Generated using the official AMS IATEX template—two-column layout. FOR AUTHOR USE ONLY, NOT FOR SUBMISSION!

JOURNAL OF PHYSICAL OCEANOGRAPHY

Geometric Constraints on Glacial Fjord-Shelf Exchange

KEN X. ZHAO*, ANDREW L. STEWART, AND JAMES C. MCWILLIAMS

Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles,
Los Angeles, California

ABSTRACT

The oceanic connections between tidewater glaciers and continental shelf waters are modulated and con-
trolled by geometrically complex fjords. These fjords exhibit both overturning circulations and horizontal
recirculations, driven by a combination of water mass transformation at the head of the fjord, variability on
the continental shelf, and atmospheric forcing. However, it remains unclear which geometric and forcing
parameters are the most important in exerting control on the overturning and horizontal recirculation. To ad-
dress this, idealized numerical simulations are conducted using an isopycnal model of a fjord connected to a
continental shelf, which is representative of regions in Greenland and the West Antarctic Peninsula. A range
of sensitivity experiments demonstrate that sill height, wind direction/strength, subglacial discharge strength,
and depth of offshore warm water are of first-order importance to the overturning circulation, while fjord
width is also of leading importance to the horizontal recirculation. Dynamical predictions are developed and
tested for the overturning circulation of the entire shelf-to-glacier-face domain, subdivided into three regions:
the continental shelf extending from the open ocean to the fjord mouth, the sill-overflow at the fjord mouth,
and the plume-driven water mass transformation at the fjord head. A vorticity budget is also developed to
predict the strength of the horizontal recirculation, which provides a scaling in terms of the overturning and
bottom friction. Based on these theories, we may predict glacial melt rates that take into account overturn-
ing and recirculation, which may be used to refine estimates of ocean-driven melting of the Greenland and

Antarctic ice sheets.

1. Introduction

The melting at the margins of the Greenland Ice Sheet
(GrIS) and Antarctic Ice Sheet (AIS) has accelerated in
recent years. Near many marine-terminating glaciers in
Greenland, the submarine melt rate outweighs the contri-
bution from surface runoff (Straneo and Heimbach 2013).
The postulated main cause of the recent accelerated melt-
ing of the GrIS is the warming of the East and West Green-
land currents that influence the water mass properties at
the termini of tidewater glaciers (Wood et al. 2018). Sim-
ilar accelerated melting of the AIS is likely due to greater
heat fluxes supplied to the ice shelf cavities by the Circum-
polar Deep Water currents (Rignot et al. 2013; Cook et al.
2016).

In recent decades, the melting of the GrIS contributed 1
mm/yr in global sea level rise on average and this contribu-
tion is accelerating and has the potential to contribute over
7 m total (Portner et al. 2019). The West Antarctic Penin-
sula, which is a small sector of the AIS with glaciers that
terminate in fjords, contributes approximately 0.2 mm/yr
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in global sea level rise (Pritchard and Vaughan 2007). A
major implication of the accelerated ocean-driven melting
of marine-terminating glaciers in these two regions is the
retreat of ice sheets, which along with calving and other
ice sheet processes may lead to thinning of the outward-
flowing GrIS and AIS (Seroussi et al. 2011).

Fjords abutting marine terminating glaciers have also
been studied in regions other than the GrIS and West
Antarctic Peninsula: the Canadian Arctic Archipelago,
which is occasionally grouped with the GrIS and accounts
for 9% of the freshwater flux anomaly in Baffin Bay (Bam-
ber et al. 2018); the Patagonia Ice Field (Moffat 2014);
Alaska (Sutherland et al. 2019); and Svalbard (Jakacki
et al. 2017). In these regions, the fjord circulation has
implications for physical and biogeochemical ocean prop-
erties and potentially regional ice sheet cover and albedo,
but are not important contributors to sea level rise due to
the smaller ice sheet volumes.

The oceanic exchange flows between fjords and the
continental shelf constrains the ocean-driven melting of
the GrIS and West Antarctic Peninsula glaciers. Al-
though progress has been made in understanding the over-
all sensitivity of ice sheet melt to atmospheric and oceanic
forcing (see Straneo and Cenedese 2015 and references
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FIG. 1. Bathymetry around Greenland and zoomed-in panels
of six major Greenlandic fjords with ice sheet extent (shown
in gray). The data shown is from Bedmachine V3 (Morlighem
et al. 2017).

therein), the translation of open ocean and fjord conditions
to glacial melt rates is not well understood.

