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Abstract

Melting of the Antarctic ice-shelves has a large impact on ocean circulation, future
sea level rise and the global climate. Most of the ice-shelves in Antarctica are sloped
forward into the ocean forming an ice cavity underneath. The turbulent transport of
heat and salt into the ice interface melts the ice and drives convective wall plumes that
play a crucial role in the basal melting. Ice-bathymetry and various ambient ows
like tides, waves and sub-mesoscale eddies further modify the plumes. The regional
and global ocean models work at scales over 100 meters and rely on crude sub-grid
scale parameterization of convection and turbulent processes at the ice-ocean bound-
ary layer, causing uncertainties in the estimation of the melt rate. Over the course
of my dissertation | have examined the role of micro scale turbulent processes at the
ice ocean boundary using Direct Numerical Simulation (fully resolving convection
and turbulence). We carry out simulations by varying the slope of the ice shelves,
changing the strength of ambient ow and including sub glacial discharge. Our re-
sults show that the melt rate is controlled by the slope of the ice-face with decreasing
melt rate at shallower slopes. Over the geophysical ow regime, convection is still a
key parameter that controls the heat and salt transfer into the ice-face and hence the
melt rate. The results from this study signi cantly widen our present understanding

of the basal melting and can improve the ice-ocean parameterizations for large-scale
models. .
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Chapter 1

Introduction

The compositionally-driven convection at a melting boundary layer is a fascinating
area of research. It is a well known Stefan problem that involves phase transition to
take place at the well-de ned dynamical interface. In the context of understanding
the melting processes of the polar ice caps, it is an intriguing and challenging geo-
physical problem. Polar ice-sheets are subjected to forcings ranging from planetary
scales down to dissipative scales. Large scale dynamics fail to explain entirely the
observed behaviour of the ice-sheet responses from seasonal scales to decadal scales.
Most of the recent scienti ¢ work indicates that the small scale turbulent process is
of equal importance alongside the synoptic scale forcings (by the warm ocean and
atmosphere). The present study seeks to analyse and understand the behaviour of
the turbulent boundary layer at the melting ice-ocean interface, identi es the under-
lying processes and attempts to interpret the observed behaviour of the polar ice-loss
from the analysis of the turbulence right at the ice-ocean interface using turbulence
resolving simulations.

1.1 Mass loss in Antarctica

Antarctic ice sheets are the largest storage of fresh water on earth, containing almost
27 million Km 2 of ice [IPCC, 2014; Vaughan et al., 2013]. The sea level would rise
upto 58 m if all the Antarctic Ice caps are melted [Shepherd et al., 2018]. Over the
past decade the melting rate of Antarctic ice has increased by more than 75% [Payne
et al., 2004] and at present is melting at an alarming rate [Harig et al., 2015; Helm
et al., 2014; Martin-Espafiol et al., 2016; McMillan et al., 2014; Rignot et al., 2011;
Shepherd et al., 2012b; Velicogna, 2009]. A combination of satellite observations and
large scale modelling reveals a net loss of 2,720 1,390 billion tonnes of ice between
1992 and 2017. The amount corresponds to an equivalent increase in mean sea level
by 7.6 3.9 millimetres [Gardner et al., 2018]. The rapid loss of ice is particularly
evident along the west Antarctic coastline: the Amundsen and the Bellingshausen
Seas, Pine Island Bay and Antarctic Peninsula. Between 1992 and 2011, the ice sheets
of East Antarctica, West Antarctica and the Antarctic Peninsula changed in mass at
rates -14 43 Gtlyr, -65 26 Gt/yr, and -20 14 Gtlyr, respectively [Shepherd et al.,

1



2 Introduction

Figure 1.1: Meltrate (m/yr) around Antarctic basins [Rignot et al., 2013]. Size of the
circles represent the amount of ice loss with black and striped portion representing
its relative contribution from melting and calving (Gt/yr).

2012a].

