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Abstract Thwaites Glacier is one of the fastest‐changing ice‐ocean systems in Antarctica. Basal melting
beneath Thwaites' floating ice shelf, especially around pinning points and at the grounding line, sets the rate of
ice loss and Thwaites' contribution to global sea‐level rise. The rate of basal melting is controlled by the
transport of heat into and through the ice–ocean boundary layer toward the ice base. Here we present the first
turbulence observations from the grounding line of Thwaites Eastern Ice Shelf. We demonstrate that contrary to
expectations, the turbulence‐driven vertical flux of heat into the ice–ocean boundary layer is insufficient to
sustain the basal melt rate. Instead, most of the heat required must be delivered by lateral fluxes driven by the
large‐scale advective circulation. Lateral processes likely dominate beneath the most unstable warm‐cavity ice
shelves, and thus must be fully incorporated into parameterizations of ice shelf basal melting.

Plain Language Summary Our knowledge of the response of Thwaites Glacier to the changing
climate of the 21st century remains highly uncertain despite the significant risk it poses to global sea‐level if it
were to collapse entirely. The rate of ice loss from Thwaites over at least the next 100 years will be controlled by
the rate at which its ice shelf—the portion of the glacier that floats on the ocean—is melted from below by
‘warm’ ocean water. Understanding the processes that drive this basal melting is therefore essential. Here we
present the first observations of vertical mixing and small‐scale ocean turbulence right at the critical point that
Thwaites Glacier first begins to float (referred to as the grounding line). Unexpectedly, we find that the heat
required to maintain basal melting is not brought to the ice base via vertical mixing, but rather it is delivered
horizontally via the large‐scale ocean circulation. The dominance of lateral processes is likely to be important
for many of Antarctica's most unstable glaciers which overlie warm ocean water, and therefore must be fully
incorporated into models of basal melting to reliably predict the rate of future sea‐level rise.

1. Introduction
Thwaites Glacier is poised to be the single largest West Antarctic contributor to global sea‐level rise over the 21st
century (Bett et al., 2024). Grounded below sea‐level on a retrograde bed (Fretwell et al., 2013), Thwaites is
responsible for draining 10% of the West Antarctic Ice Sheet (Rignot et al., 2019; Scambos et al., 2017) and is
highly susceptible to marine ice sheet instabilities (Bradley & Hewitt, 2024; Joughin et al., 2014; Yu et al., 2019).
In some regions its grounding line, the point where the glacier first goes afloat, has retreated 14 km inland since
the late 1990s, and is currently retreating by up to 1.2 km per year (Milillo et al., 2019). Thwaites may already
have entered a period of rapid and irreversible ice loss (Bett et al., 2024; Joughin et al., 2014), and would
contribute >65 cm to global sea‐level if it were to collapse entirely (Morlighem et al., 2020).

Ice loss from Thwaites (and other major West Antarctic outlet glaciers) and whether it proceeds irreversibly is
dynamically linked to the rate of ice shelf basal melting around pinning points (Bett et al., 2024) and at the
grounding line (Arthern &Williams, 2017). Melt‐induced ice shelf thinning in these regions results in a loss of ice
shelf buttressing, leading to higher spreading stresses, faster flow and dynamic thinning of grounded ice upstream
(Alley et al., 2021; Reese et al., 2018; Wild et al., 2022). As this thinner ice goes afloat, the ice shelf increasingly
ungrounds from pinning points and the grounding line retreats inland, further accelerating the flux of grounded ice
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into the ocean. Moreover, strong geometric feedbacks exist whereby basal melt‐induced ice shelf thinning opens
new areas of sub‐ice shelf cavity, promoting further basal melting and grounding line retreat (Bett et al., 2024;
Bevan et al., 2021; P. R. Holland et al., 2023). Ocean‐driven basal melting is currently accelerating beneath
Thwaites: between 1994 and 2012, the rate of ice shelf mass loss in West Antarctica has increased by 70% (Paolo
et al., 2015), while associated grounded ice discharge has increased by 77% between 1973 and 2009, with half the
increase occurring between 2003 and 2009 (Mouginot et al., 2014).

