impact of the sill on fjord-shelf exchange in our runs, we present a base case driven by thermal
forcing and subglacial discharge in fjords under varying sill depths. Q,, is set to 250 m®s™!, and drives the formation of
a buoyant plume, entraining ambient warm water while rising vertically along the glacier front. This entrainment into the
outflowing plume is balanced by a return flow of warm oceanic water at depth. The fjord reached a steady state in about a
week. We vary the sill-fjord depth ratios hs/hs from 0.04 to 0.12 to characterize the impact of shallow sills on mass exchange

between the fjord and the shelf, and the cooling of deep oceanic water across the mouth of the fjord (Fig. 3).



180

185

190

Temperature Anomaly [*C]

0 (a) hs/hs=1 ‘_Glacier

-100f

-200

Depth [m]

Qsm=9.5m3s71

-300

-400
o (b) hs/hg=0.12

Depth [m]

(c) hs/hg=0.04

Depth [m]

I
L
-4000

10
Distance from glacier [km]

Figure 3. Time-mean (averaged over the last 14 days of simulations) potential temperature anomaly (with respect to an initial temperature
of 10 °C). All cases have Qs4 = 250 m?s™! and sill depth varies from (a) hs/hy =1, (b) hs/hy =0.12, and (c) hs/hy = 0.04. The
red-outlined areas are zoomed in on the right panels, with vertical velocity scaled up by a factor of 15. Black contours denote water density

anomaly, ) s, is the volume flux of submarine melting.

Increasingly shallow sills create strong mixing there, resulting in the cooling of the warm oceanic layer flowing toward the
glacier. With no sill and the plume reaching the surface (hs/h; =1, Fig. 3a), the outflow occupies the top 40 to 45 m of the
water column in the fjord interior and, as expected, the exchange between upper and lower layers, @), is negligible. As the sill
depth shallows (h,/hy = 0.12,0.04, Fig. 3b,c), a front with increasingly steeper isopycnals and stronger flow develops as the
oceanic inflow accelerates over and down the slope after crossing the sill. Strong mixing is observed in this region and results
in the upper-layer outflow recirculating before passing the sill, cooling the deep fjord as a result. In these shallow sill cases, the
lower-layer inflow cools by 0.2 to 1 °C as it moves from the shelf to the fjord interior. The cooling of deep fjord water is most
significant above ~350 m.

The increased mixing with shallower sills in these two-layer cases is consistent with well-understood fjord dynamics where
the flow over the sill can reach a supercritical condition that enhances downstream mixing (Geyer and Ralston, 2011). Layer-
averaged along-fjord velocity and layer salinity are defined as Uypper, Ulower, and Suppers Siower, respectively. The Froude

number, which is greater than 1 when the flow is supercritical, is

Uupper Ulowe'r‘

—aFTlower =T (5)
V glhupper V glhlower

F'rupper =



195

200

205

210

(a) (b)

9.0 9.0
0.8y 0.7 _
—_ 7
0.7k 757 0.6 7.5 0
. P L
IS $0.5F - an 2
. 06 ' 60'”S S —A— ap |00F
) —& OoF X “OO—J 0.4+ =
N = 3
Sost - QO 453 o3 45%
o S bt
2 202 2

o .

0.4r 3.0 5 3.0 2
S o1 3
o

0.3 15 0.0l Q{15

0.04 006 008 0.10 012 0.04 006 008 010 0.12
hs/hs hs/h¢

Figure 4. TEF transports (a) and reflux fractions (b) with varying sill depths. 1, 2 denote the cross-fjord section on either side of the sill;

n in

1", Q%" : volume fluxes of the water flowing into the fjord; Q,: downward reflux; c11 and a2 correspond to downward and upward reflux

fraction, respectively.

where ¢’ = gW is the reduced gravity, p, h denote the density and thickness of the upper and lower layers. In
the base case simulations, the upper-layer outflow remains subcritical, while the lower-layer Froude number reaches criticality
as hs/h falls below 0.06, indicating hydraulic control. The cooling of deep water that results from the enhanced mixing and
reflux over the sill can be diagnosed using Eq. (4) (Fig. 5). With a minor (<4%) adjustment to the downward reflux coefficient
a1, the theory predicts the deep-water temperature with a coefficient of determination of r2 = 0.99. Both estimated and
modeled results show that the deep fjord is 0.1-0.6 °C colder than the shelf water, with shallower sills resulting in greater
cooling (Fig. 5).

