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ABSTRACT

Glacier-ocean interactions in shallow-silled fjords play a crucial role in the mass
balance of marine-terminating glaciers and the transport of freshwater from the ice
sheet to the ocean. Despite their importance, the complex dynamics of these systems,
in uenced by sill processes, freshwater inputs, and external forcing, are not well under-
stood. This dissertation investigates the impact of these factors on fjord circulation,
water properties, and submarine melting using a combination of numerical simulations
and observational analysis.

Idealized simulations, employing a coupled plume-ocean model, reveal distinct
circulation regimes depending on the ratios of sill depth, fijord depth, and meltwater
plume depth. The presence of a shallow sill reduces deep-fjord temperature and strati -
cation near the glacier, with the reduced strati cation often resulting in higher subma-
rine melting rates. Observational analysis of the rapidly retreating Jorge Montt Glacier
in Patagonia highlights the role of sill processes in modulating freshwater transport and
fjord properties, with freshwater ux estimates revealing a seasonal cycle in runo and
meltwater ux varying out of phase with runo . Submarine melt rates strongly corre-
late with fjord temperature and strati cation. Further simulations demonstrate the key
role of along-fjord wind forcing in driving circulation and melt processes, with down-
fjord winds intensifying the exchange ow and heat transport towards the glacier, and
both wind directions decreasing ambient strati cation near the glacier front.

The ndings of this dissertation contribute to a better understanding of the
complex interplay between sill processes, freshwater inputs, strati cation, and external
forcing in modulating glacier-ocean interactions in shallow-silled fjords. The insights

gained from this work have important implications for accurately representing these

XVii



processes in models of tidewater glacier systems and predicting the response of marine-
terminating glaciers to oceanic forcing. By providing a framework for understanding

the key mechanisms driving glacier-ocean interactions in these systems, this research
contributes to more accurate projections of ice loss and sea-level rise in the face of a

changing climate.
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Chapter 1
INTRODUCTION

Over the past two decades, the ice sheets of Greenland and Antarctica have
lost an average of 40@tyr ! of ice, owing to increased melting and the rapid retreat
of both land-terminating and marine-terminating glaciers [5]. This dramatic ice loss
resulted in anomalous freshwater input to the ocean and contributed 1:2 mmyr 1!
to the rate of global sea-level rise between 2006 and 2016 [60]. A large part of the
ice sheet mass loss is attributed to glacier acceleration and retreat, processes heavily
in uenced by the ocean's modulation of heat transport towards the ice, and thus its
melting [76]. There are other potential mechanisms for this modulation as well, such
as the accumulation and removal of sediment in the ocean near the ice [10], and the
ocean motion destabilizing and breaking ice [8]. Because many glaciers terminate
at the head of narrow, deep fjords, the latter act as a critical link between glaciers,
ice sheets, and the large-scale ocean, modulating submarine melting of the glaciers'
margins and transporting freshwater discharge o shore. Increased submarine melting
of glaciers terminating in fjords is a main cause for glacier retreat, and the anomalous
freshwater discharged from polar ice sheet is transformed by fjord processes before being
released into the ocean [73]. Knowledge of fjord dynamics and processes is thus key to
estimating glacier melt rates and ice sheet variability, as well as for understanding the
fate of meltwater in the coastal ocean.

The circulation and hydrographic structure of fjords without a discharging
glacier is a well-studied problem in oceanography. In the classic fjord circulation,
freshwater input at the head drives a brackish out ow in the surface layer, balanced
by an up-fjord ow beneath [21]. This circulation system is often termed estuarine or

intermediate circulation, which in most fjords coexists with the deep water below the



sill level, if one exists. The interaction between the estuarine circulation and the deep
water may often be considered weak and seawater is entrained or mixed into the top
brackish water from an intermediate layer above sill level [71]. For silled fjords, the
deep water below sill depth can be renewed by the in ow of denser water from the shelf
over the sill. The residence time of the deep water is a ected by sill processes that
regulate the mixing rate, the shelf-driven intermediary ows, and the volume of water
below sill level [72].

In glacial fjords, however, this paradigm is complicated by the presence of
marine-terminating (tidewater) glaciers that impact fjord circulation and water prop-
erties. While fjords without these glaciers have freshwater input at the surface, in
glacial fjords buoyant plumes fed by submarine melt and/or subglacial discharge are
distributed, sometimes in a highly inhomogeneous fashion, along the glacier front [73].
The layer structure is a ected by shallow sills that allow both light and dense waters
to enter the fjords, resulting in a strongly strati ed water column that can give rise
to intrusions of glacially modi ed water at mid-depths [74, 78]. Two main dynamical
di erences arise as a result. First, submarine melt of the terminus (the end of a glacier)
[69], icebergs [20], and subglacial discharge [13] can provide substantial buoyancy forc-
ing at depth [74]. Second, while in non-glacial fjords the buoyancy input is e ectively
an external forcing (e.g., river or precipitation input), in glacial fjords the buoyancy
input can be modulated by the fjord's dynamics itself because the glacier melting is
driven by relatively warm ocean waters. That is, the buoyancy forcing is at least par-
tially a result of the fjord processes transporting heat towards the ice. At the fjord
scale, the circulation is in uenced by tides, buoyancy forcing from the glacier and ice-
bergs, surface uxes, local winds, and exchange with the continental shelf through the
mouth of the fjord [73]. Nevertheless, there is large spatial and temporal variability in
flord circulation, which is likely determined by the interaction of the buoyancy-driven
ows with the shelf-driven intermediary ows.

Understanding the magnitude, evolution, and impact of the ocean forcing in

glacial fjords will improve our projections of ice loss and sea-level rise as well as the



in uence of glacier retreat on the coastal ocean. Of the major systems with signi cant
numbers of tidewater glaciers, the role that ocean circulation and properties play in ice
retreat has been mostly studied in large fjords with deep or no sills [7, 62, 78]. However,
the widespread retreat of glaciers in shallow-silled fjord systems from Alaska, Patag-
onia, and Greenland is also quite important for global sea-level rise and the regional
ecosystems [29, 52, 53, 56]. In such fjords, the sill may act as the rst-order control
on the dynamics, and knowledge of these systems is critical to a better comprehension
of glacier-ocean interactions. Despite numerous observational and numerical studies,
we still lack a precise understanding of how circulation and associated heat transport
in shallow-silled glacial fjords are modulated by fjord-glacier geometry and fjord-shelf
properties. Hence the objectives of this thesis are:

1. Investigate the impact of shallow sills on circulation regimes and submarine
melting in glacial fjords using idealized numerical simulations spanning a wide range
of initial ocean conditions, sill depths, and subglacial discharge.