To better understand how fjords connect the open ocean
to marine-terminating glaciers, recent idealized and re-
gional modeling investigations have explored the con-
straints of the fjord-to-shelf circulation. Previous stud-
ies either use 2D simulations and do not account for ro-
tational effects (e.g., Gladish et al. 2015, Sciascia et al.
2013, and Xu et al. 2012), or use 3D simulations but fo-
cus on specific processes such as winds (Spall et al. 2017),
coastally-trapped waves (Fraser et al. 2018), and the wave-
influenced fjord response to shelf forcing (Jackson et al.
2018). The effect of varying multiple parameters in a 3D
fjord setup, e.g., sill height, tides, and wind forcing, was
examined in Carroll et al. (2017). This study concluded
that sill depth compared to the grounding line depth is a
primary control on fjord overturning and renewal, which
is amplified by both winds and tides. Carroll et al. (2017)
also finds that horizontal recirculation is stronger for wider
fjords, which influences the fjord stratification. However,
in general, there remains a lack of theoretical constraints
to predict the leading-order dynamics of fjord circulation:
the fjord-to-shelf overturning circulation and the horizon-
tal recirculation. Many of these previous numerical stud-
ies examine the sensitivity of the overturning circulation
to various fjord parameters, but horizontal recirculation is
rarely discussed and there are no existing theories to pre-
dict its strength.

To fill this gap, in this study we present numerical so-
lutions of an idealized model, supported by dynamical
theories of fjord-to-shelf overturning circulation and the
horizontal recirculation in the fjord interior. The main
difference between this study and its closest predecessor

(Carroll et al. 2017) are that it allows the development
of a freely-evolving shelf circulation and coastal current
which interact with the fjord circulation. Including this
requires our model experiments to be run for 5 years to
fully equilibrate the shelf circulation and coastal current
adjacent to the fjord. We also test additional parameters in
the sensitivity experiments to include more parameters of
leading-order importance to the fjord overturning and re-
circulation. This expanded exploration of parameter space
allows us to develop and test simple, but comprehensive
dynamical theories for the overall fjord-to-shelf overturn-
ing circulation and the horizontal recirculation in the fjord
interior.

In Sect. 2, we present the model configuration and de-
scribe the setup and phenomenology of a reference sim-
ulation. In Sect. 3, we explore the dependencies of the
overturning circulation and horizontal recirculation on six
key geometric fjord and forcing parameters. In Sect.
4, we develop theoretical constraints for the overturn-
ing circulation/warm-water inflow in three regions of the
shelf-to-glacier-face domain: the continental shelf, the
fjord mouth sill, and the fjord head. Piecing together the
theories of these three regions yields an overall overturn-
ing prediction in terms of the parameters explored in Sect.
3, which is supported by the simulation results. In Sect. 5,
we present a theory for the recirculation strength within
the fjord using the vorticity budget, which is also sup-
ported by simulations diagnostics. In Sect. 6, we discuss
additional fjord phenomena observed in our simulations:
the onset and effect of hydraulic control at the sill and fjord
mouth, low-frequency variability manifesting as periodic
fjord flushing, and high-frequency submesoscale variabil-
ity in the fjord and coastal current. In Sect. 7, we discuss
the major implications of including the fjord circulation in
glacial melt rate estimates, summarize our findings, and
provide concluding remarks.

2. Idealized Fjord-to-Shelf Model

The design of our model setup is primarily motivated
by Greenland’s fjords and continental shelf, but the results
from the simulations are likely useful towards understand-
ing fjord circulation in the West Antarctic Peninsula and
other regions. Fig. 1 shows the bathymetry around Green-
land with zoomed-in panels of bathymetry and ice-sheet
extent near six major Greenlandic fjords that are amongst
the most observed (Morlighem et al. 2017).

We aim to capture only a few salient geometric fea-
tures in our idealized model configuration. They are of-
ten long, narrow, deep submerged glacial valleys that con-
nect to continental shelves hundreds of meters shallower.
Some fjords have a shallow sill either near the mouth of
the fjord or between the fjord interior and the open ocean