While the volume transport from the ocean outside the fjord (Q%?) is drastically reduced when the sill is shallower, this
reduction is largely compensated by the increase of reflux into the incoming layer (Q..). The near-mouth exchange fluxes in
the shallowest-sill case (hs/hy = 0.04, Fig. 4a) are approximately 64% smaller than the no-sill case. As h,/h; decreases from
0.12 to 0.04, the downward volume transport (), increases by a factor of ~3. Across the shallow sill cases, the deep incoming
transports in the fjord near the sill (Q%", Fig 4a) and near the glacier (not shown) remain largely unchanged as a result of the
increased sill-driven reflux. That is, while a shallow sill does result in strong cooling and reduction of the inflow of oceanic
water, it does not significantly change the strength of the circulation within the fjord itself. As the sill becomes shallower, the
downward fraction ¢, increases nearly linearly and is consistent with the variation of reflux @Q,. As hs/hy decreases from
0.12 to 0.04, Q,. increases by about 5000 m? s~!, and at least 50% more of the outflowing water is refluxed into the deep layer.
The upward reflux coefficient a9 is close to zero in all these cases (Fig. 4b).

The presence of the sill also impacts the response timescale of the fjord to shelf variability (Fig. 6). The tracer age increases,
as expected, with depth and distance from the shelf, and the shelf water takes less than 23 days to reach the entire fjord when
there is no sill (Fig. 6a). As the sill becomes shallower and mixing near the sill increases, the maximum intrusion depth in the

fjord decreases as more of the lighter outflow is entrained into the inflowing oceanic water. When comparing the velocity and
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Figure 5. A comparison between the deep water temperature anomaly (7™ — T’) estimated from Eq. (4). T" is the temperature of incoming

oceanic water from the shelf. The reflux coefficient 11 is scaled up by 3.5%, results are averaged over the last 14 days of simulations.

density profiles in Fig. 6b and 6c, the intrusion depth of shelf water decreases from about 350 m to 250 m as the sill ratio
hs/h is reduced from 0.12 to 0.04. Consistent with circulation patterns, the tracer age is much lower within the incoming flow

than within the near-bottom layer.
3.2 Circulation and Cooling Regimes

The base run discussed in Section 3.1 illustrates the case where the resulting fjord circulation closely resembles a typical
shallow-silled fjord (i.e., without a marine-terminating glacier), where a two-layer exchange flow is formed and strong control
on the exchange is exerted by the sill. However, a key difference is that adding a deep source of buoyancy at the head of the
fjord results in significant subsurface mixing and cooling of the lower layer. A buoyant plume formed by injection of freshwater
at depth and rising through a stratified fluid can result in the plume reaching neutral buoyancy well below the surface. Strong
stratification can constrain the plume terminal height and thus reduce the distance from the plume detachment location at the
glacier, and it also impacts the overall entrainment of warm ambient water, reducing submarine melting. In this section, we
focus on how these subsurface plumes interact with a shallow sill, and how the changes in stratification compete with the

cooling to modulate the modeled submarine melting rates.

10
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denote water density anomaly.