2. Characterize the freshwater dynamics and fjord conditions at the rapidly
retreating Jorge Montt Glacier in Patagonia through multiyear oceanographic observa-
tions, and examine how fjord conditions, particularly strati cation, in uence submarine
melting.

3. Assess the e ects of along-fijord wind forcing on fjord structure, circulation,
and submarine melting in a semi-idealized shallow-silled glacial fjord, and investigate
the relative roles of wind-driven and sill-driven processes in modulating fjord dynamics
and near-glacier water properties.

The above dynamics are studied using both numerical modeling and observa-
tional data from a well-studied fjord system. In Chapter 2, a coupled plume-ocean
model is employed to conduct a suite of simulations exploring the role of shallow sills
in modulating circulation regimes and submarine melting under various forcing condi-
tions. The study site for Chapter 3 is the Jorge Montt fjord system, which receives the
discharge from Jorge Montt Glacier (73N/43 S), one of the most rapidly retreating

glaciers in the Patagonian Ice Fields (PIF). This system provides an excellent case



study of shallow-silled fjords subjected to strong forcing by a rapidly-melting glacier.
Chapter 3 focuses on characterizing the freshwater dynamics and fjord conditions at
Jorge Montt Glacier using shipboard observations and mooring records, with an empha-
sis on the complex interplay between fjord conditions and glacial melt. In Chapter 4,
the coupled plume-ocean model is applied to an idealized con guration based on the
topography and pro les from Jorge Montt Fjord to investigate the e ects of along-fjord
wind forcing on fjord dynamics and submarine melting, and to assess the relative im-
portance of wind-driven and sill-driven processes. Chapter 5 concludes the dissertation

with a summary of the results and a prediction of future work.



Chapter 2

IMPACT OF SHALLOW SILLS ON CIRCULATION REGIMES AND
SUBMARINE MELTING IN GLACIAL FJORDS

This chapter contributes to a peer-reviewed publication: Bao, W., & Mo at, C.
(2024). Impact of shallow sills on circulation regimes and submarine melting in glacial
flords, The Cryospherg 18(1), 187-203.

2.1 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 rst-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 previ-
ously 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 out ow is re uxed
into the deeper layer, cooling the incoming warm oceanic water by as much asQ
and reducing the strati cation near the glacier front. When the initial strati cation is
relatively strong or the subglacial discharge is relatively weak, an additional unsteady
circulation regime arises where the freshwater ow can become trapped below the sill
depth for weeks to months, creating an e ective cooling mechanism for the deep water.
We also nd that submarine melting often increases when a shallow sill is added to a

glacial fjord due to the reduction of strati cation which increases submarine melting



dominating over the cooling e ect as the oceanic in ow is modi ed 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.

2.2 Introduction

From 2000 to 2019, global glaciers lost mass at a rate oR67 Gtyr *, which
amounts to approximately 20% of the observed sea-level rise [34]. As a critical link
between glaciers, ice sheets, and the large-scale ocean, glacial fjords and their dy-
namics modulate the retreat rates of glaciers and the o shore transport of freshwater
discharge. Increased submarine melting of glaciers terminating in fjords can be a sig-
ni cant contributor to glacier retreat, and the resulting freshwater is transformed by
fjord processes before being released to the ocean [73]. 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 in uenced by tides, local winds and
other air-sea exchange processes, and interactions of buoyancy-driven and intermediary
ows [73]. At the glacier front, buoyant plumes generated by subglacial discharge
and/or submarine melting are a source of mass and freshwater for the system [42,
83]. The resulting buoyancy-driven circulation results from this freshwater, leaving the
terminus and mixing with ambient water, with the latter being replaced by a deep in ow
towards the fjord head. The intermediary circulation driven by variability outside the
fjord, on the other hand, is an e ective 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 [40, 51, 67]. However, our estimates of submarine melt rates
are still highly uncertain due to limited observations and potential shortcomings in
existing parameterizations [37].

A key control on the circulation of fjord systems is the presence of a shallow sill

[3, 25, 35]. While many studies have focused on large fjords with no or deep sill [7,



62, 78], 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
[52, 53, 56]. In southeastern Greenland, investigation of the circulation regimes of
two major outlet glacial fjords [78] 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. ldealized 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
[14]. When the inow 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 ow spans the entire
water column [14]. In addition, a modeling study [85] 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. The
numerical experiments demonstrated sill depth as one of the rst-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 ow can
be signi cantly cooled at the sill by mixing with the outgoing freshwater out ow, a
process called re ux [29]. 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 [58, 66]. All of these studies highlight that the mass and heat
exchange processes in fjords are signi cantly di erent when a sill is present.

We aim to understand how shallow sills modulate the water properties, circu-
lation, 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 the

study for LeConte Bay [29] to understand the role of re ux when di erent sill depths



and forcing conditions are considered. Because freshwater discharge and ocean con-
ditions in these systems often vary signi cantly in seasonal scales, our objective is to
understand the circulation in those or shorter timescales. Our model setup is intro-
duced in Section 2.3, followed by results in Section 2.4, and discussion and conclusions

in Sections 2.5 and 2.6, respectively.

2.3 Methodology
2.3.1 Coupled Plume-Ocean Fjord Model

We use the Massachusetts Institute of Technology General Circulation Model
(MITgem [50]) in a three-dimensional hydrostatic con guration. The model can incor-
porate ice shelves and vertical ice faces and has been used in several studies of ice-ocean
interactions in glacial fjords [12, 29, 84]. Since the fjord-scale model lacks the grid reso-
lution to resolve the small-scale dynamics at the ice front, we use the IcePlume package
[19] 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 buoy-
ancy forcing, strati cation, and geometry from idealized plume theory [55]. Simpli ed
expressions for plume properties are derived assuming that the entrainment velocity
is a xed fraction of the vertical velocity in the plume. The plume radius, velocity,
temperature, salinity, and vertical extent are calculated, with the plume ascent ter-
minating 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
[19]. In grid locations where subglacial discharge is speci ed, 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 [33]. 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



Figure 2.1: Two-dimensional schematic (X, z) of the circulation and water properties
in a glacial fjord. The ow in a fjord of depth h; is constrained by a
sill with a shallowest depth ofhs. Cross-sections for analysis are de ned
near the glacier front (S0) and on either side of the sill (S1, S2,; Q1,
and Q, are volume uxes through the sections and in the vertical@,).

incorporated as virtual salt and heat uxes to those adjacent grid cells. Relative to
the cooling and freshening caused by the subglacial discharge, the melting generates a
relatively small freshwater input [19].

