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ABSTRACT: Meltwater from the Greenland Ice Sheet can alter the continental shelf/slope circulation and cross-shelf
freshwater fluxes and limit deep convection in adjacent basins through surface freshening. We explore the impacts on the
West Greenland Current and eastern Labrador Sea with different vertical distributions of the meltwater forcing. In this
study, we present the results from global coupled ocean/sea ice simulations, forced with atmospheric reanalysis, that are
mesoscale eddy-active (~2-3-km horizontal spacing) and eddy-permitting (~6-7-km horizontal spacing) in the study re-
gion. We compare the West Greenland Current in mesoscale eddy-active and eddy-permitting without meltwater to high-
light the role of small-scale features. The mesoscale eddy-active configuration is then used to assess the change in the
eastern Labrador Sea when meltwater is added to the surface or vertically distributed to account for mixing within fjords.
In both simulations with meltwater, the West Greenland and West Greenland Coastal Currents are faster than in the simu-
lation with no meltwater; their mean surface speeds are the highest in the vertical distribution case. In the latter case, there
is enhanced baroclinic conversion at the shelf break compared to the simulation with no meltwater. When meltwater is ver-
tically distributed, there is an increase in baroclinic conversion at the shelf break associated with increased eddy kinetic en-
ergy. In addition, in the eastern Labrador Sea, the salinity is lower and the meltwater volume is greater when meltwater is
vertically distributed. Therefore, the West Greenland Current is sensitive to how meltwater is added to the ocean with im-
plications for the freshening of the Labrador Sea.

SIGNIFICANCE STATEMENT: Our goal is to understand how the flux of freshwater across the West Greenland
continental slope into the Labrador Sea is modified by meltwater from the Greenland Ice Sheet. We compare the simu-
lations of the ocean that capture key dynamics along the West Greenland continental slope that have no meltwater,
meltwater added to the ocean surface, and meltwater distributed vertically to represent the mixing within fjords. When
meltwater is added, the currents along the continental slope are faster, with the greatest increase when meltwater is ver-
tically distributed. In that case, there is enhanced freshening of the Labrador Sea because modified density gradients
generate more eddies. Proper representation of the vertical structure of meltwater is important for projecting the im-
pact of freshwater on the subpolar North Atlantic.

KEYWORDS: Continental shelf/slope; North Atlantic Ocean; Mesoscale processes; Mesoscale models; Ocean models

1. Introduction the Greenland Ice Sheet (GIS). The possibility of GIS melt-
water reducing deep convection and subsequently weakening
the AMOC depends on meltwater crossing the continental
shelf break and entering the deep basin where deep water for-
mation occurs.

Deep water formation has been observed in the Labrador
Sea, Irminger Sea, and Nordic seas (Petit et al. 2020; Chafik

Projections of the future climate under anthropogenic forc-
ing have indicated the potential for a decline in the Atlantic
meridional overturning circulation (AMOC) strength, in part,
as a result of freshening of the subpolar North Atlantic; see
Weijer et al. (2019) for a review of this topic. Freshening of
the subpolar North Atlantic could be the result of a slowdown and Rossby 2019; Desbruyéres et al. 2019). The results of

of the AMOC itself (a salt-advection feedback), increased the Overturning in the Subpolar North Atlantic Program

freshwater export from the Arctic Ocean, or mass loss from (O-SNAP) (Lozier et al. 2019; Desbruyéres et al. 2019) and

other recent observations (Chafik and Rossby 2019) have fur-

thered a shift away from the paradigm of deep convection

and North Atlantic Deep Water (NADW) formation occur-

? Supplemental information related to this paper is available at  ring primarily in the Labrador Sea. These observations cover

the Journals Online website: https://doi.org/10.1175/JPO-D-23- a relatively short period considering the long time scales asso-
0102.s1. . . o .

ciated with AMOC variability and stand in contrast to ocean

modeling studies showing that deep convection in the Labra-
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FIG. 1. Schematic of circulation in the Labrador Sea; isobaths are
plotted at 400, 800, and 3000 m. Major currents are labeled: EGC/IC,
WGC, WGCC, and Labrador Current (LC). The deep convection re-
gion is shown in purple. CFW and CD are indicated by blue dots.
The high eddy kinetic energy region is indicated by the black rectan-
gle (defined as 60°-62.5°N and 50°-55.5°W). Irminger Rings (IR;
yellow) are shown in this area. The west Greenland shelf break is
shown in dark blue (southern shelf break) and red (northern shelf
break). The boundary of the eastern Labrador Sea control volume is
shown in gray. Schematic is after Holliday et al. (2018) with additions
from Sutherland and Pickart (2008), Havik et al. (2017), Rossby et al.
(2018), Rieck et al. (2019), Pacini et al. (2020).

The complex currents of the subpolar North Atlantic provide
the source water from the subtropics to these deep water for-
mation sites.

Warm, saline water from the subtropics is advected north-
ward from the Gulf Stream in the North Atlantic Current
(NAC). The eastern branches of the NAC extend into the
Nordic seas, and the western branches form the Irminger Cur-
rent (IC) (Holliday et al. 2018). The IC retroflects south of
the Denmark Strait and flows south along the Greenland
continental shelf break. The East Greenland Current (EGC)
flows southward along the shelf break from Fram Strait to
Cape Farewell (CFW in Fig. 1), transporting relatively cold
freshwater and sea ice from the Arctic. The weaker and nar-
rower East Greenland Coastal Current (EGCC) is present
onshore of the EGC both north and south of the Denmark
Strait (Havik et al. 2017; Sutherland and Pickart 2008; Foukal
et al. 2020). South of the Denmark Strait, the EGC is inshore
of the IC; at Cape Farewell, the EGC and IC merge and turn
northward to flow along the western Greenland shelf, forming
the West Greenland Current (WGC). The EGCC remains
farther onshore and becomes the West Greenland Coastal
Current (Pacini et al. 2020). The WGC meanders and produ-
ces eddies near Cape Desolation (CD in Fig. 1) (Pacini and
Pickart 2022). Irminger Rings are large (30-60 km) and long-
lived (1-2 years) and are shed from the WGC near Cape
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Desolation where steep bathymetry produces instabilities
(Eden and Boning 2002; Chanut et al. 2008). These eddies
could have a restratifying effect on the Labrador Sea (Chanut
et al. 2008), although it is possible that they do not travel far
enough south to interact with the convective region (Rieck
et al. 2019).

However, eddy advection has been shown to contribute
to the transport of freshwater off the southwest Greenland
continental shelf (Katsman et al. 2004; Bracco et al. 2008;
de Jong et al. 2014). This transport has also been linked to
Ekman transport (Luo et al. 2016; Schulze Chretien and
Frajka-Williams 2018) in both modeling and observation-
based studies. Late summer and early autumn have been
identified in several studies as the peak period of off-shelf
freshwater transport (Castelao et al. 2019; Gou et al. 2021;
Majumder et al. 2021). In an ocean model with a horizontal
spacing of 2.5 km, winds drove the off-shelf transport of melt-
water at the shelf break (500-1000 m), while the large-scale
circulation and eddies advected the meltwater farther into the
deep basin (Castelao et al. 2019). A comparison of 1/12° and
1/4° simulations showed that polar water is exported out of
the boundary current system along the West Greenland Shelf
in both simulations, with a significant increase in the amount
of polar water transported offshore at higher resolution
(Pennelly et al. 2019). The pathways and spread of meltwater
specifically in the subpolar North Atlantic have been explored
with ocean models using passive tracers. In a pair of ocean
simulations where mesoscale eddies were either explicitly re-
solved or parameterized, Dukhovskoy et al. (2016) found that
in the simulation with parameterized eddies, the transport of
meltwater into the interior basin was lower.