The net ice loss around Antarctic basins is contributed by different processes like
sublimation, fringing/calving and melting. Ice shelves are permafrost that drifts into
the sea. The stability of the ice sheet is dependent on the balance between the buoyant
force on the submerged ice and the weight of the sub-areal ice. A 3D schematic of
the ice-shelf is shown in gure 1.2. These drifting glaciers rest on the bedrock that
can either be inclined forward or backward, depending on the basin. Therefore, the
stability of the ice shelf depends on the nature of the slope of the bedrock. Intrusion
of quiescent warm and salty water at the base of the ice shelf for a forward sloping
bedrock melts the ice-shelf base and can lubricate the resting ground that results in
an enhanced ice draft. On the other hand, if the bedrock is inclined backward the
intrusion of ambient salty water causes a faster retreat of the ground line (the last
point of contact of the ice-shelf with the bedrock). As the ice-shelves drift into the
sea, they are subjected to tidal and structural stress over the overhanging region. As
a result, the ice-shelves can fringe and add to the seaice. This fringing of the ice-front
(also called calving of ice) at the glacier tongue, and melting of the ice-base near the
grounding line, are the two major contributors to the Antarctic ice loss [Rignot et al.,
2013; Depoorter et al.,, 2013]. Figure 1.1 shows the distribution of ice-loss around
Antarctica and the corresponding relative contributions from melting and calving
[Rignot et al., 2013]. The study suggests that the contribution to the net ice-loss



81.1 Mass loss in Antarctica 3

comes 55 10% of the from the melting process, making it even more signi cant.
Melting of the Antarctic ice-sheet is driven by both atmospheric and oceanic
warming. Over the period 1880-2012 there is a rise of 0.85 C in the global mean sur-
face temperature [IPCC 2013]. As a result, the present situation is quite vulnerable to
further warming. Increasing lack of ice-cover during summer time around Antarc-
tic basins reduces the net surface albedo and captures a signi cant amount of heat,
which would otherwise be re ected away. A 50-year meteorological record attributes
a signi cant contribution of Antarctic ice loss to atmospheric warming [Vaughan
et al., 2013]. Recent study using a coupled ice-sheet/ice-shelf model [Golledge et al.,
2015] has found that, if atmospheric warming exceeds 1.5 C to 2 C above present
mean temperature, it would trigger the collapse of the entire Antarctic ice sheet.
More than 80% surface of the ice-shelf is submerged into the sea and therefore acts
as the major contributor to the Antarctic ice-loss from ocean warming. The ambient
warm and salty Circumpolar Deep Water (CDW) (gure 1.2 and 1.3) surrounding
these ice-shelves often ows up the bedrock and reaches the base of the ice shelves
[Walker et al., 2007; Thoma et al., 2008; Wahlin et al., 2010]. Based on in situ and
satellite observation a consistent mean warming of CDW (> 0.5 C per decade) is ob-
served around Antarctica since 2000 [Schmidtko et al., 2014]. Studies by Nakayama
et al. [2018], have found 0.1 C- 0.2 C warming of the CDW over the year 2009-2014.
The present trend of ice-loss suggests severe consequences in the near future.
The recent IPCC (Intergovernmental Panel for Climate Change) report says for an
emission scenario above RCP 2.6, the ice-loss from Antarctica would raise the sea-
level up to 3 meters by the end of the year 2300. A very recent numerical study
based on the present trends in the satellite based measurements of polar ice-loss
around Greenland and Antarctica, implies a de nite 25 cm of global mean sea level
rise by end of this century Golledge et al. [2019].

1.1.1 Antarctic Ice sheets and Ice cavities

There are spatial variations in the rate of ice loss around different Antarctic basins.
The noticeable difference in the ice loss rate between West and East Antarctica lies
in the ice-shelf morphology, the geography of the basin and the coastal wind struc-
ture in uencing the ambient ocean upwelling [Payne et al., 2004; Bindoff et al., 2000].
The East Antarctic Ice Sheet (EAIS) in general is around 4800 meters thick and well
above the sea level, while the surrounding ocean is much colder. West Antarctic Ice
Sheet (WAIS), on the otherhand is thinner, warmer and mostly below sea level with
the deepest part 2800 meters below sea level. The rate of ice loss at these basins
often depends on how easily CDW can reach the ice-shelves. Satellite observations
since 1994 reveal that stronger ocean circulation with a small rise in temperature and
salinity of the Circumpolar Deep Water (CDW) correlates with the 33% increase in
the meltrate at the Pine Island Bay [Jacobs et al., 2002]. The CDW ows up the con-
tinental shelf and warms the ambient sea water around these ice shelves. As the ice
melts, cold dense water forms in these ice cavities and exits the continental shelf as
Antarctic Bottom Water, a crucial component of the global thermo-haline circulation
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Figure 1.2: Cavity circulation under sloping ice-shelves.