To investigate the response of fjord circulation and submarine melting to varia-
tions in forcing and fjord geometry, we set up the plume-ocean fjord model in a domain
with one Gaussian-shaped sill near the mouth (Figure 2.1). The sill has a xed width
of 4km and a shallowest depth ohg, 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 2km 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 signi cant cross-fjord variability in the circulation. The maximum depth
of hs is 400m in most cases, with a handful of cases using 260to test our results in
a broader parameter space. The fjord is 20m long and opens to a shelf region (2¢m
long, 16 km wide, and 400m deep), with open boundaries at the north, south, and
east edges. The cross-fjord grid spacing is 2080inside the fjord, linearly increasing to
1 km at open boundaries. The along-fijord grid resolution ranges from 20 at the sill

to 100 m at the rest of the fjord, also linearly telescoping to km at open boundaries.



The vertical grid size of the model domain increases fromm at the free surface to
6 m at the bottom.

The variables changed (geometry as well as initial and forcing conditions) for
di erent runs are listed in Table 2.1. The initial fjord conditions are horizontally
homogeneous, with temperature and salinity pro les restored at open boundaries on
the shelf throughout the simulation. We changed the size of the shelf and found no
signi cant di erence 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 pro le
[19], where the salinity ranges from 32 to 33.8 in the upper 80 and slowly increases
to 34.5 at the bottom ("Idealized" in Table 2.1). To further explore the impact of
varying strati cation, we also set up a set of experiments with a linear salinity pro le
that increases from 23 on the surface to 27 at the bottom with a strati cation of
7:36 10 ° s 2 dened as IN2. With a xed mid-depth salinity, the gradient and
thus the initial ambient strati cation range from 0:5NZ to 4N2. 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 domaitJ; = Upsin(lt ) at the M, tidal period
(! =2 =(12.42h); t is time), where the velocity amplitudeU, ranges from 0.01 to
6 cms ! to generate weak to strong tides relative to the subtidal exchange ow at the
sill. The Coriolis parameter is set tol:2 10 * s 1. The K-pro le parameterization
(KPP) scheme [44] is used to parameterize vertical mixing. A quadratic bottom drag
parameterization with a coe cient of 25 10 2 was used for most runs. A small set
of simulations were run using a drag coe cientoft 10 3, 10 10 3, and25 103
to test the impact of varying bottom drag. Those runs are not shown, but changing
the drag coe cient 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 rst tracer

with a constant concentration was introduced at the entire shelf region, and a second
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Table 2.1: Summary of fjord geometry, initial conditions, and forcing conditions used
in 93 model runs analyzedhs: maximum sill depth; hy : maximum fjord
depth; Qsq: subglacial discharge;Ty, : initial fiord temperature; N2 :
initial fjord strati cation; Cg4: quadratic bottom friction coe cient; Up:
tidal amplitude at the eastern open boundary. The linear strati cation
pro le corresponds to values ranging from 0.5 to 4 N2 (N2 = 7:36

10 ° s 2).
hs=hy hy (m) Qsg (M®s 1) T (C) N2 (s? C4q( 109 Up (cms 1) # 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 25 0 18
0.08 400 50, 500 2,4,6,8 Idealized 2.5 0 8
0.04,1 400 250 2,6,10 Linear 25 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

tracer was injected into the same region, but its concentration increases with time at
a xed 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 [48, 61].

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 signif-
icantly change the rates of submarine melting, driving higher-than-predicted melting
[38] and that existing melting parameterizations underestimate the observed back-
ground melting rates [37]. Our choice of simpli ed sill is meant to understand the
role of bathymetric constrictions on the ow, including enhanced mixing. In real fjord
systems, enhanced mixing could also be promoted by other bathymetric features, mul-
tiple sills, icebergs [30], or other factors. This complexity is not well represented in
our simpli ed 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, subglacial dis-
chargeQsg, initial fiord temperature T, , strati cation N2, bottom drag Cq, and tidal
forcing (Table 2.1). The shallowest sill depthhs is nondimensionalized by dividing by
the maximum fjord depth hs, and this depth ratio hs=hs varies from 0.04 to 0.12 to
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characterize shallow-silled fjord systems, e.g., in Alaska [45, 56] and Patagonia [52].
Cases without sill hs=hy = 1) are included to understand the overall impact of the
sill. The subglacial discharge uxQsq is varied in the range 25 to 1000n°s * to cover

di erent magnitudes of freshwater forcing and to represent the seasonal variation of
runo , 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 ow) and water

properties (layer thicknesses, heat storage) did not change meaningfully with time.

2.3.2 Total Exchange Flow and E ux-Re ux Calculations

The exchange ow along the fjord is calculated using the total exchange ow
(TEF) method [46]. Transports through a cross-fjord section are sorted into salinity
classes, tidally averaged, and then integrated vertically and across the fjord. The in ow
volume ux Qj, is the sum of the transport in all inward- owing salinity classes, and
the ux-weighted salinity of the in ow is Sj,. Similarly, the out ow is quanti ed as Qout
and Syyt. The TEF method decomposes salt ux in salinity space instead of physical
space, yielding the exchange ow that incorporates both tidal and subtidal processes
and satis es the Knudsen relation precisely [46]. TEF has been used extensively in
estuarine systems [26, 48, 80].

To apply the TEF method, the volume transport through each cross-section is
binned with salinity output stored every 6h, using 1000 bins between 0 and 35. After
tidally averaging (for runs where tides are included), the transport at each time is
divided into in owing and out owing components according to the dividing salinity
method [47]. Integrating transport in glacierward or oceanward components gives us
Qin and Q.. Similarly, integrating the transport times the salinity of each bin in
the two directions gives the in owing and out owing salt ux. Then S, and S,; are
derived from dividing the salt ux by the volume ux in the same direction. Based on

steady-state volume conservation, the entrainment ux (downward re ux)Q, across
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the upper-bounding isohaline surface equals the divergence of in ow or out ow through
the segment bonded by two cross-sections [80].

