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ABSTRACT: Antarctic glacial meltwater is thought to play an important role in determining large-scale Southern Ocean
climate trends, yet recent modeling efforts have proceeded without a good understanding of how its vertical distribution in
the water column is set. To rectify this, here we conduct new large-eddy simulations of the ascent of a buoyant meltwater
plume after its escape from beneath an Antarctic ice shelf. We find that the meltwater’s settling depth is primarily a function
of the buoyancy forcing per unit width of the source and the ambient stratification, consistent with the classical theory of
turbulent buoyant plumes and in contrast to previous work that suggested an important role for centrifugal instability. Our
results further highlight the significant role played by localized variability in stratification; this helps explain observed
interannual variability in the vertical meltwater distribution near Pine Island Glacier. Because of the vast heterogeneity in
mass loss rates and ambient conditions at different Antarctic ice shelves, a dynamic parameterization of meltwater settling
depth may be crucial for accurately simulating high-latitude climate in a warming world; we discuss how this may be
developed following this work, and where the remaining challenges lie.
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1. Introduction

A notable failure of the global coupled climate models in-
cluded in the Coupled Model Intercomparison Project phase 5
(CMIPS; Taylor et al. 2012) has been their inability to hindcast
important observed Southern Ocean climate trends such as
surface cooling, surface freshening, and sea ice expansion
(Turner et al. 2013; Jones et al. 2016; Kostov et al. 2018). The
increase in the Antarctic meltwater anomaly over this period
may have played an important role in driving the observed
trends (Rye et al. 2020). Climate models typically neglect the
anomalous freshwater flux due to net mass loss from the
Antarctic ice sheet: this has increased over the past few de-
cades to around 500 Gtyr~! (Paolo et al. 2015; Rignot et al.
2019). Recent work suggests that the incorporation of this
meltwater anomaly into climate models could help to explain
the observed trends, resolving the discrepancy between ob-
servations and simulations (Bintanja et al. 2013; Rye et al.
2014; Bintanja et al. 2015; Rye et al. 2020). The incorporation
of Antarctic glacial meltwater also has a significant impact on
projections of future climate (Bronselaer et al. 2018; Golledge
et al. 2019). Although there remains some disagreement about
the magnitude of the climate impacts due to meltwater (Swart
and Fyfe 2013; Pauling et al. 2016), understanding how to
correctly represent this process in global climate models is
clearly of importance.

In climate modeling studies, the meltwater has generally
been represented as an externally imposed freshwater flux; this
requires a starting assumption about where in the water col-
umn the glacial meltwater is situated. In many studies, glacial

Corresponding author: Constantin W. Arnscheidt, cwa@mit.edu

DOI: 10.1175/JPO-D-20-0286.1

meltwater has been introduced at or near the surface (Bintanja
et al. 2013; Swart and Fyfe 2013; Rye et al. 2014; Bintanja et al.
2015; Hansen et al. 2016; Pauling et al. 2016; Bronselaer et al.
2018), or over a constant depth (Rye et al. 2020). Even though
most of the melting occurs at depth, the meltwater might be
expected to rise to the surface due to its relatively low density;
however, this assumption is not supported by observations. For
example, measurements of noble gas concentrations in the
Ross Sea (Loose et al. 2009) and in the Amundsen Sea (Kim
et al. 2016; Biddle et al. 2019) reveal vertical meltwater dis-
tributions centered at around 300-400-m depth. Near Pine
Island Glacier, which is the source of a large fraction of the
total Antarctic melt, Dutrieux et al. (2014b) found a large in-
terannual variability in meltwater settling depth, with melt-
water settling close to the surface in some years and hundreds
of meters at depth in other years. A better understanding of
what determines the settling depth of Antarctic glacial melt-
water may greatly improve our understanding of ice—ocean
interactions as well as their representation in climate models.

Aspects of glacial meltwater dynamics have been studied
previously. In the Antarctic context, the priority has been to
determine the rate and spatial distribution of sub-ice-shelf
melting for given boundary conditions and forcings. To this
end, studies have employed plume models in one (MacAyeal
1985; Jenkins 1991, 2011; Lazeroms et al. 2018) and two
(Holland et al. 2007) dimensions, box models (Olbers and
Hellmer 2010; Reese et al. 2018), and three-dimensional fluid
dynamics simulations on the ice-shelf scale (Losch 2008; De
Rydt et al. 2014; Mathiot et al. 2017). In an Arctic context,
where meltwater is generally released from near-vertical
tidewater glaciers at the ends of enclosed fjords instead of
from underneath an ice shelf cavity, meltwater plumes have
been studied using both one-dimensional plume theory and
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high-resolution numerical simulations (Xu et al. 2012, 2013;
Sciascia et al. 2013; Kimura et al. 2014; Carroll et al. 2015;
Cowton et al. 2015; Slater et al. 2015, 2016; Ezhova et al. 2018).
Finally, Naveira Garabato et al. (2017) have studied the small-
scale (10-100m) fluid dynamics of meltwater escaping from
underneath an Antarctic ice shelf, with an explicit focus on
meltwater settling depth. They simulated the evolution of a
meltwater plume in a two-dimensional plane perpendicular to
the ice-shelf front, and argued that centrifugal instability,
through its effect on lateral mixing, plays a dominant role in
controlling the settling depth.

In this study, we revisit the small-scale fluid dynamics of
meltwater ascent along an ice-shelf front after its escape
from within the cavity. First, we describe an idealized
meltwater ascent scenario, and introduce simple models for
the meltwater’s settling depth. Second, we describe new
three-dimensional large-eddy simulations of the meltwater
plume, and compare the results to the predictions of the
simpler models. Third, we use our models to address ob-
served interannual variability in meltwater settling depth
near Pine Island Glacier. Finally, we discuss why a dynamic
parameterization of meltwater settling depth could be cru-
cial for accurately simulating high-latitude climate, and
outline how such a parameterization could be implemented
building in part on the work in this study.