The pathways of meltwater from specific portions of the
GIS have also been explored. Luo et al. (2016) estimate that
50%—-60% of runoff from southeast Greenland enters the
northern Labrador Sea in a 2.5-km eddy-resolving ocean model.
This is consistent with Gillard et al. (2016) who found that melt-
water from West Greenland tends to enter Baffin Bay, while
melt from East Greenland generally enters the Labrador Sea.
Similarly, the results from a noneddying 2.4° ocean model
showed that the AMOC is most sensitive to the addition of
meltwater on the East Greenland continental shelf (Yu et al.
2016). While these studies have addressed how the regional
distribution of GIS meltwater impacts its pathways, the role
of the vertical distribution has not been clearly addressed.

Glacial fjords connect the GIS to the continental shelf and
are locations where both solid discharge and liquid runoff can
enter the ocean. In general, fjords are long (50-100 km), nar-
row (5-10 km), and deep (hundreds of meters), but each has a
unique geometry that is important for its dynamics (Straneo
and Cenedese 2015; Carroll et al. 2016). As a result of the
multitude of mixing processes within fjords, ice sheet runoff is
modified before it is exported out of the fjord producing a wa-
ter mass typically referred to as “glacially modified water.”
Observations from Beaird et al. (2018) show that glacially
modified water exported from Sermilik fjord was comprised
of 88% Atlantic Water (see also Beaird et al. 2015, 2017) and
that this water mass was observed in the upper 200 m of the
fjord (Beaird et al. 2018). Icebergs that calve off the front of
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the glacier terminus also distribute meltwater at depth as they
melt within fjords (Moon et al. 2018). All these processes are
unresolved within global models and not accounted for when
meltwater is added to just the surface of the ocean model.

In this paper, we investigate the impact of the vertical mix-
ing of GIS meltwater on the circulation and stratification at
the West Greenland Shelf break, which leads to changes in
mesoscale eddy generation and the amount of salt fluxed into
the Labrador Sea. Mesoscale features must be explicitly repre-
sented in this region to understand these impacts. To demon-
strate how horizontal grid spacing impacts the representation of
these features, we first compare global coupled ocean/sea ice
simulations without GIS meltwater that are either mesoscale
eddy-active (~2-3-km horizontal spacing) or eddy-permitting
(~6-7-km horizontal spacing) in the study region. Next, we use
the mesoscale eddy-active ocean/sea ice model with two differ-
ent meltwater release configurations to investigate the changes
in the eastern Labrador Sea. We find that vertically distributed
GIS meltwater leads to increased baroclinic conversion and a
greater volume of meltwater in the eastern Labrador Sea, com-
pared to the case where meltwater is added only to the surface.

Four forced global coupled ocean/sea ice simulations are
used in our sensitivity study. In section 2, descriptions of the
model setups and GIS meltwater forcing are provided, as well
as the definitions of the energy budget terms and cross-shelf
fluxes. Results presented in section 3 are subdivided into two
parts. In section 3a, there is a comparison of the mean and
eddy kinetic energy in the low- and high-resolution cases with
no meltwater. In section 3b, we present the changes in the
high-resolution simulations with the addition of meltwater
with a focus on the upper ocean energetics [section 3b(1)],
changes in the eastern Labrador Sea [section 3b(2)], and the
vertical structure of baroclinic conversion at the shelf break
[section 3b(3)]. We conclude with a summary and discussion
of our results.

2. Methods

In this section, the experimental design used to investigate
the sensitivities of the regional ocean circulation to increased
horizontal and vertical resolution and the vertical distribution
of GIS meltwater is explained. Configuration details of the
atmospheric-reanalysis forced global ocean/sea ice simula-
tions used in the study are provided first, the rationale for and
details of the sensitivity runs are explained next, and last, the
formulations used in the sensitivity analyses are introduced.

a. Model description

Four forced global ocean/sea ice simulations were produced
using the Energy Exascale Earth System vO-HiLAT (E3SMv0-
HiLAT; Hecht et al. 2019) model, which utilizes the Parallel
Ocean Program 2 (POP2; Dukowicz and Smith 1994) for the
ocean component and the Community Ice Code, version 5
(CICES; Hunke et al. 2010), for the sea ice component. The
Hil at code is a derivative of the Community Earth System Model,
version 1 (Hurrell et al. 2013). The corrected interannually varying
Co-ordinated Ocean-Ice Reference Experiment-II corrected in-
terannual forcing (CORE-202 II CIAF; Large and Yeager 2009)

MORRISON ET AL.

1331

fluxes from 1970 to 2009 were used for the atmospheric forc-
ing. The sea surface salinity (top 10 m) was relaxed toward the
Polar Science Center Hydrographic Climatology 3.0 (PHC 3.0;
Steele et al. 2001) with a very weak 4-yr restoring time scale to
limit model drift. The model bathymetry was produced using
the 30-arc-s General Bathymetric Chart of the Oceans (GEBCO;
Weatherall et al. 2015) product.

Three of the four simulations were configured to be globally
mesoscale eddy-active in ocean basins by using an “ultra-high”
horizontal resolution tripolar grid that has a horizontal spacing
of 8 km at the equator reducing to 2 km at the poles referred to
as the UHS8to2 grid. The Northern Hemisphere poles are lo-
cated in Siberia and Greenland, resulting in a horizontal spacing
of ~2-3 km over the Greenland continental shelf. POP2 uses
z-level coordinates; the UHS8to2 consists of 60 vertical levels
that are nonuniformly spaced with thicknesses of 10 m in the
upper 160 and 250 m close to the ocean floor; the maximum
depth is 5500 m. Partial bottom cells (PBCs) are used to more
smoothly represent the ocean bathymetry.

The fourth simulation is largely an analogous E3SMvO0-
HiLAT simulation but is on a 0.1° tripolar grid, with a hori-
zontal spacing of ~6-7 km in the western subpolar North
Atlantic. Unlike UHS8t02, the 0.1° tripolar grid does not have
a pole in Greenland; the poles are in North America and
Asia. This simulation has 42 nonuniform vertical levels with
10-m thickness at the surface and 250 m at depth, and PBCs
are used. This simulation is referred to as CTRLO1 and was
run from 1970 through 2009.

The ocean component of the UHS8to2 simulations was ini-
tialized from a 2-month stand-alone POP2 integration, which,
in turn, was initialized from rest, using potential temperature
and salinity from the PHC 3.0 (Steele et al. 2001). The sea ice
was initialized using 2-m uniformly thick sea ice, with the ice
edge defined by the January climatological mean from satel-
lite (Special Sensor Microwave Imager) observations. For the
0.1° simulation, the ocean was initialized from a 17-day stand-
alone POP2 run forced with CORE-II CIAF, and the sea ice
initial condition was the same as that used in the UH8to2 ex-
cept interpolated onto the 0.1° grid. The 0.1° configuration
was spun up from 1970 to 1990, while the UHS8to2 configura-
tion was spun up from 1975 to 1990; the availability of com-
puter resources dictated the shorter UHS8to2 spinup period.
Beginning in 1990, land-ice melt fluxes were added to the
ocean.