To estimate and quantify the vertical exchange between the upper and lower
layers, we utilize the e ux-re ux formalism that was rst developed in a study of
flord exchange over mixing zones [18] and has been applied to both estuary and glacial
fjord studies [29, 30, 48]. In its simplest form, the e ux-re ux theory de nes a chan-
nel segment between two cross-fjord sections with a steady two-layer exchange ow
and known salt and volume transports through the cross-sections on either side (Fig-
ure 2.2a). For the ow from any incoming layer, the re ux fraction corresponds to
independent upward and downward turbulent transports across the segment, while
e ux is the fraction that continues moving into the next reach. The re ux fraction
therefore expresses the vertical uxes as volume transports, which is equivalent to the
horizontal uxes 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 the original e ux-re ux formalism [18],

the system of equations to be solved is

2 32 2
51 qut 0 0 29 out
Sin in Sout out 0 0 Sout out
2 Qz 1 Q1 . 12 Q (2.1)
0 0 g\ Q(lJut ” Qm
0 0 Sizn 51 SlOUt qut 1 Stl)thgut

The e ux-re ux coe cients are then determined by solving the matrix equa-
tion based on the conservation of volume and salt, and the sum of e ux and re ux
fractions should be equal to unity, thatis, 11+ 1= 21+ 2 =1. In this framework,
the vertical exchange components that we are primarily concerned with can be solved

as

L= Qlln S'zn Slln . = out Sout Sout
out Qin out ’ - in in out
Ql S2 Sl 2 SZ Sl

(2.2)
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Figure 2.2: Notations of (a) e ux-re ux 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 uxes are denoted by
T,S,and Q. fomto (€.9., 12 Signies the e ux-re ux fraction from
section S1 to section S2) represents the e ux-re ux fractions. Figure
modi ed from Figure 7 in [48].

Combining e ux-re ux fractions and TEF transports, a control volume can be
de ned for layer temperature along the fjord (Figure 2.2b). It is also bounded by two
cross-fjord sections S1 and S2, with no exchange at the sea surface. A third section
(S0) is de ned to understand the near-glacier properties and circulation. The layer
interface throughout the control volume is determined by the zero-crossing point of
the along-channel velocity pro le, which assumes a two-layer exchange. Following the
notation in Figure 2.2b, the equation for the temperature of the lower (saltier) layer

with a volume of V5 can be expressed as

T,
dt

At steady state (dTs=dt = 0), the expression of the lower-layer temperature

V= T8QP (L 2+ TiQY 11 TQT (2.3)

S

becomes o
_ Q1 22) + Te QU 1y

in
1

We can use the re ux part ( 11; 22) of the e ux-re ux together with the TEF

Ts (2.4)

calculations to determine both horizontal and vertical transports and deep-layer tem-

perature in the control volume. As we will show later, the exchange ow at the sill
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might be of secondary importance to water modi cation and exchange occurring else-
where, or the exchange ow might have three layers, and thus we are limiting the use
of this approach only to cases where there is a well-de ned two-layer exchange ow at
the sill.

2.4 Results
2.4.1 Base Case: First-Order Impacts of a Shallow Sill

To illustrate the rst-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
fiords under varying sill depths. Qg4 is set to 250m3s ! and drives the formation
of a buoyant plume, entraining ambient warm water while rising vertically along the
glacier front. This entrainment into the out owing plume is balanced by a return ow
of warm oceanic water at depth. The fjord reached a steady state in about a week. We
vary the sill-fjord-depth ratios hs=h from 0.04 to 0.12 to characterize the impact of
shallow sills on mass exchange between the fjord and the shelf, as well as the cooling
of deep oceanic water across the mouth of the fjord (Figure 2.3).

Increasingly shallow sills create strong mixing there, resulting in the cooling of
the warm oceanic layer owing toward the glacier. With no sill and the plume reaching
the surface bs=h = 1, Figure 2.3a), the out ow occupies the top 40 to 45n of the
water column in the fjord interior, and, as expected, the exchange between upper
and lower layers,Q;, is negligible. As the sill depth shallows H{s=hx = 0:12; 0:04,
Figure 2.3b, c), a front with increasingly steeper isopycnals and stronger ow develops
as the oceanic in ow accelerates over and down the slope after crossing the sill. Strong
mixing is observed in this region and results in the upper-layer out ow recirculating
before passing the sill, cooling the deep fjord as a result. In these shallow sill cases, the
lower-layer in ow 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 signi cant above 350 m.

The increased mixing with shallower sills in these two-layer cases is consistent
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Figure 2.3: Time-mean (averaged over the last 14 days of simulations) potential
temperature anomaly (with respect to an initial temperature of 10C).
All cases haveQsy = 250 m3s 1, and sill depth varies from (a)hs=h; =1,
(b) hg=hx = 0:12, and (c) hs=hx = 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 anomal®sm is the volume
ux of submarine melting.
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Figure 2.4: TEF transports (a) and re ux fractions (b) with varying sill depths. 1
and 2 denote the cross-fiord section on either side of the si@!" and
n denote the volume uxes of the water owing into the fjord, Q;
denotes the downward re ux, and ;; and ,, correspond to downward
and upward re ux fraction, respectively.

with well-understood fjord dynamics where the ow over the sill can reach a super-
critical condition that enhances downstream mixing [23]. Layer-averaged along-fjord
velocity and layer salinity are de ned asUypper, Uiower» @nd Sypper, Siower , respectively.

The Froude number, which is greater than 1 when the ow is supercritical, is

Uupper UIower
Fr = p—PP Eriower = Pl 2.5
upper g%upper lower m ( )

where g° = g% is the reduced gravity, and and h denote the density and
thickness of the upper and lower layers. In the base case simulations, the upper-layer
out ow remains subcritical, while the lower-layer Froude number reaches criticality
as hg=h falls below 0.06, indicating hydraulic control. The cooling of deep water
that results from the enhanced mixing and re ux over the sill can be diagnosed using
Equation 2.4 (Figure 2.5). With a minor (<4%) adjustment to the downward re ux
coe cient 13, the theory predicts the deep-water temperature with a coe cient of
determination of r? = 0:99. Both estimated and modeled results show that the deep

flord is 0.1 0.6 C colder than the shelf water, with shallower sills resulting in greater
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Figure 2.5: A comparison between the deep-water temperature anomaly{ Ts)
estimated from Equation 2.4.T!" is the temperature of incoming oceanic
water from the shelf. The re ux coe cient 4; is scaled up by 3.5%;
results are averaged over the last 14 days of simulations.

cooling (Figure 2.5).