A scaling for the height h,, that a plume generated by a point source of subglacial discharge reaches can be estimated from
(Slater et al., 2016):

/ 1/4
hy = ho(N§)~/® (—%ﬁé") ©)

Based on buoyant plume theory (Morton et al., 1956). The terminal depth depends on the reduced gravity of the plume ¢,
denoted g}, as it was evaluated at the grounding line with the fresh plume density and a reference density. It also depends on
the entrainment coefficient ~, here taken to be 0.1, and the ambient stratification Ng. hg is a nondimensional height related to
the radius, velocity, and reduced gravity of the plume. We estimated hg from five runs with (), =250 m?3s~!, using a fixed
temperature (10 °C) and an initial salinity increasing linearly in the vertical with a range that represents weakly to strongly
stratified glacial fjords. Fitting the results to Eq. (6) resulted in an empirical coefficient of hy = 1.69 across this range of initial

stratification conditions.
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Figure 7. Schematic of circulation regimes in shallow-silled glacial fjords. Brown and black curves are approximate temperature profiles
near the glacier front and along-fjord velocity profiles on the glacierward side of the sill, respectively. Horizontal dashed gray lines indicate
the maximum sill height. The colors of shades and arrows represent relative water temperatures. The sizes of the arrows indicate the relative
magnitude of transports. Parameters depicted include subglacial discharge (Q)sg), submarine melting (Qsm ), deep-fjord temperature (75),

and sill-driven reflux (Q,).

The relative depth of the fjord hy, the sill h,, and the initial height of the plume h, (Eq. (6)) help define four circulation

regimes that were evident in our model runs. These are shown schematically in Fig. 7 and further illustrated by model snapshots
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Figure 8. Snapshots of fjord circulation regimes from side (left panel) and plan (right panel) views. Black contours denote water density
anomaly, white dashed lines indicate the depths at which the plan-view snapshots are taken, and gray-shaded areas represent sill locations.

Across-fjord structures of the regimes can be found in Fig. S1 and Fig. S2.

in Fig. 8. When the initial stratification is relatively weak or the subglacial discharge is relatively strong so that the plume
reaches fjord surface and h,/hy =1, the circulation is characterized by the near-steady, two-layer exchange flow that we
described in the base case, where hydraulic control and the reflux of the cold outgoing plume water into the lower layer are
the dominant processes controlling the cooling of the lower layer temperature (Regime I, Fig. 7a, Fig. 8a). When h,/h; < 1
(i.e., a subsurface plume) and h,/(hy —hs) > 1 (ie., the plume depth is above the sill) a three-layer circulation regime is
formed, with a subsurface freshwater overlying oceanic inflow into the fjord (Regime II, Fig. 7b and Fig. 8b). In our runs, the
surface layer above the outgoing plume showed a rather weak circulation, and Regime II was transient as the outgoing plume
continued to mix and eventually reached the surface, i.e., transitioning to Regime I. However, this relatively fast transition
might not generally be the case in fjords with deeper sills, relatively weak subglacial discharge, or relatively strong near-
surface stratification. We note that as water properties and stratification evolve over time, the fjord circulation regime might
shift, transitioning, for example, from Regime III to Regime I as the plume is initially trapped in the fjord before eventually

rising to the surface.
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The circulation regimes that lead to the strongest deep cooling are III and IV, that is, when hy,/(hy —hs) < 1. In these cases,
the freshwater plume cannot exit the fjord, at least initially (Fig. 7c,d, Fig. 8c,d). Regime III shows the outgoing plume reaching
the sill and forming a horizontal recirculation. Heat drawn from the deep fjord waters by submarine melting at the ice face
and entrainment of warm ocean water into the outgoing plume cannot be replaced with exchange with the shelf, and thus the
deep fjord continues to cool because the heat budget, in this case, is fundamentally unsteady. The subsurface (and sub-sill)
plume continues to mix with the surrounding waters, rising in the process (Fig. 8c). Some, but not all, of our Regime III cases
eventually reached the sill depth during our 60-day runs, allowing the plume to exit the fjord and thus forming a last distinct
circulation, Regime IV. In this configuration, the circulation resembles a reverse estuary, where the exchange is either lateral or
vertical (Fig. 8d), but outflow is concentrated just above the sill. However, this regime is also fundamentally unsteady because
heat entrained into the outgoing plume from the deep water in the fjord cannot be readily replaced with exchange with the
shelf, leading to continuous cooling of that layer as well.