2. Theory and methods

The object of this study is described schematically in Fig. 1.
Much of the total mass loss from the Antarctic ice sheet stems
from a small number of rapidly melting ice shelves; here, we
focus on Pine Island Glacier, which is the source of a large
fraction of the total mass loss (Rignot et al. 2019). The melt-
water outflow from underneath the Pine Island ice shelf is
concentrated in a narrow kilometer-scale flow at its western
edge (Thurnherr et al. 2014; Naveira Garabato et al. 2017). A
similarly narrow meltwater outflow may be a feature of many
Antarctic ice shelves, as it is a consequence of a typical sub-ice-
shelf circulation (e.g., Grosfeld et al. 1997; Losch 2008).
We investigate the dynamics of such a meltwater outflow by
idealizing it as a prescribed, constant buoyancy source F, with
width L, applied to the bottom of our model domain. In the real
world, this buoyancy source is a function of complex melting
and mixing processes beneath the ice shelf cavity; explicit
consideration of these is beyond the scope of this paper. In this
section, we outline the hierarchy of theoretical and modeling
approaches that we will use.

a. Simple scaling relationships

The glacial meltwater escaping from underneath the ice
shelf undergoes turbulent buoyant convection in a stratified
ambient fluid. The theory of such processes was first developed
by Morton et al. (1956). For plumes originating from a point
source, far from any walls, this theory has yielded robust
scaling laws for the plume’s rise height in terms of the
buoyancy source F and the ambient stratification N. These
scaling laws have been repeatedly confirmed in laboratory
and experimental work (Turner 1986; Helfrich and Battisti
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1991; Speer and Marshall 1995; Fabregat Tomas et al. 2016).
As described, for example, by Speer and Marshall (1995), as
long as N is substantially larger than the Coriolis parameter f,
the only two parameters that could physically control the rise
height are F (m*s™>, consider an area-integrated buoyancy
flux) and N (s~!). Assuming both terms to be constant, di-
mensional analysis then yields a vertical scale

- (5)" W

The real rise height 4 is proportional to this vertical scale:
h=ah,,, ?2)

where a is a constant. Numerical experiments consistently
yield a value of a ~ 2.6 (e.g., Speer and Marshall 1995; Fabregat
Tomas et al. 2016).

In the case of the glacial meltwater outflow, however, the
meltwater plume does not originate from a point source: it is
rather in the shape of a line, where the total buoyancy forcing F
is distributed over some width L (see Fig. 1). Therefore, we
modify Eq. (1) by assuming that the two parameters exerting
control over the rise height are the buoyancy source per unit
width F/L (m*s™®) and the ambient stratification N (s™').
Dimensional analysis now yields a vertical scale of

(1) G)

Again, the real rise height is proportional to this scale:
h=ah,,. @)

The constant of proportionality here could naively be expected
to match the value observed for plumes originating from a
point source (a ~ 2.6), and the simulations we conduct in this
study indeed confirm that it does (section 3b).

We emphasize that the buoyancy forcing F/L is an abstrac-
tion. In the real world, the effective buoyancy flux escaping
from underneath the ice shelf is a complex function of the
meltwater dynamics within the cavity. For example, F/L de-
pends on the total melting within the cavity, on the spatial
distribution of melting (because buoyant meltwater parcels
released at depth will lose buoyancy on their ascent toward the
ice-shelf front), and on the mixing with ambient cavity water. It
also depends on the nature of the sub-ice-shelf circulation, and
to what extent this focuses the outflow into a narrow jet as is
the case for the Pine Island ice shelf. While F/L could in
principle be calculated using a sufficiently sophisticated sub-
ice-shelf model, our approach in this study will be to treat it
primarily as a tunable parameter. This will allow us to gain an
understanding of the ice-shelf-front-adjacent meltwater dy-
namics corresponding to a wide range of sub-ice-shelf melt
scenarios.

b. One-dimensional line plume model

The scaling theory described above cannot account for the
effects of nonuniform stratification [i.e., N = N(z)], and pro-
vides only limited physical insight. To improve upon it, we
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FIG. 1. A schematic describing the object of study. Melt rate data (gold/red) are from
Shean et al. (2019) and Gourmelen et al. (2017), and bathymetry data (blue/green) are
from Timmermann et al. (2010). Light, medium, and dark gray represent ice shelves, the
Antarctic ice sheet, and rock outcrops, respectively. We focus on the meltwater outflow
from beneath Pine Island Glacier, which is concentrated in a narrow kilometer-scale
outflow at its western edge; this may be a feature of many Antarctic ice shelves. We idealize
this meltwater outflow as a constant buoyancy source F, with width L, applied to the

bottom of our model domain.

follow Morton et al. (1956) in constructing a one-dimensional
vertical steady-state model of the buoyant plume. The original
model of Morton et al. (1956) describes a point buoyancy
source, and has been previously adapted to consider a point
source of meltwater next to a vertical wall (Cowton et al. 2015;
Carroll et al. 2015; Ezhova et al. 2018). One-dimensional
models of buoyant line plumes rising underneath a sloping
interface have also been widely applied to the study of sub-ice-
shelf meltwater dynamics (MacAyeal 1985; Jenkins 1991, 2011;
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Lazeroms et al. 2018; Pelle et al. 2019). These models generally
consider explicit fluxes of heat and salt instead of a generic
buoyancy flux, as well as interactions across the ice—ocean
interface.