Representations of land-ice melt were included in the two
UHSto2 simulations, both around the Greenland continental
shelves and in the Southern Ocean. For the GIS, solid dis-
charge and liquid runoff from Bamber et al. (2018) were
added. To create this product, Bamber et al. (2018) obtained
monthly time series of the liquid runoff from output produced
by a regional climate model (RACMO2.3p2) forced with at-
mospheric reanalyses (ERA-40 and ERA-Interim) (Noél et al.
2018). They derived solid ice fluxes from on-ice thickness
(Morlighem et al. 2017) and surface ice velocities from
satellite-based observations. For the period 1992-2010, they
produced annual values; for years without observations, correla-
tions between time-averaged runoff and discharge were used to
estimate discharge. We consider both the solid discharge and
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liquid runoff from the GIS to be meltwater and treat these terms
in the same way. Since the CORE-II CIAF forcing does not in-
clude an explicit representation of the meltwater from the GIS,
we masked out any river runoff associated with this forcing over
Greenland (Large and Yeager 2009; Dai and Trenberth 2002)
and replaced it with the tundra runoff component from Bamber
et al. (2018), which is analogous to the CORE-II river runoff.
During the spinup period, neither meltwater nor tundra runoff
was added to the ocean model. See the online supplemental
material for details on the Antarctic Ice Sheet fluxes added to
the Southern Ocean.

The meltwater forcing was applied via a virtual salt flux and
had no associated thermal forcing. Using virtual salt fluxes in
an ocean model is a fundamentally nonphysical means of ap-
plying freshwater fluxes. Where implemented, salt is either re-
moved from or added to the ocean in a specified amount. This
does not impact the total volume of the ocean and depends
on a reference salinity, which can lead to the misrepresenta-
tion of freshwater fluxes in low salinity regions (Yin et al.
2010). However, Yin et al. (2010) showed that for the present cli-
mate state and relatively small freshwater fluxes, virtual salt flux
and real freshwater flux models were similar. Throughout this
study, we refer to meltwater being added to the ocean but
acknowledge that with a virtual salt flux model, there was no
real volume flux, and the forcing was just removing salt.

b. Experimental design
1) RESOLUTION SENSITIVITY

Mesoscale eddies are key contributors to the dynamics of
the Labrador Sea (Chanut et al. 2008). The scale of these ed-
dies varies from large Irminger Rings (30-60 km) (Lilly et al.
2003) to much smaller boundary current (~10 km) and con-
vective eddies (10-35 km) (Eden and Boning 2002; Brandt
et al. 2004; Chanut et al. 2008; Marshall and Schott 1999;
Rieck et al. 2019). The smallest of these eddy length scales is
comparable to the estimated first baroclinic Rossby radius
(~8-10 km) in the deep Labrador Sea (Eden 2007; Funk et al.
2009).

The largest mesoscale eddies in the global ocean can be
hundreds of kilometers in size. If the horizontal grid spacing
is half that of the first baroclinic Rossby radius in the deep
ocean, eddies with a horizontal scale of the first baroclinic
Rossby radius are minimally resolved. Models of this resolu-
tion are often referred to as “eddy-resolving.” If the horizon-
tal grid spacing is greater than half that of the first baroclinic
Rossby radius and no more than ~100 km, the model resolu-
tion is described as “eddy-permitting” in the deep ocean.
When the model resolution is greater than ~100 km, it is in-
sufficient to resolve or permit eddies, so eddies and associated
eddy processes must be parameterized (Gent and Mcwilliams
1990; Mana and Zanna 2014).

Global ~1/10° grids are increasingly being used in coupled
climate models (Roberts et al. 2020). In the Labrador Sea,
the necessary horizontal spacing to be eddy-permitting in the
deep ocean is ~1/10° (Funk et al. 2009; Hallberg 2013). The
horizontal spacing of the UHS8to2 grid is generally less than
half the estimated first baroclinic Rossby radius in the deep
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ocean; consequently, the UHS8to2 explicitly represents smaller
scale features than the ~1/10°. To appreciate the differences in
the simulated WGC system when these smaller scale features
are resolved, we compare the ~1/10° and the UHS8to2 simula-
tions. These simulations are designated CTRLO1 and CTRL, re-
spectively. Neither run includes meltwater. These comparisons
provide a context for the interpretation of the UHS8to2 sensitiv-
ity results that include meltwater representations.

2) GREENLAND MELTWATER FORCING

To assess the sensitivity to the vertical distribution of melt-
water from the GIS within glacial fjords, we performed two
experiments with the UHS8to2 configuration. The GIS fluxes
from Bamber et al. (2018) used in these experiments were re-
mapped from their original 5-km grid onto the nearest
UHS8to2 ocean grid point. A horizontal Gaussian filter with a
length scale of ~14 km (a quarter of a degree of latitude at
60°N) was applied to distribute the meltwater horizontally.
This length scale is roughly twice the first baroclinic Rossby
radius in the region and was used to represent the unresolved
alongshore plumes of freshwater. In addition, horizontal
spreading was necessary to distribute meltwater offshore such
that meltwater was added to areas deep enough to allow the
meltwater to be vertically distributed. A mask was used to en-
sure that meltwater was not added in regions deeper than
400 m in order to keep the meltwater confined to the shelf.
Finally, the total volume of meltwater was rescaled after the
mask was applied to ensure that the net amount agrees with
the amount specified by the dataset (Bamber et al. 2018).
A dye tracer was added proportionally to the volume of melt-
water added and was used to track the spread of meltwater
throughout the simulation. See the supplemental material for
a map of the horizontal distribution of the meltwater released
around the continental shelf and a schematic representation
of its vertical distribution.

Two different vertical distributions of meltwater were
tested in the UHS8to2 configuration both branched off the
UHSto2 spinup (1975-90). The “Spread Case” or SPRD was
run from 1990 through 2009. In SPRD, runoff from the GIS
was vertically distributed uniformly over the upper 200 m of
the water column. In contrast, in the “Surface Case” or
SUREF, as in previous Greenland meltwater perturbation stud-
ies, all runoff was added to the surface layer of the model
(10 m). The SURF was run from 1990 to 1993. In both SURF
and SPRD simulations, tundra runoff, which is analogous to
riverine runoff, was added to the surface layer of the model.
SPRD and SURF have the same total volume of land-ice
meltwater forcing. The UHS8to2 spinup run was continued
from 1990 to 1992 with no meltwater added; it is the UHS8to2
Control (CTRL) simulation discussed earlier.