In Regime III cases, the plume remains trapped below the sill for periods ranging from a few days to the entire 60-day
run, suggesting that this process might be relevant for understanding seasonal-scale changes in fjord circulation and melting
regimes. We can approximate this problem by assuming that the fjord below the sill acts as a ‘filling box’ (Baines and Turner,
1969), where the outflowing plume progressively fills the basin downward from the initial level of neutral buoyancy. Cardoso
and Woods (1993) provided an estimate of the timescale ¢,, for a horizontal plume in a linearly stratified environment to ascend

(or “fill the box’) as

to=0.12y"43H 23 AR~ 137 7)

where Hy = hy,/ (25/8hy) is a characteristic length scale (Morton et al., 1956) proportional to the initial plume height hy in
Eq. (6), A is the horizontal cross-section area from the glacier front to the sill, B = g(, @, is the buoyancy flux of the plume.
This approximation assumes that the contribution to B from submarine melting is negligible. The nondimensional time 7 can

be obtained from

2
r=2"7/3 ((hfl;ohs) —2.42> ®)

As the initial plume height h,, decreases with the prescribed initial stratification increasing from 1N to 4N¢, the plume
takes longer to reach the crest of the sill (Fig. 9a-d). Eq. (7) gives a reasonable estimate of the timescale for the plume rising
to the sill level and leaving the fjord (Fig. 9e), ranging from less than 10 days to about 6 weeks. While the initial stratification
leading to these estimates is prescribed, this suggests that Regime III cases can last for a significant period.

In summary, we find that for cases where the circulation regime is dominated by a two- or three-layer exchange flow above
the sill depth (Regimes I and II), with inflow from the ocean at depth, the dynamics of sill-driven mixing and reflux discussed in
the base case are critical to understanding how deep fjord properties will evolve. In these cases, a steady view of the circulation

in at least seasonal timescales is reasonable, as deep heat supply from the shelf balances the heat loss due to mixing and melting
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Figure 9. Ascending time (¢,) of the plume with increasing initial stratification. (a)-(d): Evolution of the vertical structure of along-fjord
velocity near the glacier front, with positive values toward the fjord mouth. Horizontal dashed black lines show the maximum sill height
(hs/hy = 0.04), and vertical dashed blue lines indicate the estimated time for the plume rising from its initial height to the level of the sill

crest. (€): A comparison between the plume ascending time estimated from theory and the model output.

(Fig. S3, S4). But when either strong stratification or weak subglacial discharge leads to a deep (relative to the sill) outflowing
plume, as in Regime III, cooling of the deep fjord is not caused by sill-driven advection and mixing, but the continuous removal
of heat from the deep layer of the fjord that cannot be replaced by an oceanic inflow. Critically, this means that the properties
in the fjord can be strongly time-dependent in synoptic to seasonal timescales, and sill processes become less important until

the plume reaches the sill crest.
3.3 The Competing Impacts of Deep Stratification and Temperature Changes on Submarine Melting

While the sill restricts the inflow of warm oceanic water to the fjord and reflux from the freshwater plume results in cooling
of the deep water near the glacier, submarine melting is often larger in runs with shallow sills compared to equivalent no-sill
runs. Submarine melting (Qs,,) was slightly higher with shallow sills in our base case (Fig. 3) and consistently so in the cases
discussed in Section 3.2, where ()4, decreased for all cases as the linear stratification increased, but it was also lower for the
no-sill cases (h,/hy = 1, Fig. 10).