While the volume transport from the ocean outside the fjord@Y') is drastically
reduced when the sill is shallower, this reduction is largely compensated for by the
increase in re ux into the incoming layer Q;). The near-mouth exchange uxes in
the shallowest-sill case {s=hx = 0:04, Figure 2.4a) are approximately 64% smaller
than in the no-sill case. Ashs=h; decreases from 0.12 to 0.04, the downward volume
transport Q, increases by a factor of 3. Across the shallow sill cases, the deep
incoming transports in the fjord near the sill QV', Figure 2.4a) and near the glacier
(not shown) remain largely unchanged as a result of the increased sill-driven re ux.
That is, while a shallow sill does result in strong cooling and reduction of the in ow of
oceanic water, it does not signi cantly change the strength of the circulation within the
flord itself. As the sill becomes shallower, the downward fraction;; increases nearly

linearly and is consistent with the variation of re ux Q,. As hs=h; decreases from 0.12
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Figure 2.6: Along-fjord distribution of the shelf water tracer age at the end time (day
60) of simulation. Qsy = 250 m3s *; black contours denote water density
anomaly.

to 0.04, Q, increases by about 5000n®s !, and at least 50% more of the out owing
water is re uxed into the deep layer. The upward re ux coe cient ,; is close to zero
in all these cases (Figure 2.4b).

The presence of the sill also impacts the response timescale of the fjord to shelf
variability (Figure 2.6). 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 (Figure 2.6a). As the sill becomes shallower and mixing near

the sill increases, the maximum intrusion depth in the fjord decreases as more of the
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lighter out ow is entrained into the in owing oceanic water. When comparing the
velocity and density pro les in Figure 2.6b and 2.6c, the intrusion depth of shelf water
decreases from about 35 to 250 m as the sill ratio hg=h; is reduced from 0.12 to
0.04. Consistent with circulation patterns, the tracer age is much lower within the

incoming ow than within the near-bottom layer.

2.4.2 Circulation and Cooling Regimes

The base run discussed in Section 2.4.1 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 ow is formed and strong control on
the exchange is exerted by the sill. However, a key di erence is that adding a deep
source of buoyancy at the head of the fjord results in signi cant subsurface mixing and
cooling of the lower layer. A buoyant plume formed by injection of freshwater at depth
and rising through a strati ed uid can result in the plume reaching neutral buoyancy
well below the surface. Strong strati cation 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 strati cation compete with the cooling to modulate
the modeled submarine melting rates.

A scaling for the heighth, that a plume generated by a point source of subglacial
discharge reaches can be estimated from [68]

he = ho(Ng) ** % - (2.6)

Based on buoyant plume theory [55], the terminal depth depends on the reduced
gravity of the plume g° denotedg] as it was evaluated at the grounding line with the
fresh plume density and a reference density. It also depends on the entrainment coe -
cient , here taken to be 0.1, and the ambient strati cationNZ. hg is a nondimensional

height related to the radius, velocity, and reduced gravity of the plume. We estimated
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ho from ve runs with Qsg =250 m?3s 1, using a xed temperature (10 C) and an
initial salinity increasing linearly in the vertical with a range that represents weakly
to strongly strati ed glacial fjords. Fitting the results to Equation (2.6) resulted in an
empirical coe cient of hg = 1:69 across this range of initial strati cation conditions.

The relative depth of the fjord h¢, the sill hg, and the initial height of the
plume h, (Equation 2.6) help de ne four circulation regimes that were evident in our
model runs. These are shown schematically in Figure 2.7 and further illustrated by
model snapshots in Figure 2.8. When the initial strati cation is relatively weak or the
subglacial discharge is relatively strong so that the plume reaches fjord surface and
h,=h =1, the circulation is characterized by the near-steady, two-layer exchange ow
that we described in the base case, where hydraulic control and the re ux of the cold
outgoing plume water into the lower layer are the dominant processes controlling the
cooling of the lower-layer temperature (Regime |, Figure 2.7a, Figure 2.8a). When
hp,=h < 1 (i.e., a subsurface plume) and,=(h;y hs) > 1 (i.e., the plume depth is
above the sill) a three-layer circulation regime is formed, with a subsurface freshwater
overlying oceanic in ow into the fjord (Regime Il, Figure 2.7b and Figure 2.8b). In our
runs, the surface layer above the outgoing plume showed a rather weak circulation, and
Regime Il was transient as the outgoing plume continued to mix and eventually reached
the surface, i.e., transitioning to Regime |. 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 strati cation. We note that as water properties and
strati cation evolve over time, the fjord circulation regime might shift, transitioning,
for example, from Regime Il to Regime | as the plume is initially trapped in the fjord
before eventually rising to the surface.

The circulation regimes that lead to the strongest deep cooling are Il and
IV, that is, when hy=(h;  hg) 1. In these cases, the freshwater plume cannot
exit the fjord, at least initially (Figure 2.7c,d, Figure 2.8c,d). Regime Il 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

21



Figure 2.7: Schematic of circulation regimes in shallow-silled glacial fjords. Brown
and black curves are approximate temperature pro les near the glacier
front and along-fjord velocity pro les 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 tem-
peratures. The sizes of the arrows indicate the relative magnitude of
transports. Parameters depicted include subglacial discharg®;), sub-
marine melting (Qsm ), deep-fjord temperature {Ts), and sill-driven re ux

(Qr).
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Figure 2.8: Snapshots of fjord circulation regimes (a-d) from side (left panel) and
plan (right panel) views. Black contours denote water density anomaly,
dashed white 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 Figure A.1 and Figure A.2.
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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 (Figure 2.8c). Some, but not all, of our
Regime Ill 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 con guration, the circulation resembles a reverse estuary, where the exchange
is either lateral or vertical (Figure 2.8d), but out ow 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 Il 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 " lling
box' [4], where the out owing plume progressively lls the basin downward from the
initial level of neutral buoyancy. In a linearly strati ed environment, the timescale for

a horizontal plume to ascend (or " Il the box') [11] can be estimated as

ta=0:12 **H,*°AB (2.7)

whereHo = h,=(2°%hy) is a characteristic length scale [55] proportional to the initial
plume heighth, in Equation 2.6, A is the horizontal cross-section area from the glacier
front to the sill, and B = ¢dQqq is the buoyancy ux of the plume. This approxima-
tion assumes that the contribution to B from submarine melting is negligible. The

nondimensional time can be obtained from

=2 7=3

2:4? (2.8)
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Figure 2.9: Ascending time (,) of the plume with increasing initial strati cation. (a)-
(d): Evolution of the vertical structure of along-fijord velocity near the
glacier front, with negative values toward the fjord mouth. Horizontal
dashed black lines show the maximum sill heighth{(=h = 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. (e): A comparison
between the plume ascending time estimated from theory and the model
output.