Only short periods are available for intercomparison
among the UHS8to2 simulations, and only 1992 can be com-
pared among the three cases. The very high computational
cost of running the UHS8to2 model precluded us from running
multiple simulations for more years. The years used for inter-
comparison are in the early 1990s, when runoff from the GIS
was relatively low (see Bamber et al. 2018). Furthermore,
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FIG. 2. Diagram showing the components of the oceanic energy
budget, after Boning and Budich (1992). The definitions for the
KEM, EKE, PEM, and EPE are given in the boxes; definitions for
the eddy and mean decomposition are given in section 2c. The en-
ergy conversion terms representing barotropic instability (7,) and
baroclinic instability (both 75 and T3, as indicated by the dashed
box) are also labeled.

both the winters of 1992/93 and 1993/94 were during the rela-
tively strong positive phase of the North Atlantic Oscillation
(NAO) (Pickart et al. 2002). As we are comparing simulations
with the same atmospheric state, not capturing the full vari-
ability of the NAO may not limit our ability to understand
the sensitivity of the ocean to the vertical distribution of
meltwater.

c¢. Energy conversion and flux formulations

A key goal of our study is to investigate how explicitly re-
solving mesoscale eddies and including GIS meltwater im-
pacts the flux of salt off the West Greenland continental shelf.
In this section, we introduce the definitions used to calculate
the energy conversion terms and cross-isobath fluxes.

Following the approach of Boning and Budich (1992) and
Beckmann et al. (1994), the terms of the energy budget are
defined using quasigeostrophic assumptions, namely, that hor-
izontal density gradients are much less than the stratification
and that the contribution of the vertical velocity to kinetic en-
ergy can be neglected. The transport of energy into a control
volume is not calculated; thus, we do not aim to close the en-
ergy budget or describe the complete energy cycle. Similar de-
compositions of the energy cycle have been carried out using
other primitive equation models (e.g., Boning and Budich
1992; Eden and Boning 2002; Trodahl and Isachsen 2018;
Rieck et al. 2019; Stewart et al. 2019).

A diagram of the ocean energy cycle is shown in Fig. 2,
which illustrates the sources (mechanical and buoyancy forc-
ing) and sinks (friction and diffusion) of energy as well as the
conversions between mean and eddy components. The mean
kinetic energy (KEM) is converted to EKE through baro-
tropic instabilities; the transfer between these two terms more
generally represents the work of the Reynolds stresses against
the mean shear (Boning and Budich 1992). Buoyancy forcing,
such as the addition of meltwater, influences the mean avail-
able potential energy (PEM), which can be converted to eddy
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available potential energy (EPE) through baroclinic conver-
sion. The conversion of EPE to EKE is also related to the
generation of baroclinic instabilities. While the arrows on the
diagram point in only one direction, energy can also be trans-
ferred from eddy to mean components. We use energy densi-
ties so that the components of the budget have consistent
units.

To calculate the mean and eddy terms, we consider only
temporal anomalies. The eddy component of the zonal veloc-
ity is defined as u’ = u — u, where u is the annual average of
u and the daily averaged zonal velocity is u. The mean and
eddy components of the meridional velocity are similarly cal-
culated. The potential density, referenced to the surface, p is
similarly decomposed into mean and eddy terms: p’ = p — p.
A reference density profile p*(z) is used to define the available
potential energy. Therefore, the energy density terms in the
boxes of Fig. 2 can be defined as

KEM = %(az +72), )
Py 4 o
EKE = 5(u’u’ + V'), 2)
_1g(p - p"
PEM = 5 o 3)
1g(p'p')
EPE = - 4
2 dp*loz’ @

where p*(z) is the temporally and horizontally averaged po-
tential density.

For a closed volume, we can quantify the transfer terms in
the energy budget as

T, = gJJIWE dx dy dz, 5)
8 P . P
[ ! A + /A
& pOJ..[I(NP()) (14 Pax VP a}’)dx v dz, ©
T, = —gJJ.J.w’p' dx dy dz, (7)
—du ou v — v
S 72 + = + =) + w2 = .
T, pOJJ‘J[u Py u'v (ay ax) v ay}d}c dy dz
(8)

A reference density of py = 1025 kg m > is used, and N? is the
annual mean Brunt-Viisala frequency, which is given as follows:

2 _gdp
N o dr )

Without a complete energy budget, these terms can provide only
a qualitative insight into the mechanisms of energy conversion.
One important component of PEM, EPE, and T, is the
choice of a reference density profile p*(z). For our study re-
gion, we tested the sensitivity of these metrics to the choice of
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p’(z) by using the density profile along the shelf break or using
the mean profile within the Labrador and Irminger Seas. To find
the density along the shelf break, we used our defined shelf-
break contour. For the Labrador and Irminger Seas we defined
a region deeper than 2500 m, north of 55°N and east of the
Reykjanes Ridge. The density at the shelf break changes signifi-
cantly with the addition of meltwater; therefore, when used as a
reference profile for calculating PEM, this profile produces results
that suggest PEM changes greatly between CTRL and SPRD far
from where the impacts of meltwater would be expected in the
relatively short period of our simulation. When the CTRL shelf
profile was used for all cases, this change was reduced, indicating
that the choice of p*(z) was the source of the difference. The strat-
ification in the Labrador and Irminger Seas does not change as
significantly between the UHSto2 cases. Using the basin-wide p*
profile provides more consistent comparisons across cases while
still using a density profile appropriate to each case.

In addition to the energy budget terms, we calculate the salt
and meltwater convergence in the Labrador Sea. We define a
control volume for the eastern Labrador Sea shown in Fig. 1.
The boundary of this control volume is based on the faces of
the model grid cells. To calculate the salt and meltwater tracer
fluxes offline, we use instantaneous fields saved on the first day
of each month (restart files). This is to avoid the error intro-
duced from temporally averaging eddying processes and other
high-frequency variability.

The salt flux across a defined contour is given by

0 pL
F = f I S(x, 2)i dx dz, (10)
HJO

where § is the salinity along the contour. The along-shelf di-
rection is x and ¥ is the cross-contour velocity, H is the depth,
and L is the length along the contour. The positive direction
is defined as into the basin; positive fluxes indicate the volume
flux into the Labrador Sea. We choose to use a salt flux rather
than a freshwater flux to avoid the ambiguity associated with
choosing a reference salinity (Schauer and Losch 2019). A
dye tracer is added proportionally to the virtual salt flux and
has units of grams per kilogram. We can calculate the flux of
this tracer as

0 oL
MWT = J J wix, z, ) dx dz, (11)
HJo

where u is the dye tracer concentration. The salt or meltwater
convergence in a closed volume is calculated by integrating
the flux around the entire boundary.

Because the dye tracer being added to the ocean is propor-
tional to the virtual salt flux, the dye tracer concentration can
be converted to a meltwater content by inverting the conver-
sion of meltwater volume flux to virtual salt flux as is done by
POP2. The meltwater content is unitless and indicates the
fraction of the volume of a model grid cell consisting of melt-
water. It is defined as

n
_— (12)
Prw Sret FWE

factor

MWC =
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where ppw is the density of freshwater (1000 kg m ™) and
FWFacor = 1 X 107° m® kg™ L. The freshwater flux factor is a
constant defined within POP2 to rescale the volume of fresh-
water flux.