The rate of ice shelf basal melting is controlled by the divergence at the ice–ocean boundary between the
conductive heat flux into the ice and the oceanic heat flux across the phase change interface (Jenkins et al., 2010;
Supplementary Figure S1 in Supporting Information S1)

ρiabLi = QT
i + QT

b , (1)

where ρ is density, ab the basal melt rate, L the latent heat of fusion, T the temperature,QT
b the ocean heat flux and

QT
i = ρiciκi

∂Ti
∂z

⃒
⃒
⃒
b
the conductive heat flux into the ice where c is the specific heat capacity, z the depth, and κ the

thermal diffusivity. The subscripts i and b refer to ice and ice–ocean boundary, respectively. In turn, QT
b is

maintained by ocean processes fluxing heat into and through the ice shelf ocean boundary layer, which beneath
Thwaites Eastern Ice Shelf (TEIS) is assumed to be ∼2 m thick (Figure 1b). Beneath cold, tidally driven ice
shelves, this flux is predominantly vertical and is driven by shear generated turbulence (Davis & Nicholls, 2019;
Jenkins et al., 2010). In coarse ice shelf cavity‐scale models that don't resolve the turbulent processes directly, it is
parameterized through the canonical “three‐equation model” (D. M. Holland & Jenkins, 1999) which assumesQT

b
is a purely vertical process linearly related to the difference between the far‐field and boundary temperature and
the far‐field flow speed (i.e., QT

b ∝ u∞ (T∞ − Tb) ; Jenkins et al., 2010). This far‐field depth can be 10s of meters
from the ice base (Gwyther et al., 2020; Losch, 2008). For ice shelves floating in warm water, or water with weak
currents, the standard three‐equation formalism is known to perform poorly. Where stratification dominates, such
as beneath TEIS, shear‐driven turbulence is suppressed (Vreugdenhil & Taylor, 2019), and the three‐equation
model substantially overestimates the melt rate for a given far‐field temperature (Davis et al., 2023). Further-
more, the dynamics of lateral versus vertical melting in these environments is entirely unaccounted for (Schmidt
et al., 2023). Where double‐diffusive processes are important, stratification acts to enhance rather than suppress
turbulence (Middleton et al., 2021; Rosevear et al., 2021), and the assumptions in the three‐equation model are no
longer valid (Middleton et al., 2022). Developing improved basal melt parameterizations for stratified warm
cavity ice shelves where the rate of ice mass loss is generally greatest is a central effort to reducing uncertainty in
21st century sea‐level projections.

In this letter we highlight a further limitation of the standard formulation of the three‐equation model: namely that
parameterizing QT

b solely as a vertical process neglects a substantial proportion of the heat flux that drives basal
melting. Using turbulence data collected by a Rockland Scientific International (RSI) Velocity Microstructure
Profiler (VMP) at the grounding line beneath TEIS (Section 2), we demonstrate that ∼80% of the heat flux
required to maintain basal melting is sourced from horizontal advection within 4 m of the ice base (Section 3). The
predominance of lateral advection is likely to be a consistent feature of warm‐cavity ice shelves where the ocean
temperature is substantially above the in‐situ freezing point (Section 4), and thus it is essential to fully quantify its
impact in parameterizations of ice shelf basal melting.