Throughout this study we will assume that the dominant
contribution to meltwater production is made below the ice
shelf and that thermodynamic interactions between the plume
and the ice shelf front itself (see Fig. 1) are negligible. For a
buoyant plume originating from a line source next to a vertical
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FIG. 2. Example solutions of the one-dimensional line plume model for different buoyancy forcings F/L; h = 0 represents the base of the ice
shelf front. In each case, the black dot highlights the meltwater’s settling depth; this is the level of neutral buoyancy, i.e., where B(z) = 0.

wall, these assumptions lead to the following system of coupled
ordinary differential equations (see appendix A):

d M
D=ay )
am B
e ©
- —on. @)

Here O, M, and B are vertical fluxes per unit length of volume,
momentum, and buoyancy, respectively; N(z) is the ambient
stratification, and « is a nondimensional entrainment coeffi-
cient. The model is solved for a given buoyancy forcing F/L by
setting B = F/L at the bottom of the domain and integrating
upward. The meltwater’s settling depth is then given by the
level of neutral buoyancy, which is where B(z) = 0. Since F/L
and N are the only dimensional input parameters, a charac-
teristic vertical scale is again given by iy = (F/L)"?/N.
Example solutions of this one-dimensional model are shown in
Fig. 2, for a range of buoyancy forcings F/L. Here, the ambient
stratification N = 3 X 10™>s™ !, a realistic value for Pine Island
Bay. Values used for the entrainment coefficient vary across the
literature; here, we use o = 0.15, which is consistent with effective
entrainment coefficients calculated from past numerical simula-
tions of hydrothermal plumes (Jiang and Breier 2014; Fabregat
Tomas et al. 2016). We integrate our model equations using an
eighth-order Runge-Kutta method (Prince and Dormand 1981).

c. Three-dimensional large-eddy simulations

To accurately study the behavior of the buoyant plume, and
to evaluate the utility of the simpler theories described above,
we conduct high-resolution simulations of the underlying
small-scale fluid dynamics. Many previous studies have simu-
lated the dynamics of geophysical plumes rising far from any
walls (e.g., Lavelle 1995; Speer and Marshall 1995; Jiang and
Breier 2014; Fabregat Tomas et al. 2016). In the Arctic context,
past studies have simulated glacial meltwater plumes rising
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next to a wall (Xu et al. 2012, 2013; Sciascia et al. 2013; Kimura
et al. 2014; Carroll et al. 2015; Slater et al. 2015; Ezhova et al.
2018); the results are generally consistent with buoyant plume
theory as long as the meltwater contribution from the ice face is
small. However, it is unclear to what extent this is true of
Antarctic meltwater plumes. Aside from the difference in ge-
ometry between these two contexts, studies of Arctic melt-
water plumes typically neglect the effects of Earth’s rotation,
which in principle can have a substantial effect on settling
depth (Fabregat Tomas et al. 2016). While neglecting rotation
may be reasonable within Greenlandic fjords (e.g., Straneo
et al. 2010; Sciascia et al. 2013), it is not reasonable for melt-
water escaping from beneath Antarctic ice shelves. For example,
Naveira Garabato et al. (2017) showed using observations and
two-dimensional simulations that the Coriolis force is responsi-
ble for a vigorous zonal jet next to the meltwater outflow from
underneath the Pine Island ice shelf. They further argued that
rotation had an important effect on the meltwater’s settling
depth, through the mechanism of centrifugal instability.

The vast majority of these numerical simulations of glacial
meltwater plumes have used the Massachusetts Institute of
Technology general circulation model in a nonhydrostatic con-
figuration (MITgcm; Marshall et al. 1997). Here, we conduct
new three-dimensional large-eddy simulations of a line glacial
meltwater plume rising next to a wall using the software package
Oceananigans.jl (Ramadhan et al. 2020). Oceananigans.jl is
written in the high-level Julia programming language (Bezanson
et al. 2017), simulates the rotating nonhydrostatic incompress-
ible Boussinesq equations using a finite volume discretization
similar to that of the MITgcem, and is optimized to run on
graphical processing units (GPUs). The equations are integrated
using a second-order Adams-Bashforth scheme with adaptive
time stepping. The effects of subgrid scale processes are pa-
rameterized via an eddy viscosity and eddy diffusivity modeled
using the anisotropic minimum dissipation (AMD) large-eddy
simulation closure (Rozema et al. 2015). The AMD formalism
was refined by Verstappen (2018) and validated for ocean-
relevant scenarios by Vreugdenhil and Taylor (2018).
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FIG. 3. Evolution of a simulated meltwater plume, after 6 h and after 18 h. (a) A y—z plane with x = 0 (i.e., perpendicular to the ice shelf
front) is depicted: arrows indicate the flow in this plane, while colors indicate the flow perpendicular to it. We see the development of a
strong zonal flow, consistent with observations of the outflow from beneath the Pine Island ice shelf. (b) The zonally averaged meltwater
distribution and (c) the meridionally averaged meltwater distribution are also depicted. Distributions have been normalized to integrate to
1. The meltwater outflow is deflected to the west by the Coriolis force, and eventually reenters the domain at the eastern boundary.