The perhaps counterintuitive result of submarine melting increasing as deep cooling is enhanced by shallow sills can be
understood by considering that sill processes also decrease stratification, which has the opposite effect on submarine melting.
This competition is illustrated in Fig. 11, which shows the evolution of near-glacier temperature and stratification for two cases
with the same initial and forcing conditions other than the presence of a shallow sill. But for a brief period at the start of the
shallow sill run (Fig. 11a,b), both cases are examples of Regime I, where a surface outflow is generated. When there is no
sill (hs/hy = 1), the melting (Fig. S5), fjord temperature, and stratification remain nearly constant throughout the simulation
(Fig. 11b, d). With a shallow sill (hs/hy = 0.04), however, cooling is overwhelmed by the collapse of stratification in the deep
water to increase submarine melting, particularly after 30 days or so (Fig. S5). During that period, the fjord temperature dropped

as expected from the cooling effect of sill-driven reflux (Fig. 11a). Meanwhile, the fjord stratification became significantly
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Figure 10. Impact of shallow sill vs. fjord stratification on near-glacier temperature and submarine melting, results are averaged over the last

14 days of each simulation.

Temperatugtoe [°C]

8

N2 (x107%s72)
5.0

o (a) 1NZ, hs/hs=0.04 o (b) 1Ng, helhs=1
B 18.6
£ -200 200 19-6
[} 20.7
[
a 21.8
-400 -400
d
0 0( )
B 186
5 -200 -200 19.6
[} 20.7
[
[s] 21.8
400550 30 40 50 6000 10 20 30 40 50 60
Time [days] Time [days]

25

0.0

Figure 11. The evolution of near-glacier temperature (a, b), and near-glacier stratification (c, d) at SO (near the glacier) with (left panel) and

without (right panel) a sill. Forcing and initial conditions other than the sill depth are the same.

weaker due to strong mixing with the refluxed plume outflow and the sill impeding the inflow of denser shelf waters into the

fjord (Fig. 11c).

The competition between the decrease of stratification and cooling driven by the presence of the sill is further illustrated in

Fig. 12, which shows Q,, as a function of initial stratification and fjord temperature. Q,, is proportional to 75 ¢ (N 2)=5/8,

where T;, ; =T, —Tj is the divergence between the modeled ambient temperature T, and the freezing temperature of seawater

T, (Slater et al., 2016). We used a linear fit (Fig. S6) to find the constant of proportionality between the modeled @, and the

scaling above. Several runs with constant initial and forcing conditions, but where a shallow sill is added, are shown here, the

markers are color-coded with the magnitude of the modeled Q,, .
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Figure 12. Dependence of submarine melt on fjord stratification and thermal forcing with a constant subglacial discharge of Q4 =
250 m®s~!. Cases with the same initial temperature (2 °C, 6 °C, 10 °C) and stratification (1NZ,2Ng,3Ng,4NZ) but no or shallow
sill are connected by white dotted lines. The sizes and colors of the markers represent the magnitude of Q) s, for each run. The background

contours correspond to the scaling of Qs based on (T, z)(N?)~°/8

with an added proportionality constant calculated from the model
output (Fig. S6). The results are averaged over the last 14 days of each simulation, corresponding to circulation regimes determined by
initial stratification (1NZ&2Ng: Regime I, 3N¢: Regime II, 4N&: Regime IV). The red boxes highlight approximate observed ranges of
glacial fjord properties from Patagonia (Jorge Montt; Moffat et al., 2018), Alaska (LeConte; Jackson et al., 2022), and West Greenland (e.g.,

Mortensen et al., 2011; Gladish et al., 2015).

Consistent with Fig. 11, the results indicate that the lowering of deep water stratification caused by the presence of the sill
has an equal or greater impact on submarine melting than the cooling that occurs there. We note that we ran no-sill cases only
for a subset of our sill runs. Fjords where adjacent deep waters are warm with relatively low stratification (e.g., Jorge Montt in
Patagonia) might be an example of this outcome, while Greenland fjords where the ambient waters are relatively cold might be
less so. From considering the relative changes to T, s (N?)~5/® with respect to N2 and 7,7, we would expect that the change

in deep temperature AT, ¢ (i.e., the change in deep temperature across the sill caused by the presence of the sill) must exceed

5T,
8N?

across the sill.