As the initial plume height h, decreases with the prescribed initial strati cation
increasing fromIN2 to 4NZ2, the plume takes longer to reach the crest of the sill
(Figure 2.9a-d). Equation 2.7 gives a reasonable estimate of the timescale for the
plume rising to the sill level and leaving the fjord (Figure 2.9¢), ranging from less than
10 days to about 6 weeks. While the initial strati cation leading to these estimates is
prescribed, this suggests that Regime Il cases can last for a signi cant period.

In summary, we nd that for cases where the circulation regime is dominated by
a two- or three-layer exchange ow above the sill depth (Regimes | and Il), with in ow
from the ocean at depth, the dynamics of sill-driven mixing and re ux 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
(Figures A.3, A.4). When strong strati cation or weak subglacial discharge results in

an out owing plume that is deep relative to the sill, as in Regime Ill, cooling of the
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deep fjord is not caused by sill-driven advection and mixing, but by the continuous
removal of heat from the deep layer of the fjord that cannot be replaced by an oceanic
inow. 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.

2.4.3 The Competing Impacts of Deep Strati cation and Temperature
Changes on Submarine Melting

While the sill restricts the in ow of warm oceanic water to the fjord and re ux
from the freshwater plume results in cooling of the deep water near the glacier, sub-
marine melting is often larger in runs with shallow sills compared to equivalent no-sill
runs. Submarine melting Qsm) was slightly higher with shallow sills in our base case
(Figure 2.3) and consistently so in the cases discussed in Section 2.4.2, wi@gg
decreased for all cases as the linear strati cation increased, but it was also lower for
the no-sill casesltis=h =1, Figure 2.10).

The perhaps counterintuitive result of submarine melting increasing as deep
cooling is enhanced by shallow sills can be understood by considering that sill pro-
cesses also decrease strati cation, which has the opposite e ect on submarine melting.
This competition is illustrated in Figure 2.11, which shows the evolution of near-glacier
temperature and strati cation for two cases with the same initial and forcing condi-
tions other than the presence of a shallow sill. But for a brief period at the start of
the shallow sill run (Figure 2.11a,b), both cases are examples of Regime |, where a sur-
face out ow is generated. When there is no silligc=h = 1), the melting (Figure A.5),
fjord temperature, and strati cation remain nearly constant throughout the simulation
(Fig. 2.11b, d). With a shallow sill (hs=hx = 0:04), however, cooling is overwhelmed
by the collapse of strati cation in the deep water to increase submarine melting, par-
ticularly after 30 days or so (Figure A.5). During that period, the fjord temperature
dropped as expected from the cooling e ect of sill-driven re ux (Figure 2.11a). Mean-

while, the fjord strati cation became signi cantly weaker due to strong mixing with
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Figure 2.10: Impact of shallow sill vs. fjord strati cation on near-glacier temperature
and submarine melting; results are averaged over the last 14 days of each
simulation.

the re uxed plume out ow and the sill impeding the in ow of denser shelf waters into
the fjord (Figure 2.11c).

The competition between the decrease in strati cation and cooling driven by the
presence of the sill is further illustrated in Figure 2.12, which showd,, as a function of
initial strati cation and fjord temperature. Qs is proportional to T, (N?) 5%, where
Ta = Ta  Tpis the divergence between the modeled ambient temperattfg and the
freezing temperature of seawatef, [68]. We used a linear t (Figure A.6) to nd the
constant of proportionality between the modeled)s,, 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 model@g,.

Consistent with Figure 2.11, the results indicate that the lowering of deep-
water strati cation 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 strati cation (e.g., Jorge Montt in Patagonia) might be an example
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Figure 2.11: The evolution of near-glacier temperature (a, b) and near-glacier strat-
i cation (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.

of this outcome, while Greenland fjords where the ambient waters are relatively cold
might be less so. From considering the relative changes Tg: (N?) 5 with respect
to N2 and T, we would expect that the change in deep temperature Ty (i.e., the

change in deep temperature across the sill caused by the presence of the sill) must

5Tyt
8N 2

equivalent and competing change in strati cation across the sill.

exceed N2 to generate a net increase in submarine melting. AndN?2 is the

Our results indicate that the impact of shallow sills on submarine melting in
glacial fjords depends on the competition between cooling and the decrease in strati ca-
tion 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 im-
pact of tidal currents, which can be an important source of mixing in fjords, is briey

explored next.

2.4.4 The Impact of Tides

Tides are another important process that modulates the circulation and mixing
rates in fjords. We ran 10 additional simulations with a shallow sill con guration
(hs=hx = 0:04;0:12) and varying tidal amplitudes at the eastern boundary of the

model (see Section 2.3) to force a range of tidal velocities at the sil);] relative to
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Figure 2.12:

Dependence of submarine melt on fjord strati cation and thermal forc-
ing with a constant subglacial discharge 0Qs, = 250 m®s 1. Cases
with the same initial temperature (2 C, 6 C, 10 C) and strati cation
(INZ;2N2;3NZ;4N32) but no or shallow sill are connected by dotted
white lines. The sizes and colors of the markers represent the magni-
tude of Qg for each run. The background contours correspond to the
scaling of Qs based on(T4 )(N?) 5= with an added proportionality
constant calculated from the model output (Figure A.6). The results
are averaged over the last 14 days of each simulation, corresponding
to circulation regimes determined by initial strati cation (INZ&2NZ2:
Regime I;3N2: Regime II;4NZ: Regime IV). The red boxes highlight
approximate observed ranges of glacial fjord properties from Patago-
nia (Jorge Montt; [52]), Alaska (LeConte; [36]), and West Greenland
[28, 54].
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Table 2.2: Tidal-exchange-velocity ratio (J;=U), downward re ux over the sill (Q;),
downward re ux fraction ( 11), upward re ux fraction (), submarine
melting (Qsm), mean temperature {T), and strati cation ( N?) near the
glacier front for tidal experiments with Qsg = 250 m3®s * and hg=h =

0:04.