Our model domain follows the schematic in Fig. 1. The hor-
izontal widths L, and L, are both set to 5km, while the depth of
the ice shelf front L, is set equal to 400 m (approximately con-
sistent with Pine Island Glacier; see Jenkins et al. 2010). The
domain is reentrant in the zonal x direction; free-slip and no-
normal-flow conditions apply at the other boundaries. We use
512 grid cells in each horizontal direction and 96 grid cells in
the vertical: this corresponds to a horizontal resolution of
9.77m and a vertical resolution of 4.17m. We consider the
evolution of temperature, salinity, and a passive tracer repre-
senting meltwater. Glacial meltwater escaping from under-
neath the ice shelf is represented as a constant buoyancy source
F applied to a horizontal area of length L next to the southern
edge of the domain (see Fig. 1). We conduct experiments both
with varying L and with L set to a default value of 1 km, which
is broadly consistent with the meltwater outflow from beneath
Pine Island Glacier (Naveira Garabato et al. 2017). The
buoyancy source F is implemented as a constant volume-
conserving “‘virtual salinity flux” (Huang 1993; see appendix
B for details). The Coriolis parameter f is set to —1.4 X
10~*s™', appropriate for the latitude of Pine Island.

3. Results
a. The simulated meltwater plume

The basic behavior of the simulated glacial meltwater plume
is demonstrated in Fig. 3; here, F/L = 10"?m>s™>. Asin Fig. 2,
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the initial condition is a uniform stratification of N = 3 X
1073s7"; this yields |[N/f] ~ 20, similar to the meltwater plume
simulations of Naveira Garabato et al. (2017). For now, the
stratification is implemented through a linear vertical salinity
gradient, fixed temperature, and a linear equation of state with
haline contraction coefficient 8 = 7.8 X 107* psu™! (Vallis
2017). Here and throughout the paper we normalize plotted
meltwater distributions to integrate to 1. Following the evo-
lution of the passive meltwater tracer, we see that the turbulent
plume initially rises rapidly, and then moves northward once it
reaches neutral buoyancy. The northward flow is deflected to
the left by the Coriolis force, resulting in a strong westward jet;
this is consistent with the observations and two-dimensional
simulations of Naveira Garabato et al. (2017).

Next, we consider the time evolution of the horizontally
averaged meltwater distribution over one day of simulation. To
quantify the effect that Earth’s rotation may play in deter-
mining the plume’s settling depth (e.g., Fabregat Tomas et al.
2016; Naveira Garabato et al. 2017), we conduct two simula-
tions: one where the Coriolis parameter f has a realistic
value —1.4 X 10™*s™!, and one where f has been set to zero.
The results of these experiments are shown in Fig. 4. We ob-
serve that, for this realistic choice of |N/f], the meltwater’s
settling depth is largely determined on a time scale N™'. As we
approach a time scale of 1 day, the mean settling depths in the
different simulations diverge slightly: in the rotating case, the
meltwater rises on average around 20 m higher. Additionally,
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FIG. 4. The evolution of the horizontally averaged vertical meltwater distribution over 1 day of simulation, for a
realistic value of the Coriolis parameter f and for a case where f = 0. (a),(b) The evolution of the distributions and

(c) the evolution of the mean settling depth are shown. Here, F = 10m*s™

3 and L = 1km. In our simulations,

rotational effects broaden the distribution of meltwater over a wider range of depths. The effect on the mean settling
depth is smaller and of the opposite sign as that found by Naveira Garabato et al. (2017); we discuss this in the text.

the rotating experiment also shows a broadening of the vertical
meltwater distribution on this time scale, suggestive of rota-
tional effects playing a mixing role.

Interestingly, these results conflict with those of Naveira
Garabato et al. (2017), who used two-dimensional simula-
tions to argue that centrifugal instability is a dominant
mechanism acting to decrease the meltwater’s rise height.
As the northward-moving meltwater is deflected to the left
by the Coriolis force, a strong zonal jet develops (Fig. 3);
centrifugal instability can occur if the resulting anticyclonic
vorticity is large enough ({/f < —1; Haine and Marshall
1998), promoting lateral export and mixing of the meltwater.
In their two-dimensional simulations, Naveira Garabato et al.
(2017), observed over the same timeframe of 1 day that setting
f= —1.4 x 10~*s™" was sufficient to deepen the peak of the
meltwater distribution by ~50 m compared to the case with f =
0, an effect that is absent in Fig. 4. In appendix C we address
this discrepancy using additional two-dimensional simulations:
those results suggest that the effect observed in the simulations
of Naveira Garabato et al. (2017) may be related to their use
of a restoring buoyancy source formulation rather than a
constant buoyancy source formulation as implemented in
this study.

The effect of rotation on the meltwater settling depth in our
simulations is smaller than that found by Naveira Garabato
et al. (2017), and has the opposite sign. This effect is relatively
unimportant compared to the role played by the buoyancy
source per unit width (F/L) and ambient stratification (N):
this can be inferred both from Fig. 2 and the rapid initial
stratification-driven adjustment in Fig. 4, and is confirmed in
the large-eddy simulations presented in the next section
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(Fig. 5). The effect emerges on the same time scale in which the
meltwater flow reaches x = 0 after having reentered from the
eastern boundary (~1 day, see Fig. 3), and may thus also be a
consequence of the idealized nature of the simulation setup.
For the purposes of this study, we remain agnostic as to
whether this effect represents a physical mechanism operating
in the real world, and simply conclude the following. First, for
realistic values of |N/f], centrifugal instability is not important
in determining the meltwater’s settling depth. Second, rota-
tional effects in general play at most a small role in determining
the meltwater’s settling depth, compared to the role played by
F, L, and N.