2. Turbulence Observations: χ and ε
An access hole was drilled using hot water through 587 m of ice∼1.5–2.0 km downstream of the grounding line in
the “butterfly” region of TEIS (Figure 1a). Despite the quiescent ocean environment (Figures 1b and 1c, Sup-
plementary Figure S2 in Supporting Information S1; Davis et al., 2023; Schmidt et al., 2023), there is clear
evidence of vertical mixing. Persistent, high‐frequency variability in the vertical temperature gradient is observed
between 518 and 540m depth (Figure 1d), and the average extent of density overturns characterized by the Thorpe
Scale (A. A. Gargett & Garner, 2008) reaches 0.3 ± 0.2 m, with a maximum >1.5 m (Figure 1e). The rate of
turbulent mixing was observed using an RSI VMP‐250. Five full water column freefall profiles at∼0.60–0.65 m/s
were taken over a period of 20 hr between 10th–11th January 2020 (Figure 1d). The VMP was equipped with two
shear probes and one fast‐response thermistor sampling at 512 Hz. Both shear probes were dominated by noise
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Figure 1. (a) Map of study area showing the location of the hot water drilled access hole (yellow star) in the “butterfly” region
of TEIS. The blue shaded polygons show the location of the grounding line between 2016 and 2017 from Milillo et al.
(2019) (b), (c), (d), (e) Vertical profiles of (b) temperature (red) and salinity (blue); (c) buoyancy frequency; (d) vertical
temperature gradient; and (e) Thorpe scale density overturns at the location of the access hole. The gray box in (b, c, d, e)
marks the location of the ice base, while the slash‐backed black line shows the location of the seabed. The vertical
temperature gradient profiles in (d) have been successively offset by +1.5°C m− 1.
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(possibly sourced from interference with the hot water drill), leaving only high‐quality thermistor data. Never-
theless, in low‐energy environments, such as that beneath TEIS, thermistor‐derived temperature gradient spectra
(Figure 2a) alone can be used to estimate the rate of thermal variance dissipation (χ) and the rate of turbulent
kinetic energy dissipation (ε) by utilizing the theoretical Batchelor and Kraichnan temperature gradient spectra
(Figure 2b; Bluteau et al., 2017; Peterson & Fer, 2014; Piccolroaz et al., 2021; Supplementary Text S1 in
Supporting Information S1). In total, 221 half‐overlapped estimates of χ and ε were derived. Unless otherwise
noted, throughout this letter we average quantities that span many orders of magnitude using a trimmed (central
90% of the data) geometric mean (Scheifele et al., 2018).

Observed temperature gradient spectra span a wide range of turbulence levels, from the quiescent lower half of the
water column to the more energetic region near the ice base (Figure 2a), and are well characterized by the
Batchelor or Kraichnan theoretical temperature gradient spectra (Figure 2b). Below 540 m depth, χ and ε are
largely less than 10− 10°C2 s− 1 and 10− 9 W kg− 1, respectively (Figures 3a and 3b), equivalent to open‐ocean
background values or the values seen in other quiescent ice shelf cavities where turbulent mixing is sup-
pressed (Davis et al., 2022; Kimura et al., 2016). Above 540 m, ε and χ rapidly increase by several orders of
magnitude (Figures 3a and 3b), indicating the presence of stronger turbulence despite the stronger stratification
(Figure 1c; Supplementary Text S2 in Supporting Information S1). ε reaches 10− 7 W kg− 1, and at two depths,
values of ε derived using the Kraichnan theoretical spectra slightly exceed the maximum value of ε that can be
reliably resolved (2 × 10− 7 W kg− 1). χ reaches 10− 7°C2 s− 1, and there is close agreement between the values of χ
estimated using either theoretical spectrum over the full range of observed values (Figure 3c). In contrast, the
Batchelor spectrum tends to underestimate the value of ε compared to the Kraichnan spectrum when
ε > 10− 8 W kg− 1. The difference never exceeds a factor of 2.8 (consistent with a typical factor of two uncertainty
in the data

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
22 + 22

√
= 2.8; Peterson & Fer, 2014), and therefore we do not consider it to be significant.

Throughout the remainder of this letter, we use a single vertical profile of ε and χ derived from the average of the
Batchelor and Kraichnan profiles.

Figure 2. (a) Vertical temperature gradient wavenumber spectra beneath TEIS colored by depth. The black dot‐dashed line
shows the mean upper integration wavenumber while the gray envelope shows the spread given by the geometric standard
deviation factor. (b) Mean low (blue; depth >545 m) and high (green; depth <525 m) energy vertical temperature gradient
wavenumber spectra. Both the high and low energy spectra are well represented by the Batchelor (black dashed and dot‐
dashed) and Kraichnan (yellow dashed and dot‐dashed) spectra. The thick red lines in (a), (b) show the mean noise spectrum.
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3. Vertical Scalar Diffusivity and Vertical Heat Flux

The vertical ocean heat flux QT
w is calculated from the vertical scalar diffusivity Kρ and the large‐scale vertical

temperature gradient ∂T/ ∂ z

QT
w = ρwcwKρ

∂T
∂z
, (2)

where the subscript w refers to the ocean. Kρ is sensitive to the balance between the strength of oceanic turbulence
(Figures 3a and 3b) and the vertical density stratification (Figure 1c). This balance can be represented through the
buoyancy Reynolds number