Orse et al. [1999]. The formation of fresher melt water from the Ice shelf creates
a strong strati cation at the ocean surface that effectively shallows the thermocline
depth. With shallower thermocline the pathway of warmer and saltier CDW to reach
into the base of the ice shelf increases. With higher melting at the bottom portion of
the submerged ice due to lower melting temperature at higher water depth and fric-
tion at the bottom bedrock the ice-shelves forms a tongue shaped ice cavity. However
for EAIS the scenario is slightly different in the presence of strong katabatic wind.
With a much shallower grounding line, an intensi ed surface forcing often deepens
the thermocline at the ice front that restricts the advection of CDW into the ice shelf.
As a result the effective thermal forcings at those ice-cavities decrease and creates a
negative feedback.

Mechanisms of ice loss under the Antarctic ice cavity involve many dynamic
phenomena at various scales. As the continental shelf slopes inwards (as shown
in the gure 1.3) the denser HSSW erodes the ice-shelf close to the grounding line
causing it to retreat faster and weakening the structure of the ice-shelf. Based on the
temperature, the forcing under the ice cavity can either be a hot ocean forcing by
increased thermal driving or cold ocean forcing due to changes in the ow structure
inside ice cavity [Gwyther et al., 2015]. While the hot ocean forcing dominates most
of the western Antarctic basins, cold ocean forcing is more observed in the eastern
part of Antarctica (Amery Ice shelf). In situ observations have found a:g substantial
increase in melting, driven more by a stronger cavity circulation than by the small
increase in local CDW temperature [Jenkins, 2011a].

Recent studies [Khazendar et al., 2013; Gwyther et al., 2014; Silvano et al., 2018]
show that regions of deep convection, also known as polynya are another key factor
responsible for the warming of abyssal water and the increased meting at the ground-
ing line. Based on passive microwave data over polynya regions in Tottem glacier of
West Antarctica, Khazendar et al. [2013] showed that higher melting is occurring due
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to the intrusion of the warmer and saltier water at the grounding lines through these
open ocean polynya. This present trend of ice loss demands an understanding of the
melting dynamics and prediction of the future scenarios of Antarctic ice cover due to
climate change.

Most of the melting around WAIS takes place at the grounding line below 700
meters from sea level. With a deeper grounding line the ambient pressure increase
that depresses the ambient melting temperature at least 2 C below the surface freez-
ing point. At higher pressure at the bottom even the cold ambient water has enough
thermal drive to cause a signi cant melting at these grounding lines. Generally the
WAIS are sloped forward into the sea forming a glacier tongue [Jenkins, 2011a].
Under these glacier tongues the slope of the ice-shelves gradually decreases with de-
creasing depth and becomes nearly horizontal at sea level. At the front part of the
ice shelf it is shredded and to connect to sea ice (gure 1.3). Inside the ice cavity
two water masses are mainly responsible for the basal melting: The formation of sea-
ice causes salt to be released into the ambient shelf-water, which forms a cold (with
temperature close to the surface freezing point) and highly saline water mass, called
the High Saline Shelf Water (HSSW) next to the ice-front . The dense HSSW sinks to
the bottom of the water column depth. It nally ows down into the ice shelf cavity
toward the grounding line ( gure 1.3). Warmer and saltier Circumpolar Deep Water
(CDW) is generally prevented from entering into the ice cavity by the Antarctic slope
front. However CDW can occasionally make its way into the bottom half of the cav-
ity. The presence of warm and salty water at the grounding line melts the ice and
drives a convective plume. As the plume ows up the ice face, it entrains ambient
water. This relatively fresher water mass in presence of meltwater has temperature
far below the surface freezing point and is called the Ice shelf Water (ISW). As this
melt water plume moves up, the ambient pressure decreases and the plume becomes
supercooled and refreeze at shallower depths by forming tiny crystals of frazil ice.
This frazil ice gets deposited underneath the upper half of the ice-cavity, driving an
ice-pump. As a result of this ice-pumping, the shape of the ice cavity evolves dy-
namically. This ISW mixes with CDW at mid depth and becomes saltier and heavier
and eventually ows down the continental shelf as Antarctic Bottom Water (ABW).