b. Vertical meltwater distribution: Uniform stratification

Now, we can evaluate how the meltwater’s settling depth
depends on the buoyancy source and the background stratifi-
cation. We conduct a set of simulations where F, L, and N are
separately varied: the vertical meltwater distributions after 6 h
of integration are shown in Fig. 5. We choose this time scale
because by this point the depth of the meltwater has approxi-
mately stabilized (Fig. 4). The default values of F, L, and N in
Fig. 5 are 10m*s ™2, 1km and 3 X 10" *s™". Because F is not
necessarily an intuitively accessible quantity, for the case of
varying F we included as an additional x axis an approximate
lower bound on the corresponding glacial mass loss due to melt
(appendix D). On top of the distributions obtained from
the simulations we also plot predictions from the simple
scaling solution and the one-dimensional line plume model
presented above. Both show excellent agreement with the
high-resolution simulations, suggesting that they parameterize
the settling depth extremely well in these idealized conditions.
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FIG. 5. The horizontally averaged vertical meltwater distribution
after 6 h of simulation, for varying buoyancy source F, varying
stratification N, and varying outflow width L. For the case of
varying F, we have also estimated a lower bound on the corre-
sponding mass loss due to melt (see text). On top of the distribu-
tions we plot the settling depths predicted by the simple scaling
relationships (dashed) and the one-dimensional line plume model
(solid) with a = 2.6: both show excellent agreement with the high-
resolution simulations. The new scaling relationships show sub-
stantial improvement over the scaling relationships for point
source plumes [/ o (F/N*)Y4].

For the scaling solution, we have used a = 2.6: the good
agreement with the simulation results indicates that the coef-
ficient matches that for point source plumes (Speer and
Marshall 1995; Fabregat Tomas et al. 2016).

c. Vertical meltwater distribution: Nonuniform stratification

In the real world, the buoyancy frequency N is nonuniform
in time and space. For example, observations from Pine Island
Bay show that vertical profiles of temperature, salinity, and
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meltwater fraction display significant interannual variability
(Dutrieux et al. 2014b). In Fig. 6 we demonstrate this vari-
ability by plotting temperature and salinity profiles collected
next to the meltwater outflow from Pine Island Glacier in 2009
and 2014 (Jacobs et al. 2011; Heywood et al. 2016), together with
estimates of the corresponding meltwater fractions. Notably, in
2009 meltwater was primarily centered at a depth of 400 m, while
in 2014 it was able to rise to the surface. This difference appears
too dramatic to be explained purely by interannual variability in
meltwater fluxes. For example, because of the i « F' scaling,
changing rise height by even a factor of 2 requires F to change
by a factor of 8; meanwhile, observations indicate that meltwater
export from beneath the Pine Island ice shelf has varied by at
most by a factor of 3 between years (Dutrieux et al. 2014b).
Hence, we propose that the variability in stratification played a
major role.

We investigate the effect of the different background con-
ditions in 2009 and 2014 by using the top 400 m of the observed
temperature and salinity profiles as initial conditions in
our high-resolution simulations. From these, Oceananigans.jl
calculates a density profile using the idealized nonlinear
equation of state proposed by Roquet et al. (2015), optimized
for near freezing. We consider two different buoyancy sources,
FIL = 10 3m?s 2 and F/L = 10" 2m>s™3; these values are
chosen specifically to help illustrate the important dynamics.
The vertical meltwater distributions after 6h are shown in
Fig. 7. We additionally plot an estimate of the strength of the
initial stratification as a function of depth; this is obtained by
calculating N*> = —(g/po)(dp/dz) for each vertically adjacent
pair of data points and applying a moving average with a 20-m
window to identify important trends. For the case of F/L =
1072m>s ™3, we see that there is little difference in the vertical
meltwater distribution between 2009 and 2014 conditions.
However, the simulations with F/L = 10 °m’s > show a
marked difference: in the 2009 case, meltwater settles at ~350-
m depth, while in the 2014 case it rises around 100 m further.
Finally, we have also plotted the settling depths predicted by
the one-dimensional plume model, using the same initial
stratification profiles: there is near-perfect agreement with the
peaks of the meltwater distributions obtained from our high-
resolution simulations.

The behavior exhibited in the simulations with F/L =
10*m?s™? is qualitatively consistent with the observations
(Fig. 6): namely, meltwater rose much higher in 2014. The lack
of full quantitative agreement is expected, because we have
simulated only the top 400 m of the water column, neglected
changes in the sub-ice-shelf meltwater dynamics, and neglected
other real-world processes that could affect the settling depth
(such as changes in the ambient circulation or wind-driven
upwelling). We suggest that the difference in settling depths
between our 2009 and 2014 simulations is a consequence of the
N? peak at around 350 m that was present in 2009 but not in
2014: the meltwater was “‘trapped’ by the local maximum in
stratification. This illustrates an important point: localized
variability in the ambient stratification N(z) can have a sub-
stantial effect on meltwater settling depth even when the ef-
fective buoyancy flux remains constant. When the buoyancy

source is larger (F/L = 1072 m®s ™), the meltwater can “break
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FIG. 6. Observed 2009 and 2014 temperature and salinity profiles next to the meltwater outflow from Pine Island
Glacier, as well as estimated meltwater fractions. In 2009, meltwater was primarily centered at a 400-m depth, while

in 2014 it was able to rise to the surface.

through” the stratification maximum, and ends up with a ver-
tical distribution very similar to the corresponding 2014 strat-
ification profile.