Reb = ε/νN2, (3)

which quantifies the ratio between the destabilizing effect of turbulence to the stabilizing effect of viscosity and
stratification (given by the buoyancy frequency N; Bouffard & Boegman, 2013). The value of Reb beneath TEIS
varies by orders of magnitude, indicating the presence of multiple mixing regimes (Figure 4a; Barry et al., 2001).
Above 536 m depth, Reb is close to or above 400, indicative of the presence of fully developed, isotropic, high
Reynolds number turbulence that is unaffected by stratification (A. E. Gargett et al., 1984). Below 536 m depth,
Reb decreases, consistent with the rapid reduction in turbulence strength (Figures 3a and 3b), and between 540 and
546 m depth, Reb < ∼15 which marks the boundary below which turbulent mixing is largely weak, anisotropic
and limited by vertical stratification.

Many parameterizations exist for estimating Kρ. Here we use three separate methods: Osborn (1980; OSB),
Osborn and Cox (1972; OC) and Bouffard and Boegman (2013; BB). The OSB and OC methods are widely used
and relate the vertical diffusivity to ε

Kρ = 0.2
ε
N2
, (4)

where 0.2 is a constant mixing efficiency, or to the rate of suppression of scalar variance χ, respectively

Figure 3. Mean vertical profiles of (a) ε and (b) χ averaged in 2‐m vertical bins with 95% error bars derived according to
Rippeth and Inall (2002). The blue and green profiles and error bars are derived using the Batchelor spectrum, while the black
profiles and gray error bars are derived using the Kraichnan spectrum. The gray box in (a), (b) marks the location of the ice
base, while the slash‐backed black line shows the location of the seabed. The red line in (a) shows the maximum value of ε
that can be resolved with Hf = 10. (c) Comparison between ε (blue) and χ (green) values estimated using the Batchelor (x
axis) and Kraichnan (y axis) theoretical spectra.
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Kρ =
χ

2(∂T/∂z)2
. (5)

The BBmethod utilizes the buoyancy Reynolds number and the turbulent Prandtl number to quantifyKρ across all
mixing regimes (see Table 2 in Bouffard & Boegman, 2013). None of these methods are valid in the presence of a
solid boundary. However, as the length‐scale of the turbulence (LT = 0.5 m; Figure 1d) at our shallowest
observation depth (∼518 m) is less than the distance to the boundary (4 m), the use of these methods remains
valid. The minimum value of Kρ is the molecular diffusivity of heat (κT = 1.4 × 10

− 7 m2 s− 1). The diffusivity
calculated using all methods is broadly similar (Figure 4b), ranging from 10− 7 m2 s− 1 in the buoyancy‐controlled
regime to 10− 4 m2 s− 1 in the energetic regime.Where the turbulent intensity is greatest (e.g. z= 522m or z= 532–
534 m), the diffusivity calculated via OSB and OC exceeds that calculated via BB. Bouffard and Boegman (2013)
argue that both the OSB and OC methods can become unreliable in the energetic regime, as the mixing efficiency
decreases compared to the constant 0.2 value in the OSB model, and ∂T/ ∂ z tends to zero in the OC model.

Below 538 m depth, the large‐scale vertical temperature gradient is zero (Figure 1b), and therefore QT
w is zero

(Figure 4c). Above 538 m, however, QT
w becomes non‐zero with an arithmetic mean value across all diffusivity

methods of 10.4 ± 11.3 W m− 2. Our results show that irrespective of the method used to calculate Kρ, QT
w is

insufficient to sustain the ice‐ocean boundary heat flux (QT
b = 53.0 ± 5.6 W m− 2; Supplementary Figure S1 in

Supporting Information S1) that is required to maintain the average rate of basal melting beneath TEIS
(ab = 5.4 ± 0.6 m yr

− 1; Davis et al., 2023) when QT
i = − 0.95 W m− 2 (Equation 1). Where Kρ is largest in the