3. Results

In this section, we first compare the mean and eddy kinetic
energy in the low- and high-resolution ocean/sea ice simula-
tions with no meltwater to highlight the features of the WGC
system that are better represented in the UH8to2 simulations.
Next, we present the upper ocean energy budget terms, cross-
shelf flux, and Labrador Sea properties from the UH8to2 sim-
ulations. To understand the impacts of meltwater on the shelf
break, we examine the vertical structure of the meltwater
fluxes and baroclinic conversion at the shelf break in the high-
resolution meltwater forcing simulations.

a. Comparison of resolution sensitivity experiments

The dependence of the strength and positioning of the
WGC and West Greenland Coastal Current (WGCC) along
with local eddy shedding variability on horizontal and vertical
grid spacing is assessed by comparing the spatial maps of the
kinetic energy budget terms: KEM and EKE [Egs. (1) and
(2)] from CTRLO1 and CTRL simulations (Fig. 3). These
terms are vertically integrated over the upper 230 m of the
water column (where the direct impacts of the meltwater forc-
ing occur) and averaged over 1992. The potential energy
terms are presented in the supplemental material. Difference
fields (CTRL minus CTRLO1) for each of the terms are
also provided in which CTRLO1 is interpolated onto the
UHS8to2 model grid. The West Greenland shelf-break con-
tour is shown in black (northern shelf break) and white
(southern shelf break). A box delineating the area of regional
high EKE in the high-resolution simulations is plotted; the
boundaries of this box extend from 60° to 62.5°N and 50° to
55.5°W.

The KEM of CTRL0O1 and CTRL simulations is shown in
Figs. 3a and 3b, along with their difference in Fig. 3c. Along
the entire shelf break, the WGC is narrower and its core
stronger in CTRL compared to CTRLO1. At lower resolution,
the on-shelf WGCC is weaker. The WGCC crosses the north-
ern part of the shelf-break contour in CTRL, but because this
current is represented farther off the shelf in CTRLO1, it does
not cross the shelf-break contour in CTRLO1. There are four
troughs in the UHS8to2 bathymetry that are not present in
CTRLO1 along the northern shelf break, which may contrib-
ute to the difference in the position of the WGCC. The verti-
cal structure of these currents at the locations of the O-SNAP
arrays at Cape Farewell is shown in the supplemental material.

The EKE of CTRLO1 and CTRL simulations is plotted in
Figs. 3d and 3e and their difference in Fig. 3f. In CTRLO1 sim-
ulation, the locus of high EKE is close to the shelf break be-
tween the 2000- and 3000-m isobaths. The patch of elevated
EKE does not extend south into the interior Labrador Sea
(deeper than the 3000-m isobath) but extends further west. In
CTRL, the area of EKE above 60 kg m ' s™2is more expansive.
The average EKE within the defined box in CTRLO1 simulation
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FIG. 3. (a)-(f) Average (1992) KEM and EKE for CTRLO1 and CTRL, and (g),(h) their difference (CTRL minus CTRLO1) averaged
over the upper 230 m. The CTRLO1 is interpolated onto the UHS8to2 grid in order to calculate the difference. The shelf-break contour is
shown by the white (southern shelf break) and black (northern shelf break) lines. The 200-, 800-, 2000-, and 3000-m isobaths are plotted
from dark to light gray. The black box indicates the high EKE region in the high-resolution simulations. Estimates of (g) speed and
(h) EKE from 15-m drogued and undrogued drifters (Laurindo et al. 2017) are provided for qualitative comparison.

(Fig. 3d) is 282 kg m ™' s~ compared to 49.1 kg m~' s % in
CTRL (Fig. 3e). This amounts to a 74% increase in the average
EKE in that region when using the UH8to2 grid. A second
region of elevated EKE along the West Greenland shelf break,
between 62.5° and 64°N, is also more energetic in CTRL simula-
tion compared to CTRLO1.

We can qualitatively compare the simulations to climatolo-
gies (1979-2015) of KEM (Fig. 3g) and EKE (Fig. 3h) based
on velocities from 15-m drogued and undrogued satellite-
tracked surface drifters available from the Atlantic Meteoro-
logical and Oceanic Laboratory of the National Oceanic and
Atmospheric Administration (Laurindo et al. 2017). These
data are available on a grid; regions with fewer than 90 drifter
days per unit area are not shown. Because of the low resolution
of the drifter derived speed, it is challenging to compare to the
resolved currents in either CTRL or CTRLO1. Nonetheless,
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observed KEM shows a strong mean flow near Cape Desola-
tion over the shelf slope similar to CTRL. Both the models
and observations show the three locations where the WGC
branches away from the shelf break. The southward extension
of high EKE in CTRL simulation is qualitatively much more
similar to the estimate of the observed EKE shown here than
CTRLO1.

As expected, CTRL has more narrower more defined rep-
resentations of the WGC/WGCC and more realistic region of
elevated EKE in the Labrador Sea compared to CTRLO1.
Both the shelf-break currents and eddies play an important
role in the flux of meltwater along the Greenland Shelf and
into the basin. Because our results depend on explicitly rep-
resenting these small-scale features, these findings may not
be reproducible in simulations with resolutions similar to
CTRLOL1.
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b. Comparison of Greenland meltwater forcing
experiments

1) UPPER OCEAN ENERGETICS

To understand sensitivity to both the addition of meltwater
and the structure of meltwater distribution around Greenland
in an eddy-active ocean model, we compare the components
of the energy budget on the shelf and in the Labrador basin in
the high-resolution simulations. Figure 4 shows the difference
in the 1992 average energy budget terms in the upper 230 m
of the meltwater perturbation experiments relative to CTRL
(Fig. 3 and supplemental Fig. 6). To establish where these
changes are robust, we calculate monthly averages for each
term of the energy budget [Egs. (1)—(4)], providing 12 estimates
of the energy budget terms. We assume that these estimates are
independent and use them to calculate the standard-error-of-
the-mean for each budget term at every location. We consider
the difference to be statistically significant where the difference
between two cases is greater than 2,/(o? + 07)/2, where o7 and
0, are the standard errors of the mean in the two cases (regions
without hatching in Fig. 4). In the next paragraphs, the kinetic
and potential energy terms are described in more detail; the
PEM maps are included in the supplemental material only.

The change in the kinetic energy terms (KEM and EKE)
with the addition of meltwater is small compared to the stan-
dard deviation but suggests an increase in the energy of the
WGC system. The maps of differences in KEM: SURF minus
CTRL in Fig. 4a and SPRD minus CTRL in Fig. 4b, reflect
the increase in the speed of the coastal currents with the addi-
tion of meltwater. The increase in KEM with the addition of
meltwater in SPRD (Fig. 4b) occurs across both the WGC
and WGCC. Only the increase in KEM in the core of the
WGC is significant in SURF and SPRD; there, KEM in-
creases by 10%—-20% in SPRD. The increase in the KEM of
the WGCC is significant along the southern shelf in SPRD
but not SURF, and the increase in the energy is smaller com-
pared to the increase in the WGC.

Similar to the KEM, in many regions the change in the
EKE with the addition of meltwater is not significant com-
pared to the estimated standard error of the mean (Figs. 4c,d).
In part, this is because the period over which the EKE is aver-
aged is comparable to the length of time that Irminger Rings
can persist in the Labrador Sea (1-2 years). The SURF and
SPRD have an average EKE of 51.7 and 52.2 kg m ™! 572, re-
spectively, in the box compared to 49.1 kg m~' s™2 in CTRL.
The volume-averaged EKE results suggest an increase in the
EKE overall with the addition of meltwater. In the northern
part of the box, EKE is greater with the addition of meltwater
(Figs. 4c,d) but is often not greater than the standard deviation.
This possibly indicates a northward shift in the region of ele-
vated EKE, which would require a longer time series to be
established.