AN? to generate a net increase in submarine melting. And AN? is the equivalent and competing change in stratification

Our results indicate that the impact of shallow sills on submarine melting in glacial fjords depends on the competition
between cooling and the decrease of stratification caused by the presence of the sill. The only source of these changes in deep-
water properties is the interaction between the sill and plume-driven circulation. The impact of tidal currents, which can be an

important source of mixing in fjords, is briefly explored next.
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Table 2. Tidal-exchange velocity ratio (Ut /U, ), downward reflux over the sill (@), downward reflux fraction (c11), upward reflux fraction
(a22), submarine melting (Qsm ), mean temperature (77) and stratification (/N 2) near the glacier front for tidal experiments with Qg =

250 m®*s~! and hs/hy = 0.04.

UiJUe Qr(m®s™) 11 (%) a2 (%) Qsm (m®s™) T, (°C) N2 (x107°s7?)

0 6352 71.5 4.2 10.5 9.2 7.01
0.7 6330 70.3 4.4 10.5 9.2 7.01
1.3 5562 63.8 8.2 10.5 9.2 7.01
6.5 8047 53.0 15.2 12.9 9.7 5.54

3.4 The Impact of Tides

Tides are another important process that modulates the circulation and mixing rates in fjords. We ran ten additional simulations
with a shallow sill configuration (hs/h; = 0.04,0.12) and varying tidal amplitudes at the eastern boundary of the model (see
Methodology) to force a range of tidal velocities at the sill (U;) relative to the exchange flow U,. U, is estimated at the sill from

harmonic analysis (Codiga, 2011). U, is estimated from

Qe
U, = 9
Agin/2 ©)

where @, is the exchange flow transport defined as (Qout + Qin)/2, Qin,Qout are positive and Ay is the cross-channel
area at the sill crest. In the tidal simulations, U; ranges from 0.1 to 1 ms~! and U, is nearly constant, ranging from 0.13 to
0.15 ms~!. The sill-driven reflux Q,., deep fjord temperature T, and submarine melting with and without tidal forcing are
summarized in Table 2. The results are averaged over the last 14 days of simulations.

Increasing tidal forcing leads to a reduction in the downward reflux fraction and an increase in the upward reflux fraction,
with varying impacts on the downward reflux @,.. The outflow increases with stronger tidal forcing due to enhanced exchange
flow along the fjord, particularly as the tidal velocity exceeds the exchange velocity (U;/U, > 1). The increase in the upward
reflux fraction (ao5) with tides reflects enhanced vertical exchange. A small (5%) increase in melting is evident for the weakest
tidal forcing case relative to the no-forcing case. For tidal cases with U; /U, between 0.7 and 1.3, the small changes in reflux
magnitude did not have a meaningful impact on the stratification, deep-water temperature, or submarine melting. The strongest
tidal forcing case we ran did result in weakening of stratification and a warmer fjord compared to the other cases (Fig. S7),
which is reflected in the highest melting rate. The warm outflow in this case is also enhanced by the upward entrainment flux
and gets largely (>50%) refluxed into the deep fjord. Overall, the decrease in the reflux fraction is consistent with the results

from Hager et al. (2022), but fully understanding the impact of tidal forcing in these systems requires further study.
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4 Discussion
4.1 Application to Realistic Fjord Systems

The sill reflux process described above has been discussed in observational studies in both non-glacial and glacial fjords. In
Loch Sunart, a shallow-silled Scottish fjord, hydrographic and current meter data collected during the summers of 1987, 1989,
and 1990 revealed that an estimated 20% to 70% of the surface water recirculated into the bottom layer (Gillibrand et al.,
1995). At Godthabsfjord, Greenland, the summer surface water in the sill region was observed to reach the glacier terminus
at depth, with the subsurface freshwater fraction increasing from winter (3%) to summer (10%) (Mortensen et al., 2013). The
authors highlighted a mixing process at the sill that resembles the reflux of glacial freshwater that we focus on here. Most
recently, observations in LeConte Bay, Alaska (hs/hy = 0.06) showed that 50% to 75% of the summer inflow was composed
of refluxed plume-driven outflow (Hager et al., 2022). This range is comparable to our base case simulations (Fig. 4b).