Figure 4. Mean vertical profiles of (a) buoyancy Reynolds number; (b) vertical diffusivity; and (c) vertical heat flux (b),
(c) The green, black, and blue profiles are derived using the Osborn, Osborn‐Cox and Bouffard and Boegman models,
respectively. The gray box in each panel marks the location of the ice base, while the slash‐backed black line shows the
location of the seabed. The green, red, and purple lines in (a) mark the upper boundaries of the molecular (MR), buoyancy
controlled (BR) and transitional (TR) regimes. ER indicates the energetic regime. The purple and yellow boxes
(indistinguishable) in (c) show the vertical heat flux calculated from the turbulence instrument cluster using the Osborn and
Bouffard and Boegman models, respectively. The red box shows the magnitude of the vertical heat flux required to sustain
the observed rate of ice shelf basal melting. The vertical heat flux required to sustain the basal melt rate, as well as the
arithmetic mean vertical heat flux derived from each individual method used to calculate Kp (color‐coded) is shown in
panel (c).
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energetic regime, QT
w can exceed 40 W m− 2 for the OSB and OC models (Figure 4c), but these depth‐limited

spikes cannot sustain a constant vertical supply of heat. Instead, additional processes must be responsible for
delivering the sustained supply of heat to the ice base required to drive basal melting.

4. Conclusions and Implications: Heat Balance at the Ice–Ocean Interface
In this letter we have presented the first observations of oceanic turbulence near the grounding line beneath TEIS
(Figure 1). Using the vertical temperature gradient wavenumber spectra (Figure 2) we observe that turbulence
intensity shows considerable variability, with the rate of turbulent kinetic energy dissipation (ε) and the rate of
thermal variance dissipation (χ) varying by orders of magnitude (Figure 3). The interplay between the strength of
the turbulence and the vertical density stratification as quantified by the buoyancy Reynolds number (Figure 4a)
spans the full range of mixing environments. Three independent models of the vertical diffusivity (Figure 4b) are
used along with the large‐scale vertical temperature gradient to derive the vertical heat flux (QT

w; Figure 4c), which
reaches an arithmetic mean value of 10.4 ± 11.3 W m− 2 between 4 and 24 m from the ice.

The average rate of basal melting at the grounding line of TEIS (5.4 ± 0.6 m yr− 1) requires a sustained vertical
heat flux QT

b across the molecular sublayer at the ice–ocean interface of 53.0 ± 5.6 W m− 2. As the vertical
diffusivity of heat in the sublayer is fixed at molecular values, the magnitude of the heat flux is controlled entirely
by the sublayer vertical temperature gradient. The flux of heat into and through the turbulent ice–ocean boundary
layer must therefore match the melting flux at the ice‐ocean interface, such that a sufficiently sharp temperature
gradient is sustained across the molecular sublayer. Any surplus or deficit in the flux of heat to the base of the
molecular sublayer will lead to a strengthening or weakening of the sublayer temperature gradient and a
concomitant increase or decrease in the basal melt rate.

The rate of change of temperature (∂T / ∂ t) for any water column layer in an ice shelf cavity (excluding
entrainment) is given by

h
∂T
∂t
= − h(u.∇T) + (Kρ

∂T
∂z
)
z=− h

, (6)

where h is the thickness of the layer beneath the ice and the first term on the right‐hand side is the horizontal
advection of heat into the layer by eddies and the mean flow, and the second term on the right‐hand side is the
vertical heat flux across the base of the layer (QT

w). Considering the full water column at the borehole (h = 54 m),
the vertical flux of heat through the seabed is zero, and thus all heat required to drive basal melting must be
delivered via the large‐scale circulation that advects heat toward the grounding line. As the ice base is approached,
however, and layer thickness h decreases, it is typically assumed that the magnitude of the advective term be-
comes smaller, and QT

w across the base of the layer becomes increasingly dominant. Our results demonstrate that
this is not the case beneath TEIS. At the borehole location, the arithmetic mean VMP‐derived vertical heat flux
(10.4 W m− 2) within 4 m of the ice base can only provide ∼20% of the heat to the base of the molecular sublayer
that is required to maintain the rate of basal melting (53.0 W m− 2; Supplementary Figure S1 in Supporting In-
formation S1). The remainder must be provided by lateral advection above this depth, which is driven by regional
atmosphere‐ice‐ocean processes occurring outside of the ice shelf cavity (e.g., Dotto et al., 2022; Zheng
et al., 2022), as double diffusive processes are weak (Davis et al., 2023). As our results only provide a snapshot
over 20 hr, it is possible that QT

w is larger at other times. To verify if this is the case, ∼10 days of turbulence‐
resolving velocity data from a turbulence instrument cluster deployed 1.5 m beneath the ice base within the
ice‐ocean boundary layer was processed following the approach of Davis and Nicholls (2019). QT