For each UHS8to2 simulation, the horizontally averaged den-
sity p*(z) within the Labrador and Irminger Seas is used to cal-
culate the potential energy terms. Therefore, before describing
the potential energy terms, we must first examine its differences
among the UHS8to2 simulations. The corresponding maximum
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buoyancy frequency (N) of this density profile in CTRL is
48 x 107> s7!, SPRD is 4.8 X 107> s™!, and SURF is
4.9 x 1077 s~ in all cases, the maximum stratification is at
35 m. In the near-surface layer (040 m) of CTRL, the potential
density is 1027.46 kg m >, while SPRD has the lightest surface
layer of all the UHS8to2 simulations with a minimum density of
1027.45 kg m~>. Changes in the near-surface density and strati-
fication with the addition of meltwater are also indicators of the
potential sensitivity of deep convection sites in the subpolar
North Atlantic to meltwater from the GIS.

EPE differences between the UHS8to2 simulations for 1992
in the upper 230 m are shown in Figs. 4e and 4f, respectively.
Because the reference profile is defined by the basin density,
there will always be more available energy on the shelf than in
the basin. The stratification on the shelf is also most changed by
the addition of meltwater, therefore that is where both SPRD
and SURF show the largest changes in the EPE. With the addi-
tion of meltwater, the EPE increases on the shelf and in the
northern high EKE zone. Closest to the coast and especially on
the northern part of the shelf, SURF and SPRD both have
roughly 50% more EPE compared to CTRL. While the differ-
ence in the northern high EKE zone is small, it is spatially co-
herent and greater than the standard deviation, suggesting the
increase to be robust.

The addition of vertically distributed meltwater in the upper
ocean of SPRD results in faster mean currents, possibly an in-
crease in the EKE, and an increase in the EPE particularly along
the northern shelf. However, meltwater only directly modifies
ocean salinity, which from the perspective of the ocean energy
budget translates only to changes in the PEM. We examine the
energy conversion terms to better understand the mechanisms
that convert a change in PEM to energy in other components of
the ocean energy budget. We focus on the baroclinic and baro-
tropic energy conversion terms because they show the most ro-
bust changes with the addition of meltwater. The other two
energy conversion terms (77 and 73) were not significantly im-
pacted by the addition of meltwater in most of this region; there-
fore, those fields are shown only in the supplemental material.

The 1992 average baroclinic and barotropic energy conver-
sion terms in the upper 230 m of the high-resolution simula-
tions are shown in Fig. 5. The baroclinic conversion term 75 is
primarily positive along the shelf break, indicating baroclinic
conversion (PEM to EPE; Figs. 5a—c). The strength of the
baroclinic conversion is nonuniform and indicates a strong
dependency on bathymetry. However, overall SURF and
SPRDs have higher positive values over the continental shelf
relative to CTRL. The barotropic conversion 7, (KEM to
EKE) is greater than baroclinic conversion off the shelf and
has a distinct spatial pattern that is robust across the UHS8to2
cases (Figs. 5d—f). There are three “hotspots” of barotropic
conversion off the shelf oriented parallel to the shelf break
and extend from ~60° to 61.5°N, ~62° to 63°N, and ~63° to
64°N. The southernmost patch is the strongest, straddles the
eastern edge of the high EKE box, and is located in the same
area as a region of elevated baroclinic conversion off the
shelf. This could be a key location of eddy formation through
both baroclinic and barotropic conversion.
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FIG. 4. Average (1992) difference in energy budget terms (KEM, EKE, and EPE) for (a),(c),(¢) SURF minus
CTRL and (b),(d),(f) SPRD minus CTRL averaged over the upper 230 m. Hatched areas show where the difference

was less than 2,/(0% + 03)/2, where o is the standard deviation of the monthly averages of the energy budget term in

the high-resolution simulations. The shelf-break contour is shown by the white (southern shelf break) and black
(northern shelf break) lines. The 200-, 800-, 2000-, and 3000-m isobaths are plotted from dark to light gray. The black
box indicates the high EKE region in the high-resolution simulations.

To identify changes in baroclinic and barotropic conversion
arising from the addition of meltwater, we compare the average
(1992) energy difference in conversion terms for CTRL, SURF,
and SPRD averaged over the upper 230 m (Fig. 6). With the ad-
dition of meltwater, 7, increases over nearly the entire shelf and
shelf break (Figs. 6a,b). In addition, the baroclinic conversion
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hotspots located along the northern shelf break strengthen. In
section 3b(3), the vertical structure of this increase at the shelf
break is explored in more detail. In addition, there is an increase
in T, at ~61.5°N extending from the shelf break into the high
EKE box in both SPRD and SUREF. Since the meltwater forcing
directly modifies the potential energy of the system, not the
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FIG. 5. Average (1992) energy conversion terms (73 and Ty) for (a),(d) CTRL, (b),(e) SURF, and (c),(f) SPRD averaged over the upper
230 m. All the energy conversion terms for CTRL, SPRD, and SUREF are plotted in the supplemental material. The shelf-break contour is
shown by the white (southern shelf break) and black (northern shelf break) lines. The 200-, 800-, 2000-, and 3000-m isobaths are plotted
from dark to light gray. The black box indicates the high EKE region.

kinetic energy, we expect a less clear response to the forcing in
T4, which converts KEM to EKE. Indeed, the changes in 7}
(Figs. 6¢,d) do not show a simple change in the three hotspots
previously described. The area with a significant difference is
mostly within the high EKE region where SPRD has a net de-
crease while SURF shows a net increase. These changes could be
due to internal variability rather than the impact of meltwater.

2) SALT AND MELTWATER IN THE LABRADOR SEA

A key focus of this study is to understand freshening im-
pacts in the Labrador Sea arising from the GIS meltwater rep-
resentations. Differences in the pathways of meltwater can be
ascertained by comparing the vertically integrated meltwater
content [Eq. (12)]. Figure 7 shows the vertically integrated
meltwater content in December 1993, the end of the meltwa-
ter forcing experiment comparison period, for SURF and
SPRD. As has been shown in previous modeling experiments,
both simulations show an accumulation of meltwater in Baffin
Bay (Gillard et al. 2016). Spreading of meltwater into the sub-
polar gyre occurs near the Flemish Cap, similar to subpolar
meltwater spreading in the high-resolution experiments by
Boning et al. (2016). A notable difference between our two
simulations is the meltwater content in the eastern Labrador
Sea, particularly in the highly eddy-active region (Figs. 7c,d,
black box). To quantify the difference, we calculate the conver-
gence of salt and dye in a control volume in the eastern Labra-
dor Sea that encompasses much of the West Greenland slope
and extends offshore into the deep Labrador basin (see Fig. 1).
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The convergence of salt and meltwater is shown in Figs. 8a
and 8b; positive values indicate convergence within the control
volume, while negative values indicate divergence. There is a
net convergence of salt within the control volume for nearly all
months within the comparison period, as reflected in the overall
increase in the salinity. In October of 1992, there was a strong
divergence of salt across all three experiments; this consistency
suggests that the divergence may be driven by the atmospheric
forcing. The mean salt convergence in 1992 is 6.8 X 10° m s~
in CTRL, 7.0 X 10° m s ! in SURF, and 1.0 X 10° m s™! in
SPRD. The net salt convergence is highly variable and would
be impacted by the eddy features present in the instantaneous
fields used to calculate the convergence. Furthermore, warm
salty inflows from the West Greenland/Irminger Current as well
as Irminger Rings enter our control volume and will contribute
to positive salt convergence.