The circulation regimes identified here (Fig. 7) suggest that conceptual models of glacier melting where the circulation and
heat budget of the fjord are steady might not always be adequate. When a buoyant plume flowing away from the glacier is
blocked by the sill (Regime III) or barely reaches the sill level (Regime IV), the system is temporarily unsteady as the plume
continues to rise and the deep water below is cooled. During the summer, glacial fjords in Greenland (Mortensen et al., 2013),
Alaska (Hager et al., 2022), and Patagonia (Moffat et al., 2018) show intense subglacial discharge and surface or subsurface
plume outflow as in Regimes I and II (Fig. 7a, b). With stronger ambient stratification or weaker winter subglacial discharge,
buoyant plumes enter the fjord at depth, forming an outflow that intersects the sill or is mostly blocked by it (Gladish et al., 2015;
Carroll et al., 2016), resembling Regime III (Fig. 7c), in which case the blocked outflowing plume is expected to progressively
cool the deep fjord. In the fall-winter circulation regime at LeConte Bay, Alaska (Hager et al., 2022), the reduced freshwater
outflow could be blocked by a shallow sill, recirculated as in Regime III. In that system, however, strong tidal currents also
play an important role in exchange across the sill. We were unable to find published reports on Regime IV (Fig. 7d), perhaps
because this circulation could quickly transition to Regime II or I. Because Regimes III and IV reflect an unsteady state for
the temperature and stratification of the fjord, both of which impact the melting rate, caution should be used when applying a
melting parameterization that assumes a steady fjord circulation.

Our simplified model configuration ignores what are possibly key processes that modulate both the reflux process and its
impact on the heat supply to the ice. While we briefly explored the tidal variability, the reason for the reduction of the reflux
fraction under stronger tidal currents, also reported by Hager et al. (2022), is not well understood. Wind forcing is a well-
known factor influencing the exchange between glacial fjords and the open ocean (Straneo et al., 2010; Jackson et al., 2014;
Moffat, 2014). Finally, we did not fully explore how more realistic shelf properties, multiple sills, or different fjord widths
could influence the processes investigated here. However, we believe that the regimes discussed above still provide a useful

framework to move forward.
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4.2 Implications for Glacial Melt

Our results show that the downward transport of outflowing glacial freshwater at the sill cools the fjord, which is consistent with
previous studies. Although the sill-fjord depth ratio hs/hs has a significant impact on the downward reflux fraction (Fig. 4b),
the magnitude of reflux and thus the warm water supply to glaciers are largely determined by the strength of subglacial
discharge, especially with a shallower sill. Depending on the properties of the outflow, the sill-driven reflux may have reduced
or increased heat transport to the glacier. For example, numerical experiments by Hager et al. (2022) found that the warmest
surface water during the summer was refluxed and transported to the terminus of the LeConte Glacier, enhancing heat supply
and submarine melting.

One key result from our study is that the presence of a sill leads to a decrease in both temperature and stratification of the
deep inflow, with opposing effects on the rate of submarine melting. In our simulations, the stratification effect is generally
greater than the cooling effect, leading to higher submarine melting for shallow sill cases. However, several caveats should
be noted: First, our results depend on the erosion of fjord stratification that is prescribed as an initial condition—the same
as for the outside shelf, for convenience, rather than the result of a more realistic evolution. The underlying assumption is
that the fjord stratification is changing, for example, from winter to summer, and is set before the onset of a large change
in the subglacial discharge, but that evolution is not modeled explicitly. Second, the temperature structure we use is rather
simple to keep the parameter space reasonable, but it is common to observe multiple distinct deep water masses outside glacial
fjords. For example, a shallow sill might favor overall warmer waters entering the fjord, as it happens in Jorge Montt fjord,
where a subsurface temperature maximum is found at about sill level outside the fjord (Moffat et al., 2018). Despite this
complexity, our results highlight the importance of understanding the processes controlling not only deep-water temperature
but also stratification in these systems.