w was calculated
using the OSB and BBmethods (purple bar in Figure 4c; Supplementary Figure S3 in Supporting Information S1),
and the 10‐day arithmetic mean was 13.7 ± 13.0 and 13.3 ± 12.8 W m− 2, respectively, with only 1% of the
individual the heat flux measurements exceeding 53 W m− 2. This analysis confirms that QT

w is not substantially
larger at other times, corroborating our assessment that QT

w alone cannot sustain the supply of heat required to
maintain the rate of basal melting. Although outside the depth range of our observations, our results suggest that
QT

w must increase rapidly in the last meter of the ice‐ocean boundary layer, such that Q
T
w = QT

b at the base of the
molecular sublayer (Supplementary Figure S1 in Supporting Information S1). This rapid increase can only be
maintained by the lateral heat convergence occurring within 4 m of the ice base, as the magnitude ofQT

w deeper in
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the water column is insufficient to maintain this balance on its own. Thus, the lateral advective heat flux and the
variability therein is responsible for driving basal melting beneath TEIS.

The formulation of the turbulence closure scheme used in the canonical three‐equation model assumes that there
is no horizontal flux of heat above the far‐field depth, and the heat required to maintain the rate of basal melting
above this depth is solely delivered through the vertical heat flux (Jenkins et al., 2010). In coarse resolution,
cavity‐scale resolving models, this far‐field depth can be 10s of meters from the ice base (Gwyther et al., 2020;
Losch, 2008), and thus the three‐equation model as generally applied cannot resolve the key lateral processes we
have identified that are responsible for maintaining the heat balance at the ice‐ocean interface. Our results imply
that in regions such as beneath TEIS where horizontal processes play a critical role, the far‐field depth in the three‐
equation model must be ≪ O(10) m in order to capture the necessary advective dynamics, although the exact
resolution required will depend on the properties of the boundary layer, turbulence levels, and the large‐scale
ocean circulation. This vertical resolution is hard to achieve in large‐scale models, so parameterizations of
these advective dynamics is critical.

Conceptually the predominance of lateral heat fluxes makes sense when considering the magnitude of thermal
driving (difference between the in‐situ ocean temperature and freezing point) beneath TEIS. At a depth less than
0.1 m from the ice the thermal driving exceeds 1.5°C, indicating that horizontal delivery of heat by the large‐scale
advective circulation far exceeds that required to maintain basal melting along the inflow pathway. Indeed, Davis
et al. (2023) demonstrated that the melt rate beneath TEIS is highly suppressed by the strong stratification and
quiescent ocean conditions, and therefore we can conclude that much of the heat delivered through horizontal
advection remains unable to access the ice base. That is, at and above the depth in the ice‐ocean boundary layer
where QT

w must equal Q
T
b , the stratification associated with the freshwater layer that pools along the relatively flat

ice base strongly limits the turbulence intensity and vertical mixing, and ultimately caps the amount of energy for
basal melting that can be extracted from the large reservoir of heat provided by lateral advection. While the
importance of lateral fluxes is likely to diminish in cold‐cavity ice shelves where the temperature of the shear‐
driven, well‐mixed ice–ocean boundary layer is close to freezing and the heat required to drive melting can
only be sourced vertically from warmer layers below, it is likely to dominate in warm cavity ice shelves with
elevated thermal driving and a surplus of heat provided by the large‐scale circulation. Thus, our results from
beneath TEIS can be more broadly generalized to Antarctica's full range of warm‐cavity ice shelves. The future
behavior of ocean‐driven basal melting beneath these ice shelves is intricately linked to the rate and extent of ice
loss from Antarctica and thus global sea‐level rise. Global sea‐level rise is one of the most urgent socioeconomic
issues facing humanity, and thus it is imperative that lateral heat fluxes are fully quantified in parameterizations of
ice shelf basal melting and ultimately our projections of future ice loss.

Data Availability Statement
The CTD data used in Figure 1b,1c,1e are available from the UK Polar Data Centre via Davis et al. (2021a). The
ApRES data from which the mean melt rate is derived are available from the UK Polar Data Centre via Davis
et al. (2021b). The VMP data are available from the UK Polar Data Centre via Davis et al. (2024).
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