We can also quantify the changes to the volume average sa-
linity in the eastern Labrador Sea. The difference in the salinity
across experiments in such a large region is small but present.
Figure 8c shows the volume average salinity for all UH8to2 ex-
periments. SPRD is consistently fresher than SURF or CTRL,
although we acknowledge that the magnitude of this difference
is small (approximately 0.003). Furthermore, linear trends in
the volume average salinity were calculated but were not signifi-
cant for any experiment. Although not significant, they possibly
suggest that increasing salinification from Irminger Current in-
flows could be offset by increasing land-ice melt.

For meltwater, there is convergence from September to
February and divergence or a weak neutral state for the rest
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FIG. 6. Average (1992) difference in energy conversion terms (75 and T,) for CTRL, SURF, and SPRD averaged

over the upper 230 m. Hatched areas show where the difference was less than 2,/(o? + 03)/2, where o is the standard
deviation of the monthly averages of the energy conversion term in the high-resolution simulations. All the energy
conversion terms for CTRL, SPRD, and SURF are plotted in the supplemental material. The shelf-break contour is
shown by the white (southern shelf break) and black (northern shelf break) lines. The 200-, 800-, 2000-, and 3000-m
isobaths are plotted from dark to light gray. The black box indicates the high EKE region.

of the year. The dye tracer convergence peaks in the autumn/
winter and is weakest in the summer. The average conver-
gence of dye tracer in the Labrador Sea over 1992/93 is
465 gkg ' ms! in SURF and 93.3 g kg ' ms™! in SPRD, indi-
cating dye entering the basin. The time evolution of the integrated
meltwater volume is shown in Fig. 8d. The average difference in
the meltwater volume is 1.31 X 10® m>, and there is more meltwa-
ter in SPRD than SURF except in March, April, and May of
both years when the volume is similar. In both experiments, the
maximum volume of meltwater within the basin occurs in winter.
Over the 2 years shown here, there is an increase in the meltwater
volume within the basin. In SPRD, the trend is approximately
38 X 10’ m® yr~! and, in SURF, it is 13 X 10’ m® yr~ ' over this
period as indicated by the dashed lines in Fig. 8d. The trend in
SUREF is not significant but is significant in SPRD.

The difference in dye tracer convergence indicates an
overall greater flux of meltwater off the shelf in SPRD. The
1992/93 mean dye convergence is greater in SPRD compared
to SURF. The seasonality of the dye tracer flux off the
shelf, as shown in Fig. 8, depends both on the seasonal
strengthening of the winds which drive off-shelf transport

(Schulze Chretien and Frajka-Williams 2018) and the seasonal
addition of the Greenland meltwater.

3) VERTICAL STRUCTURE AT THE SHELF BREAK

To understand how the difference in the off-shelf flux of
meltwater arises when meltwater is either vertically distrib-
uted or concentrated at the surface, we compare the vertical
profiles of the dye flux, EKE, and baroclinic conversion (73)
across the UHS8to2 experiments in Fig. 9.

The dye (Figs. 9a,d) fluxes have a structure, which is broadly
consistent across both the northern and southern portions of
the shelf. There is a surface maximum in off-shelf flux that is
likely wind driven. Below the surface layer, the fluxes are uni-
formly decreasing with depth in the northern shelf region be-
tween 35 and 150 m. Along the southern portion of the shelf,
there is a maximum in the off-shelf flux at 125-m depth. SPRD
exhibits more off-shelf flux of dye compared to the SURF in
both sections below the Ekman layer. Given that meltwater is
only added to the upper 10 m of the water column in SURF, a
considerable amount is fluxed off the shelf at depth, implying
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in Fig. 3.

that there is vertical mixing of meltwater on the shelf. Because
the difference is at depth (below 35 m), we conclude that it is
not related to changes in the wind-driven Ekman flux of the dye
off the shelf and is likely driven by eddy processes. These differ-
ences must be considered in the context of the net convergence
described in the previous section, as they are across a single sec-
tion and are, therefore, not volume conserving.

The vertical structure of EKE at the shelf break shows the
greatest EKE at the surface and a decrease with depth. The
increase in the EKE in SPRD compared to SURF and CTRL
is greatest along the northern shelf break (Fig. 9b). The
change in the EKE is not uniform with depth, with the largest
increase at the surface. There is a smaller change in the EKE
with the addition of meltwater at the southern shelf break
(Fig. 9¢). To understand the source of this increase in the
EKE, we compare the vertical profiles of 75, which is the pri-
mary term converting mean to eddy energy at the shelf break.

The baroclinic conversion term 75 has a maximum at depth
(50-230 m) in both sections of the shelf (Figs. 9c,f). There is
an additional very near-surface maximum in 7, related to the
density gradient at shallower depths. Along the northern shelf
break (Fig. 9c), the maximum in baroclinic conversion at 165 m
is46 X 107" kgm ' s in SPRD, 25 X 10 *kgm ' s

in SURF, and 3.4 X 107* kg m~' s* in CTRL. Along the
southern shelf (Fig. 9f), the increase in the maximum of 7, at
depth is greatest in SPRD as well (8.0 X 10™* kg m™! s77),
compared to SURF (5.6 X 10* kg m™! s7%) and CTRL
(4.2 X 10"*kgm~"' s73). In both regions, the increase in T, be-
tween CTRL and SURF is greater than the standard error of
the mean, suggesting that this term can also be affected by
meltwater added at the surface. The maximum of 7, in the
upper 10 m is greatest in SURF, indicating strong horizontal
density gradients at the surface. This near-surface increase is
why the vertically integrated change in 7, was greater in
SUREF than SPRD over much of the shelf (Figs. 6a,b). Overall,
there is an increase in baroclinic conversion at the shelf break
when meltwater is vertically distributed.

We do not expect baroclinic conversion to directly cause
off-shelf flux of meltwater; however, eddies do flux freshwater
from the shelf into the basin (Castelao et al. 2019). The ele-
vated EKE in SPRD and the increase in 7, suggest that verti-
cally distributed meltwater can increase eddy formation at the
shelf break. The weak response in the vertical density flux
(T3, shown in the supplemental material) suggests that the in-
crease in 75 is linked to an increase in the horizontal density
gradient at the shelf break. The horizontal density gradients
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FIG. 8. Time series of (a) salt convergence (m s~ 1), (b) dye convergence (g kg ' ms™ '), (c) volume-averaged salinity, and (d) volume
integrated meltwater (m?), within the Labrador sea for SPRD (blue), SURF (red), and CTRL (black). For (c) and (d), the dashed lines
show the linear trends in salt and meltwater volume, respectively. Only the meltwater volume trend in SPRD is significant based on an

F test.

are the only parts of Eq. (6) (73), which are not in Eq. (7)
(T3) or the EKE, neither of which shows a robust change at
depth. Furthermore, by adding meltwater, we are directly
modifying the horizontal density gradients.