4. Discussion

The potency of Antarctic glacial meltwater as a driver of
regional and global climate trends likely depends strongly on
its settling depth or vertical distribution after exiting the ice
shelf cavity. Specifically, it seems feasible that meltwater could
only explain the signs of the observed Southern Ocean trends

(surface cooling, surface freshening, and sea ice expansion) as
long as it rises close enough to the surface to shoal the mixed
layer base and to yield a measurable surface salinity anomaly.
Pauling et al. (2016), who considered the effects of releasing
freshwater at different depths, found that the depth of melt-
water release had no significant effect on the magnitude of sea
ice expansion. However, they also found a much weaker re-
sponse of sea ice expansion to freshwater forcing than other
studies (Bintanja et al. 2013, 2015; Rye et al. 2020); these in-
termodel differences deserve further study. Observational data
(e.g., Loose et al. 2009; Dutrieux et al. 2014b; Kim et al. 2016;

Stratification F/L =107% m?/s? F/L=10"2 m?/s?
—— 2009 — 2009
— 2014 — 2014
—1001
£ 9200+
N
—3001
—400 - : . . .
0 1 2 0 5

N? (1075 /52)

Meltwater (1072 m~1)

Meltwater (1072 m™1)

FIG. 7. Simulated vertical meltwater distributions (from LES, solid) for F/L =10">m®s > and F/L =102 m’s 3,
with initial conditions set by observed temperature and salinity profiles for 2009 and 2014. Horizontal dashed lines
indicate the settling depths predicted by the one-dimensional line plume model for the same conditions; notably,
the line plume model accurately predicts the peak of the simulated meltwater distribution in all cases. We also plot

depth profiles of stratification strength in terms of N? (see text). For F/L = 107 2m’s

~3 we see that there is little

difference in the vertical meltwater distribution between 2009 and 2014 conditions. However, the simulations with
FIL =103 m>s > show a marked difference: the qualitative trend is consistent with observations (Fig. 6). Here, we
propose that the rising meltwater was “‘trapped” by the notable local stratification maximum at around 350-m depth

in the 2009 conditions.
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Naveira Garabato et al. 2017; Biddle et al. 2019) highlight that
meltwater can settle at a range of depths in the subpolar sea,
suggesting that time-varying environmental conditions and the
properties of individual meltwater plumes play important roles
in determining the vertical distribution of meltwater in the
shelf seas, and therefore the climate impact of meltwater
anomaly production.

In Fig. 8, we identify two different paradigms for intro-
ducing Antarctic meltwater fluxes into simulations of
global climate. In paradigm A, meltwater fluxes (from
observations or melt rate models) are inserted into the
ocean model at some fixed vertical level. This paradigm has
dominated the literature: as described earlier, most cli-
mate modeling studies have introduced all of the meltwa-
ter flux at the surface. In other studies, the meltwater has
been uniformly distributed over a fixed range of depths
below the ice shelf front (Beckmann and Goosse 2003;
Mathiot et al. 2017). Given the likely climatic importance
of Antarctic glacial meltwater, the strong dependence of
settling depth on buoyancy release (e.g., as explored in this
study), and the vast heterogeneity in the observed mass
loss rates and ambient conditions at different ice shelves
(Rignot et al. 2019), any such ‘““one size fits all”” solution
risks missing substantial aspects of the climate response to
Antarctic mass loss. However, an alternative approach is
possible: in paradigm B, the melt rate model is coupled to a
dynamic plume model that describes the small-scale dy-
namics of buoyant meltwater plumes and accurately cal-
culates the vertical distribution of meltwater. The
meltwater is then inserted into the ocean model in accor-
dance with this distribution.

Parameterizing the depth of meltwater input into general
circulation models using buoyant plume theory is not a new
idea: Cowton et al. (2015) have employed this technique to
conduct more efficient simulations of Arctic glacial fjords.
Because Arctic tidewater glaciers are essentially vertical for
the entire depth of the water column, a single one-dimensional
plume model can be used to calculate both melt rates and
plume dynamics. However, this is not true in the context of
Antarctic ice shelves, in part because of the large discontinu-
ity in slope that occurs at the base of the ice-shelf front.
Therefore, a number of issues remain to be solved before
paradigm B could be implemented in simulations of global
climate.

In this study we have shown that the settling depth of the
meltwater after its escape from beneath the ice shelf is well
described by one-dimensional plume theory even for complex
nonuniform stratification (Fig. 7), however, the critical input
parameter F/L remains a function of complex sub-ice-shelf
processes. If the “melt rate model” in Fig. 8 is a box model
(Olbers and Hellmer 2010; Reese et al. 2018), F could be es-
timated from the properties of the outflow from the box closest
to the ice-shelf front. If it is a plume model (MacAyeal 1985;
Jenkins 2011; Lazeroms et al. 2018; Pelle et al. 2019), F could be
estimated from the remaining buoyancy flux at the ice-shelf
front. However, both types of models may have issues calcu-
lating L, because they do not resolve gyre circulations below the
ice shelf (Grosfeld et al. 1997; Losch 2008; De Rydt et al. 2014),
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FIG. 8. Schematic describing two different paradigms for Antarctic
meltwater fluxes in simulations of global climate. In paradigm
A, the fluxes from a melt rate model are inserted into the
ocean model at some fixed vertical level; this approach has
dominated the literature. In paradigm B, the melt rate model
is coupled to a dynamic plume model that describes the small-
scale dynamics of buoyant meltwater plumes and accurately
calculates the vertical distribution of meltwater for insertion
into the ocean model. Given the potential climatic impor-
tance of glacial meltwater, the strong dependence of settling
depth on the buoyancy forcing, and the vast heterogeneity in
the observed mass loss rates and ambient conditions at dif-
ferent ice shelves, this approach would likely represent a
significant improvement over the one-size-fits-all approach of
paradigm A.

and the focusing of meltwater outflows by kilometer-scale
channels at the base of the ice (Dutrieux et al. 2013, 2014a;
Naveira Garabato et al. 2017).