1.2 Ice ocean interface

The melting of ice in salty water is a complex problem. We can draw the example
of ice-cubes melting in a glass of plain and salt water respectively. The ice-cube
in plain water would melt faster compared to salt water due to the fact that the
cold and heavy melt water can circulate in plain water and transfers more heat by
convection. However in the glass of salt water the circulation is opposed by density
strati cation under the ice-face that suppresses turbulent convection and the ice-cube
melts much more slowly. If the water temperature is now brought down close the
0 C, the freezing point temperature of water, melting would cease in plain water
but still continue in the salt water. This is due to the fact that in presence of salt the
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Figure 1.3: Schematic of the pathways of different watermass formations at the
Antarctic ice shelves. Dashed lines represent the front of the different water masses
[Dinniman et al., 2016].

freezing point temperature drops, given by the liquidus relation. The freezing point
temperature Ts,, is represented as a simpli ed linear relation of the interface salinity
S and pressure P, as follows

Ts = &S + bR, (1.1)

where a and b are constants.

Ice wall in a warmer and saltier ambient (similar to Antarctic ambient) forms a
thermal and a salinity boundary layer at the ice-seawater interface. The diffusive
uxes of heat is balanced by the latent heat ux at the melting interface and the
conductive heat ux into the ice gure 2.3.

Qe Qi = Qf, (1.2)

Similarly salt at the boundary is balanced by the interface salt ux at the ice-ocean
boundary and a negligible ux into the ice,

Qe Qu= Q. (1.3)

where Qfl,, Q3 and Q}f, QF, are the heat and salt uxes in the ice and water, respec-
tively, QH is the latent heat ux of melting and Q, is the salt ux at the ice-water
interface.

The above three equations are used to solve for the interface condition including
the meltrate. The thermal diffusivity of ice is an order of magnitude less than the
thermal diffusivity of water while the salinity diffusivity of ice is more than two order
magnitude less than water [Pringle et al., 2006]. Therefore, the resulting diffusive
uxes into the ice, QI Q. can be neglected in the above equation and interface
heat and salt uxes are effectively controlled by the the Q! and Q5.
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Figure 1.4: Schematic of the ice-ocean boundary layer, showing a buoyant turbulent
plume formed due to melting and the corresponding various components of heat
and salt uxes at the interface.

As the ice melts a layer of fresher positively buoyant boundary layer forms and
drives a convective plume. The plume ows up the ice wall and shields the ice
interface from the ambient ocean. The turbulent eddies in the plume control the heat
and salt transport at the ice-ocean boundary layer. Therefore in the estimation of the
ice-loss the biggest challenge is to estimateQ}! and Qg, which are controlled by the
turbulent eddies in the boundary layer and molecular diffusion at the interface.

1.2.1 Theoretical development

Analytical solution of the melting boundary layer is extremely challenging due to
complex ow dynamics by the combined impact of thermal and salinity elds. The
theoretical scaling of ice melting particularly in presence of turbulence boundary
layer involves understanding of both the diffusive and the turbulent transports in-
side the boundary layer. A thermal and compositional laminar sublayer forms at the
interface of an ice-block. The nature of the diffusive sublayers is also controlled by
the ambient forcing. In case of strong thermal driving diffusion of solute becomes
insigni cant and ice simply melts into water. On the other hand in a weak thermal
driving diffusion of solute at the ice-interface is coupled with the diffusion of heat
the process is called dissolution [Woods 1992, Kerr 1994b]. Wells and Worster [2011]
and Woods 1992 showed that this transition between melting and dissolution is de-
pendent on the strength of the ambient temperature and salinity and is independent
on the laminar or turbulent nature of the ow.