Ambient melting is likely too small in our study, given that observations show that it can be a significant fraction of the total
submarine meltwater flux (Jackson et al., 2020). Modeling shows that these background melt plumes also entrain fjord waters
and intrude into the fjord after reaching neutral buoyancy (Magorrian and Wells, 2016). The coefficients used in submarine melt
parameterization are derived from studies on ice shelves (Cowton et al., 2015), so the dynamics and morphology in the near-
ice zone could be substantially different in tidewater glaciers (Jackson et al., 2022). Estimates of near-glacier fjord circulation
also show that the point-source representation of plume geometry is likely to underestimate entrainment and plume-driven
melt (Jackson et al., 2017). Despite these important caveats, the fundamental dynamics that lead to retention of meltwater
and resulting unsteady circulation regimes and property budgets in shallow-silled fjords, the competing effects of cooling and
destruction of stratification of the sill on melting rates, and the importance of reflux processes at the sill are likely to be at play

in real systems even as improved models that include background melting and other processes are developed.

5 Conclusions

Mixing and advection processes on shallow sills separating glacial fjords from the open ocean play a critical role in modulating

the circulation and deep water properties near marine-terminating glaciers. Using a coupled plume-ocean fjord model, we find
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four circulation regimes that depend on the ratios of the sill depth h, the fjord depth % ¢, and the depth of the meltwater plume
depth h,,. In the first two regimes, the outgoing meltwater plume flows above the sill, either at the surface (I) or below it
(II), resembling a more typical (i.e., non-glacial) steady fjord exchange, where the heat lost to ice melting can be replaced by
oceanic sources. In the other two regimes, however, the plume is either trapped within the fjord by the sill (III) or exits just
above it (IV). In either case, the deep fjord layer continues to lose heat as exchange with the open ocean is restricted, and the
relatively cold subglacial discharge is continuously being mixed into the deep fjord. In our 60-day simulations, these unsteady
state conditions can last for the entire run, suggesting that even in seasonal timescales the assumption that a marine-terminating
glacier will respond to changes in shelf conditions might be flawed, at least in some cases. The duration of unsteady Regime
IIT depends on the initial depth of the plume, the depth of the sill, and the magnitude of the subglacial discharge.

In the regimes where a steady-state solution is possible (I and II) and the meltwater plume exits the fjord, strong vertical
exchange (reflux) is induced over the sill. The exchange is dominated by the downward transport of cold outflow from the upper
layer to the warm inflowing water from the ocean, thus contributing to a significant recirculation within the fjord. With a sill
depth of h,/hy = 0.04, about 70% of the plume-driven outflow is refluxed to depth. Critically, we find that the presence of the
sill results in the reduction of both the deep fjord temperature and stratification near the glacier terminus, which have opposite
effects on the glacial melt rate. In our simulations, the stratification effect tended to dominate, resulting in higher melting even
though the incoming ocean water was cooled at the sill. However, recent observational studies (Jackson et al., 2020, 2022)
suggest caution in evaluating the overall magnitude of melting we see in our simulations, as the background melting away
from regions of subglacial melting input is not adequately quantified in our model, and might have a much larger role than
previously thought. However, the generation of the circulation regimes we discuss here is more strongly tied to the formation
of subsurface meltwater plumes, including below the sill, regardless of what fraction of that meltwater is of subglacial origin
or melted locally.

Overall, our simulations show that vertical exchange at the sill significantly modulates the circulation and deep-water prop-
erties (temperature and stratification being the most critical) in shallow-silled glacial fjords. The relative depth of the plume
outflow, the fjord, and the sill provides a useful framework to characterize the circulation and heat transport patterns in these

systems.
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