Finally, one-dimensional plume models have fundamental
limitations even in the relatively simple case of a plume rising
next to a vertical wall. For example, this neglects the along-
shelf dynamics, which affect the plume’s location and width as
well the relevant ice shelf front depth, and have been shown
to significantly affect total melt rates in the Arctic context
(Jackson et al. 2020). However, the most significant limitation
of using one-dimensional plume models to compute meltwater
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FIG. 9. Vertical meltwater distributions, for rotating and
nonrotating cases, in a two-dimensional domain. We have in-
troduced meltwater via (a) a restoring buoyancy source (fol-
lowing Naveira Garabato et al. 2017; see text), and (b) a
constant buoyancy source (as in the simulations described in
the main text). When a constant buoyancy source is employed,
the peak of the vertical distribution is not noticeably influ-
enced by the effects of rotation. However, when a restoring
buoyancy source is employed, rotation deepens the peak by
~50m, consistent with the simulations of Naveira Garabato
et al. (2017). Since the magnitude of the buoyancy source is a
primary control on the meltwater’s settling depth, the impor-
tance of any other parameters can only be accurately investi-
gated by holding the buoyancy source constant; therefore,
these results show that the use of restoring nonconstant
buoyancy sources may exaggerate the effect of rotation on the
settling depth.

settling depths is that these one-dimensional parameterizations
can only output a single meltwater settling depth [B(z) = 0].
Meanwhile, observed vertical meltwater distributions can have
complex, possibly multimodal shapes. Short of explicitly re-
solving the small-scale fluid dynamics of the meltwater plume
next to and below the entire ice shelf, it may be possible to
extend upon the one-dimensional plume model, perhaps by
introducing a time dependence, to explicitly include a passive
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meltwater tracer that would allow for the calculation of a
vertical distribution rather than just its peak.

5. Conclusions

Antarctic glacial meltwater is likely an important driver of
observed Southern Ocean climate trends (Bintanja et al. 2013;
Rye et al. 2014; Bintanja et al. 2015; Rye et al. 2020), and will
have a significant impact throughout the twenty-first century
(Bronselaer et al. 2018; Golledge et al. 2019). Nevertheless, the
factors determining the vertical distribution of meltwater in the
water column remain poorly understood. Here, we have used a
hierarchy of approaches, spanning simple scaling laws to high-
resolution large-eddy simulations of the meltwater outflow
from beneath an ice shelf, to gain a fundamental under-
standing of the most important controls on the meltwater’s
settling depth. We found that the settling depth is primarily a
function of the buoyancy forcing per unit width and the am-
bient stratification, consistent with the classical theory of
turbulent buoyant plumes and in contrast to previous sug-
gestions that centrifugal instability plays an important role
(Naveira Garabato et al. 2017). Our simulations also provide
insight into the observed interannual variability in meltwater
settling depth, using Pine Island Glacier as an example; the
role of the nonuniform background stratification is high-
lighted. We expect that the results of this study are relevant
to a wide range of Antarctic ice shelves, in part because the
focusing of sub-ice-shelf meltwater into a narrow outflow
is a fundamental consequence of a generic sub-ice-shelf
circulation (Grosfeld et al. 1997; Losch 2008; De Rydt et al.
2014). The work presented in this study is a first step
toward a dynamic parameterization of Antarctic meltwater
settling depth for simulations of global climate. Because of
the likely climatic importance of Antarctic glacial meltwa-
ter, the strong dependence of mass loss rates on buoyancy
forcing, and the vast heterogeneity in the observed mass
loss rates and ambient conditions at different ice shelves,
such a parameterization could be crucial for the accurate
simulation and forecasting of high-latitude climate in a
warming world.
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APPENDIX A

One-Dimensional Line Plume Model

We construct a one-dimensional vertical line plume model in
the spirit of Morton et al. (1956). Here, the rate of turbulent
entrainment of ambient fluid into the rising buoyant plume
is parameterized as proportional to the plume’s vertical
velocity via an entrainment coefficient «. We assume that
the vertical velocity w is uniform within the plume and zero
outside, and that the plume is rising next to a wall (so that
entrainment can only occur from one side). We can then
write down volume, momentum, and mass conservation
equations within the plume:

diz (Dw) =aw, (A1)

<& (Dwpw) = Dglp, ~ p), (A2)

diz (Dwp) = awp, . (A3)
Here, p(z) is the density of the plume, p,(z) is the ambient
density, D is the width of the plume perpendicular to the
wall, and « is the entrainment coefficient. Assuming that p(z)
differs only slightly from the reference density py, we can
rewrite Eq. (A2) as

d N_n8 _
@D =D Lo, ). (A4)

Following the reasoning in Morton et al. (1956), we can use
Eq. (A1) to rewrite Eq. (A3) as

d d d d
P (Dwp) =p, d_z(DW) % (Dwp,) — DWd—ZP,l, (AS5)

such that

d _ dp,
dfz[DW(pa p)l=Dw 4

(A6)

Now, writing Dw = Q (volume flux), Dw? = M (momentum
flux), and Dwg[(p, — p)/po] = B (buoyancy flux), we obtain the
three coupled ODEs

dQ M

d_ziaa’ (A7)
dM QOB

@M (A8)
dB gdp )
Z=-p&Za=_ON?, A9
dz py dz Q (A9)

These equations are similar but not equivalent to the corre-
sponding equations for point plumes. Furthermore, each of the
three governing equations has implicitly been divided by a
factor of L (x width of the plume); thus, all of the quantities Q,
M, B are fluxes per unit width.
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APPENDIX B