4. Discussion and conclusions

Using four coupled ocean/sea ice simulations, we investigated
the impact of GIS meltwater on the West Greenland Current
and the flux of salt into the Labrador Sea. We compare simula-
tions without meltwater at two resolutions to highlight the need
to represent mesoscale features. The comparison of CTRLO1
and CTRL shows that there is an increase in the EKE and a
narrower and faster WGC at higher resolution. Using the
higher resolution (UHS8t02) mesoscale eddy-resolving simula-
tions, we compare the response to two GIS meltwater vertical
distributions: at the surface, as is typically done, or vertically dis-
tributed, to represent mixing within fjords. We find that when
meltwater is vertically distributed, the salinity in the eastern
Labrador Sea decreases compared to cases with no meltwater
(CTRL) or with meltwater concentrated in the surface layer
(SURF). This suggests that the off-shelf flux of freshwater is
sensitive to the vertical distribution of added meltwater.

For the mesoscale eddy-resolving configurations, we com-
pare the energy budget terms in the meltwater forcing experi-
ments to the control case with no meltwater. Including
meltwater increases the speed of the coastal currents and de-
creases the salinity in the eastern Labrador Sea control vol-
ume. These impacts are summarized in Fig. 10. The increase
in KEM is smaller in the case where melt is added to the sur-
face only. There is an increase in the eddy potential energy on
the shelf and extending into the Labrador Sea in both the

meltwater forcing experiments. This increase in EPE is
greater on the shelf in SURF compared to SPRD, but the in-
crease in the basin relative to CTRL has a similar magnitude.

Using a control volume for the eastern Labrador Sea, we
calculate the convergence of salt and volume average salinity.
The change in the salt convergence is small with the addition
of meltwater, but the average salinity within the control vol-
ume is lowest in SPRD. More meltwater is fluxed off the shelf
in SPRD compared to SURF and the differences in meltwater
export are greatest in the late fall and summer. The volume of
meltwater within the Labrador Sea is greater in SPRD com-
pared to SURF. Furthermore, in SPRD, there is a significant
increasing trend in meltwater volume within the eastern
Labrador Sea.

The eddy conversion terms from UHS8to2 show that both
baroclinic and barotropic instabilities contribute to the gener-
ation of eddies in this region. This result compares favorably
with findings from other studies, despite differences in meth-
odology. A study that using a model with resolution that is
comparable to UHS8to2 in the Labrador Sea, Rieck et al.
(2019), similarly found contributions from both baroclinic and
barotropic instabilities. Studies that used models, which can
resolve similar dynamics to the CTRLO1 ~ 1/10° grid, show
that Irminger Rings are generated by baroclinic and baro-
tropic instabilities in both idealized (Katsman et al. 2004) and
realistic (Zhu et al. 2014) configurations. However, separate
eddy-permitting simulations have shown that baroclinic insta-
bilities primarily contribute to eddy generation (Luo et al.
2016; Saenko et al. 2014), while Eden and Boning (2002) con-
cluded that barotropic instabilities are the dominant mecha-
nism in eddy generation. The consistency of our findings with
Rieck et al. (2019) and the inconsistency of the results from
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the total flux time series; and for energy budget terms (b), (c), (e), and (f), the shaded areas are the standard-error-of-the-mean of the

term along the shelf break.

eddy-permitting models indicate that a very high resolution is
needed to determine the balance of baroclinic and barotropic
conversion in this region. Beyond model resolution, the
model setup, choice of eddy time scale, and portion of the wa-
ter column, and shelf break to be considered all contribute
to differences in energy conversion terms. Closing the en-
ergy budget off the West Greenland Current is beyond the

scope of this study but would be needed to clarify these
discrepancies.

The increase in the meltwater flux off the shelf is linked to
an increase in baroclinic conversion at the shelf break. In the
high-resolution simulations, baroclinic conversion is the pri-
mary mechanism of eddy formation on the shelf and at the
shelf break, while barotropic conversion is the dominant term
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blue line is the original position of an isopycnal, and the black line is the same isopycnal after the meltwater forcing is
applied. The bottom row shows the increased freshwater flux off the shelf in the Ekman layer in the surface case and
the enhanced baroclinic conversion in the vertically distributed case.

in the basin. In SPRD, along the northern shelf break, baro-
clinic conversion is nearly twice what it is in SURF or CTRL.
Vertically distributed meltwater increases the horizontal den-
sity gradients between 0 and 200 m, the depth range over
which the meltwater perturbation is added, as illustrated in
Fig. 10. As a result, there is an increase in the mean potential

energy, which is converted to eddy potential energy through
baroclinic conversion. These eddies could contribute to off-
shelf flux of dye below the Ekman layer. This proposed mech-
anism requires an ocean model that can resolve the formation
of baroclinic instabilities. The one-tenth degree CTRLO1 does
not show the same formation of baroclinic instabilities at the
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shelf break and, therefore, may not show the same sensitivity
to the vertical distribution of meltwater (see the supplemental
material for a map of 75 in the CTRLO1).

The increase in the EKE and surface current speed with the
addition of GIS meltwater is consistent with studies that suggest
that the ocean is accelerating in a changing climate (Hu et al.
2020; Peng et al. 2022; Martinez-Moreno et al. 2021). These
studies have found this acceleration is “deep-reaching” (up to
2000 m) (Hu et al. 2020), in the upper 200 m (Peng et al. 2022),
or identified in velocities derived from satellite altimetry
(Martinez-Moreno et al. 2021). In these studies, the acceleration
is not spatially uniform and possible acceleration of the deep
ocean remains unresolved (Wunsch 2020). In the high-resolution
simulations, we find that the increase in the speed is greater
when the buoyancy forcing is distributed vertically rather than
surface intensified.

There are several limitations inherent to the simulations used
in this study that could be addressed in future work. All the sim-
ulations are uncoupled from the atmosphere and use a non-
physical virtual salt flux to represent meltwater fluxes, so there
is no associated impact on the ocean heat or sea level. Further
work is needed to determine whether the results of this study
are robust when a true freshwater flux model is used. In addi-
tion, the comparison period for the control, surface meltwater,
and vertically distributed meltwater cases is only 1 year, and
there is only one realization of each configuration. During the
year used for comparison, the NAO was in an extreme positive
phase. Interannual variability could be examined in the high-
resolution SPRD case, which has been run to the end of the
CORE-II CIAF forcing cycle (2009). Newer atmospheric rean-
alysis is available such as JRASS (Tsujino et al. 2018), as used
by Fine et al. (2023), or ERAS (Hersbach et al. 2020) and could
be used in this model configuration. The products provide lon-
ger records with better spatial and temporal resolution than the
CORE-II CIAF forcing (Large and Yeager 2009).

Despite such limitations, we find when using a mesoscale
eddy-resolving ocean model, the impact of GIS meltwater on
the West Greenland Current depends on how the meltwater
is distributed vertically. When the mixing within fjords is rep-
resented by vertically distributing meltwater, there is a greater
volume meltwater fluxed into the Labrador Sea, which has a
lower average salinity. If GIS meltwater modifies shelf dynam-
ics, resulting in increased flux of freshwater into the Labrador
Sea, then the potential impact of meltwater on deep convection
and AMOC variability could exceed the direct impacts ex-
pected based on the volume of meltwater alone. This points to
the need for more sophisticated parameterizations of mixing
within the fjords that link the GIS and the open ocean. These
results were based on the period prior to the rapid increase in
runoff that occurred in the mid-1990s (Bamber et al. 2018). Ex-
amining the trends and multiyear variability of meltwater flux
into the Labrador Sea is further work that can be done with the
vertically distributed meltwater configuration.
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