U=U Qr (m’sh) 11 (%) 2(%) Qwm(m’s?’) T(C) N?°( 10°s?)
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

the exchange owU.. U, is estimated at the sill from harmonic analysis [17].Ue is

estimated from

Qe
A =2

where Q. is the exchange ow transport de ned as(Qout + Qin)=2, Qin and Qg are

(2.9)

positive, andAgj, is the cross-channel area at the sill crest. In the tidal simulationg);
ranges from 0.1 to Ins !, and U, is nearly constant, ranging from 0.13 to 0.1&s 1.
The sill-driven re ux Q,, deep-fijord temperatureTs, and submarine melting with and
without tidal forcing are summarized in Table 2.2. The results are averaged over the
last 14 days of simulations.

Increasing tidal forcing leads to a reduction in the downward re ux fraction
and an increase in the upward re ux fraction, with varying impacts on the downward
re ux Q,. The out ow increases with stronger tidal forcing due to enhanced exchange
ow along the fjord, particularly as the tidal velocity exceeds the exchange velocity
(Ui=U, > 1). The increase in the upward re ux fraction ( »;) with tides re ects
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, between 0.7
and 1.3, the small changes in re ux magnitude did not have a meaningful impact on
the strati cation, deep-water temperature, or submarine melting. The strongest tidal

forcing case we ran did result in the weakening of strati cation and a warmer fjord
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compared to the other cases (Figure A.7), which is re ected in the highest melting
rate. The warm out ow in this case is also enhanced by the upward entrainment ux
and gets largely ¢ 50%) re uxed into the deep fjord. Overall, the decrease in the re ux
fraction is consistent with the results from the study at LeConte, Alaska [29], but fully

understanding the impact of tidal forcing in these systems requires further study.

2.5 Discussion
2.5.1 Application to Realistic Fjord Systems

The sill re ux process described above has been discussed in observational stud-
ies 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 [27]. At Godthabsfjord, Greenland, the summer surface water in the sill
region was observed to reach the glacier terminus at depth, with the subsurface fresh-
water fraction increasing from winter (3%) to summer (10%) [53]. These studies high-
lighted a mixing process at the sill that resembles the re ux of glacial freshwater that
we focus on here. Most recently, observations in LeConte Bay, Alaskas€h = 0:06),
showed that 50% to 75% of the summer in ow was composed of re uxed plume-driven
out ow [29]. This range is comparable to our base case simulations (Figure 2.4Db).

The circulation regimes identi ed here (Figure 2.7) 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 owing away from the glacier
is blocked by the sill (Regime IIl) or barely reaches the sill level (Regime 1V), 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 [53], Alaska [29],
and Patagonia [52] show intense subglacial discharge and surface or subsurface plume
out ow as in Regimes | and Il (Figure 2.7a, b). With stronger ambient strati cation or
weaker winter subglacial discharge, buoyant plumes enter the fjord at depth, forming an

out ow that intersects the sill or is mostly blocked by it [12, 28], resembling Regime llI
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(Figure 2.7¢), in which case the blocked out owing plume is expected to progressively
cool the deep fjord. In the fall-winter circulation regime at LeConte Bay, Alaska [29],
the reduced freshwater out ow could be blocked by a shallow sill, recirculated as in
Regime Il1l. In that system, however, strong tidal currents also play an important role
in exchange across the sill. We were unable to nd published reports on Regime IV
(Figure 2.7d), perhaps because this circulation could quickly transition to Regime Il
or . Because Regimes Ill and IV re ect an unsteady state for the temperature and
strati cation 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 simpli ed model con guration ignores what are possibly key processes that
modulate both the re ux process and its impact on the heat supply to the ice. While
we briey explored the tidal variability, the reason for the reduction of the re ux
fraction under stronger tidal currents, also reported by another study [29], is not well
understood. Wind forcing is a well-known factor in uencing the exchange between
glacial fjords and the open ocean [40, 51, 75]. Finally, we did not fully explore how
more realistic shelf properties, multiple sills, or di erent fjord widths could in uence
the processes investigated here. However, we believe that the regimes discussed above

still provide a useful framework to move forward.

2.5.2 Implications for Glacial Melt

Our results show that the downward transport of out owing glacial freshwater
at the sill cools the fjord, which is consistent with previous studies. Although the
sill-fiord-depth ratio hs=hs has a signi cant impact on the downward re ux fraction
(Figure 2.4b), the magnitude of re ux 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 out ow, the sill-driven re ux may have reduced
or increased heat transport to the glacier. For example, numerical experiments [29]
found that the warmest surface water during the summer was re uxed and transported

to the terminus of the LeConte Glacier, enhancing heat supply and submarine melting.
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One key result from our study is that the presence of a sill leads to a decrease
in both temperature and strati cation of the deep in ow, with opposing e ects on
the rate of submarine melting. In our simulations, the strati cation e ect is generally
greater than the cooling e ect, leading to higher submarine melting for shallow-sill
cases. However, several caveats should be noted: rst, our results depend on the
erosion of fjord strati cation 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 strati cation 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 [52]. Despite this complexity, our results highlight the
importance of understanding the processes controlling not only deep-water temperature
but also strati cation in these systems.

Ambient melting is likely too small in our study, given that observations show
that it can be a signi cant fraction of the total submarine meltwater ux [37]. Mod-
eling shows that these background melt plumes also entrain fjord waters and intrude
into the fjord after reaching neutral buoyancy [49]. The coe cients used in submarine
melt parameterization are derived from studies on ice shelves [19], so the dynamics and
morphology in the near-ice zone could be substantially di erent in tidewater glaciers
[36]. Estimates of near-glacier fjord circulation also show that the point-source repre-
sentation of plume geometry is likely to underestimate entrainment and plume-driven
melt [38]. Despite these important caveats, the fundamental dynamics that lead to re-
tention of meltwater and resulting unsteady circulation regimes and property budgets
in shallow-silled fjords, the competing e ects of cooling and destruction of strati cation

of the sill on melting rates, and the importance of re ux processes at the sill are likely
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to be at play in real systems even as improved models that include background melting

and other processes are developed.