Buoyancy Source Implementation

We implement the buoyancy source F (m*s~>) in our high-
resolution simulations as a volume-conserving ‘‘virtual salinity
flux” (Huang 1993). The conservation law for an arbitrary
tracer ¢ in Oceananigans.jl is

ac

+u-Ve=-V.q +F,
at c c

(B1)
where q. is a diffusive flux and F, is an external source term. In
our simulations, we introduce the buoyancy uniformly across a
volume that extends width L in the x direction, 10 grid cells in
the y direction (~100m), and one grid cell in the z direction
(~4m). The width of 100 m in the y direction is chosen in part
to simulate the fact that the plume has nonzero horizontal
momentum when emerging from beneath the ice shelf, while
still remaining consistent with observations and prior simula-
tions of this scenario (Naveira Garabato et al. 2017). Including
this initial velocity explicitly would impact the effect of the
Coriolis force on the dynamics (e.g., strengthening the jet in
Fig. 3), but it is unclear to what extent this would affect the
meltwater settling depth; we leave this as a question for future
work. Defining the buoyancy source volume as V,, we can write

[ vt
V,

=F s
dt source

(B2)
b

where db/dtsoy.c. refers only to the term within the full buoy-

ancy conservation equation that comes from the external

buoyancy source. Now, recall that

b==5(-p), (B3)
Py
and that, to first order,
p:p()[l —a(T - T()) +:B(S_S())]' (B4)
Thus, if no temperature forcing is introduced,
db dbd d ds
L o 5% __pgD (s
dt source dp dt source Py dt source dt source
and, by (B2):
das
F=-| avesy = -spri. (B6)
V) source

b

where Fy is the volume-integrated salinity flux (psu m>s™1).
For a chosen F we therefore obtain a corresponding Fg by (B6).
Then, in our simulations, we distribute Fg uniformly across V.

APPENDIX C

Restoring Buoyancy Sources May Exaggerate the
Importance of Rotational Effects in Determining the
Meltwater’s Settling Depth

Our results conflict with those of Naveira Garabato et al.
(2017). Using a two-dimensional model, they found that including
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realistic rotation deepened the peak of the observed melt-
water distribution by ~50 m compared to a nonrotating case,
after one day of integration. To clarify why there is a dis-
crepancy, we conduct additional two-dimensional simula-
tions with Oceananigans.jl that are designed to closely
replicate those of Naveira Garabato et al. (2017).

The model domain spans Skm X 300m and is zonally re-
entrant. Our resolution is 512 X 96, ie., ~10m X 3m.
The initial stable stratification is implemented using a linear
equation of state and a linear temperature gradient from 1°C at
the bottom to 3°C at the top. At the northern boundary, we
continuously relax back to the stable initial condition. At the
base of the southern boundary we introduce meltwater via an
unstable restoring region that extends 160 m in the y direction.
In the unstable restoring region, temperature is relaxed to a
temperature T,(y), which is set following a linear gradient: its
value is 2°C at y = Om and 1°C at y = 160 m. For clarity, in the
buoyancy source region:

% = (other terms) + A[T (y) — 11,

(1)
where A = 1/20s™". This experiment is conducted twice, once
with f=—1.4 X 10~*s™! (realistic rotation) and once with f= 0
(no rotation). We then conduct an additional set of simulations
using a constant buoyancy source, which is set to approxi-
mately yield the same settling depth.

Figure 9 shows the vertical distribution of glacial melt in the
water column after 1 day, for both rotating and nonrotating
cases, and for a restoring formulation and a constant buoyancy
source formulation. When a restoring formulation is used, in
the rotating case the peak is ~50 m deeper than in the nonro-
tating case, consistent with the results of Naveira Garabato
et al. (2017). However, when a constant buoyancy source is
used, rotation appears to have no effect on the peak of the
meltwater distribution. Since the magnitude of the buoyancy
source is a primary control on the meltwater’s settling depth,
the importance of any other parameters can only be accurately
investigated by holding the buoyancy source constant. This
suggests that the bottom results in Fig. 9 are more physical, and
that the use of restoring nonconstant buoyancy sources may
exaggerate the effect of rotation on the settling depth.

APPENDIX D

Approximate Lower Bound on Net Melting Corresponding
to a Given Buoyancy Source

For the second x axis included in Fig. 5a, we estimate a lower
bound on the glacial mass loss due to melt (i.e., net melting)
corresponding to a buoyancy source F (m*s™%). In the real
world, melting is spatially distributed throughout the ice-shelf
cavity, and the meltwater that is released loses buoyancy as it
ascends toward the ice-shelf front. If the meltwater plume
carries a buoyancy flux F by the time it reaches the base of the
ice shelf (i.e., the base of our model domain), the smallest
possible rate of mass loss that could be responsible for that
buoyancy flux would be achieved if all the melting had oc-
curred at precisely that depth.
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To obtain a lower bound on the mass loss corresponding to a
given F, therefore, let us assume that F arises entirely from
melting occurring at the base of our model domain (i.e., the
base of the ice-shelf front). If this represents pure freshwater,
the buoyancy gained by its input into the system is equivalent
to the buoyancy gained by removing the same volume of water
at the ambient salinity Sy (set to 34.6 psu). This can be justified
rigorously by noting that, if we add a small volume of water AV
with salinity O to a large volume of water V with salinity Sy, the
new salinity is given by

Vs AV
+AS=—0_~s (1= D1
Sy +AS = SO< ) (D1)

ie.,
VAS ~ =S AV. (D2)

Moving from volumes to fluxes, let F, denote our lower bound
on the mass flux (kg s '). Following (D2), the volume-
integrated virtual salinity flux Fg (psu m®s™') is given by

F
Fy~ —SO—M. (D3)
Py
Using (B6), we find that
Pt
~— D4
= gs, (D4)

where F is the buoyancy flux (m*s™).

A complementary interpretation of F, is the following: for a
mass loss flux of Fy,, the meltwater may rise no higher than the
settling depth shown in Fig. 5.
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