2.6 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 nd
four circulation regimes that depend on the ratios of the sill depths, the fjord depth
h¢, and the depth of the meltwater plume depthh,. In the rst two regimes, the
outgoing meltwater plume ows above the sill, either at the surface (1) or below it (Il),
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 (11l) 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
awed, at least in some cases. The duration of unsteady Regime Il 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 Il) and the melt-
water plume exits the fjord, strong vertical exchange (re ux) is induced over the sill.
The exchange is dominated by the downward transport of cold out ow from the upper
layer to the warm in owing water from the ocean, thus contributing to a signi cant
recirculation within the fjord. With a sill depth of hs=h; = 0:04, about 70% of the
plume-driven out ow is re uxed to depth. Critically, we nd that the presence of the

sill results in the reduction of both the deep-fijord temperature and strati cation near
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the glacier terminus, which have opposite e ects on the glacial melt rate. In our sim-
ulations, the strati cation e ect tended to dominate, resulting in higher melting even
though the incoming ocean water was cooled at the sill. However, recent observational
studies [36, 37] 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 quanti ed 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 signi cantly mod-
ulates the circulation and deep-water properties (temperature and strati cation being
the most critical) in shallow-silled glacial fjords. The relative depth of the plume out-
ow, the fjord, and the sill provides a useful framework to characterize the circulation

and heat transport patterns in these systems.
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Chapter 3

FRESHWATER DYNAMICS AND FJORD CONDITIONS:
IMPLICATIONS FOR SUBMARINE MELTING AT JORGE MONTT
GLACIER, PATAGONIA

3.1 Abstract

Proglacial fjords are critical regions where tidewater glaciers interact with the
ocean, signi cantly in uencing glacier retreat rates and the o shore transport of fresh-
water. This study investigates the freshwater dynamics at the rapidly retreating Jorge
Montt Glacier in Patagonia and calculates the freshwater uxes to examine how fjord
conditions in uence submarine melting. Based on multiyear oceanographic observa-
tions, including shipboard surveys and a full-year mooring array, our analysis reveals
that the shallow sill at Jorge Montt Fjord drives a signi cant re ux of glacial freshwa-
ter, leading to the cooling and freshening of the deep in ow as it progresses towards
the glacier. Furthermore, we nd that submarine melt rates at Jorge Montt Glacier are
strongly dependent on fjord strati cation, with higher melt rates occurring during peri-
ods of weaker strati cation, despite the cooling e ect of the sill. These results highlight
the complex interplay between freshwater inputs, strati cation, and submarine melt-
ing in shallow-silled fjords. Our study demonstrates the importance of considering the
fiord conditions, particularly the competing e ects of temperature and strati cation,

in understanding and predicting glacier retreat in response to environmental changes.

3.2 Introduction
As discussed in Chapter 2, the rapid retreat and mass loss of tidewater glaciers
worldwide have signi cant implications for global sea level and climate dynamics. In

this scenario, the Patagonian Ice Fields (PIF) the largest temperate ice bodies in the
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southern hemisphere [2, 15] serve as crucial indicators of ocean and climate changes.
Over the last few decades, the vast majority of the outlet glaciers in the PIF have
retreated dramatically, losing mass at a rate equivalent to 0.067 mmyr ! of seal
level rise [81]. Among the processes that lead to ice loss and glacier retreat in both
Patagonia and around the world, the ocean plays an important role by modulating the
heat supply to glaciers [52, 76], the accumulation and removal of sediment in the ocean
near the ice [10], and by its motion that destabilizes and breaks ice [8].

While the global signi cance of ice-ocean interactions is increasingly recognized,
speci c regional studies, particularly in Patagonia, remain limited. In such regions,
the widespread retreat of glaciers signi cantly impacts global sea levels and regional
ecosystems [52, 53, 56]. However, we know little about the properties and dynamics of
the fjords where the glaciers calve. At the glacier front, the melt rates are determined
by ambient water properties, which are strongly in uenced by along-terminus plumes
fed by the freshwater uxes of subglacial discharge and/or submarine melt [73]. In
particular, submarine melt can trigger glacier acceleration, thinning, and retreat [57,
76, 82]. Given the scarcity of direct measurements, theory and numerical models
estimate submarine melt as a function of subglacial discharge and fjord conditions
[19, 41, 55, 68]. Additionally, extensive studies have shown that fjord properties and
dynamics are modi ed by shallow sills [3, 6, 29, 35], which are common topographical
features in Patagonia, Alaska, and other areas. Although previous observations have
revealed the strong modulation of wind and warm water intrusion on the heat supply to
a Patagonian glacier, it is still unclear how freshwater transport and local topography
impact fjord circulation and how in-fjord conditions a ect the glacial melt.

In this study, a series of oceanographic observations were collected throughout
2015 2016 in the fjord adjacent to Jorge Montt Glacier, a rapidly retreating glacier
in the Southern Patagonian Ice Field (SPIF). One of our objectives is to investigate
the impact of freshwater discharge and shallow sill on circulation and hydrographic
structure within the Jorge Montt Fjord. Combined with estimates of submarine melt,

we also examine its dependency on fjord conditions, particularly strati cation. In
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the following sections, we present the data and methods used for analysis, a brief
geographical summary of the study site, and our main results, followed by discussion

and conclusions.

3.3 Jorge Montt Glacier and Fjord

Jorge Montt Glacier (73 30W, 48 3(’S), located at the northern tip of the SPIF,
showcases the area's dynamic environmental changes with its dramatic ice loss and
changing fjord geography. This glacier has undergone signi cant retreat and mass loss
throughout the 20th and into the 21st century, retreating over 2km since 1898 [64],
and marking one of the most pronounced withdrawals among the major glaciers in the
SPIF [65]. From 1983 to 2011 alone, the glacier receded approximately 10kéd, with
annual retreat rates uctuating markedly [64]. Between 2011 and 2018, it retreated
2.7 km and thinned at rates of up to 21myr 1, driven by sustained frontal retreat,
high ice velocities, and strong calving [9]. The retreat of Jorge Montt Glacier resulted
in substantial ice and freshwater discharge into its proglacial fjord, with an annual ice
ux of 2.4 km? [63] and the subglacial discharge oscillating aroundkin®yr ! during
the 2012 2017 period [9].

The fjord itself, a complex S-shaped system that extends about Rén from the
glacier terminus to a shallow sill near an island, connects to the Gulf of Penas through
the 130km long Baker Channel (Figure 3.1). Its bathymetry, rst mapped in detall
during an oceanographic cruise in 2010 [64], reveals a dual subbasin structure: the
inner (proximal) basin reaches depths up to approximately 36 and stretches 1km
from the glacier, separated from the outer basin by an 8 sill. The outer (distal)
basin, shallower with typical depths of 100 120n, extends 7km from the midfjord sill
to the shallow v-shaped sill at its mouth. The outer sill has a maximum depth of 4%,
which facilitates the main exchange with the Baker Channel, but limits deep-water

interchange.
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