The thermal and solutal uxes at the ice-wall are primarily dependent on the
advection by the mean ow and turbulent eddies inside the boundary layer. Earlier
study on the estimation of the heat ux inside the boundary layer involves asymptotic
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analytical solution for a vertically heated wall at large Prandtl number, Pr [Kuiken,
1968]. Nilson [1985] extended those solutions for two-component convection. Later
[Carey et al., 1980] proposed the theoretical condition for ow reversal based on
the ambient thermal and salinity forcing, which is later observed in laboratory ex-
periments for laminar [Carey and Gebhart, 1982] and turbulent ow [Josberger and
Martin, 1981]. Theoretical solution of a laminar ow eld for ice dissolution/melt-

ing in uniform ambient involves asymptotic similarity solutions that depends on the
Prandtl and Schmidt number [Carey and Gebhart, 1982; Wells and Worster, 2011].
Solution of turbulent boundary layer involves the modelling of the turbulent trans-
ports. Josberger and Martin [1981] modelled the Reynolds transport using an eddy
diffusivity model and used similarity solutions for boundary layer properties includ-
ing plume velocity. and also proposed laminar to turbulent transition length based
on critical Grashof number. Wells and Worster [2011] used similarity solution and
found a scaling for the heat transfer coef cient, Nusselt number (Nu, based on the
strength of the convective to diffusive heat transfer) and boundary layer thicknesses
for a laminar boundary layer next to an dissolving ice interface in an uniform oceanic
ambient.

Kerr & McConnochie 2015 used the turbulent heat transfer scaling for Nusselt
number with Rayleigh number on a vertical wall and applied it for the composi-
tional convection. They proposed a functional form of dissolution rate which is
length independent and the dissolution rate follows V DTl‘_‘/3, where DT is the
driving temperature difference between ambient temperature and the freezing point
temperature at ambient salinity. For a strati ed ambient Huppert & Turner proposed
the theoretical layer height for the thermohaline staircase for melting of ice-wall in
strati ed ambient, McConnochie & Kerr 2016 showed the theoretical dependency of
the meltrate with height in a strati ed ambient.

For an in nitely long vertical ice-face in a homogeneous ambient, the boundary
layer properties can be represented as self-similar pro le Josberger and Martin [1981].
Earlier analytical solution on a heated vertical wall Carey and Gebhart [1982] used
asymptotic analysis at high Prandtl ( Pr = n/ k1) and Schmidt (Sc= n/ ks) number at
the laminar boundary layer next to a vertical ice block in warm and salty ambient.

1.2.2 Experimental studies

Laboratory experiments with a small ice block, immersed in warm water with a
uniform ambient salinity, showed a upward bidirectional laminar boundary layer
comprised of an upward moving positively buoyant ow and downward moving
denser ow that forms next to the ice face [Josberger, 1979; Carey and Gebhart,
1982]. This ow was observed to be formed by the anomalous buoyancy produc-
tion due to the difference in the diffusion rate of the temperature and salinity and is
dependent on ambient salinity and temperature Carey and Gebhart [1982]. Experi-
ments on a horizontal dissolving interface overlain with lighter dissolving uid, had
found the turbulent ow at the dissolving boundary is controlled by compositional
convection [Kerr, 1994]. Experiments on the ablation of a relatively tall (O(1 m)) and
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Figure 1.5: Laboratory experiments on vertical ice-block in salty water at oceanic
ambient. a) Shadowgraph image of convectively unstable turbulent boundary layer
by the fresh buoyant meltwater from the ice-water interface (shown by the black
vertical section) at ambient temperature T, = 4 C and ambient salinity S, = 3.55 wt%
Nacl [McConnochie et al, 2016a]. b) Similar shadowgraph image of fresh meltwater
in a strati ed ambient with Brunt-Vaisala frequency of 0.214 rad s ! showing double
diffusion intrusion layer spanning out of the boundary layer with with same T, and
S, [McConnochie et al., 2016b].



10 Introduction

vertical ice surface in colder and saline (35 %) water of uniform far- eld conditions
achieved a turbulent boundary layer [Josberger and Martin, 1981]. While at the bot-
tom of the experimental domain, the ow is still laminar and bidirectional, the plume
velocity increases with height and the ow eventually transits into a well mixed tur-
bulent ow over a critical length. This transition length is dependent on both the
thermal and compositional buoyancy forcing [Josberger and Martin, 1981; Kerr and
McConnochie, 2015]. Experimental measurements on vertical ice blocks found that
the interface temperature is very much coupled to the interface salinity [Johnson
and Mollendorf, 1984; Josberger and Martin, 1981; Kerr and McConnochie, 2015].
For a fully turbulent boundary layer the estimated ice-ablation rate was found to
be independent of height [Josberger and Martin, 1981; Kerr and McConnochie, 2015].
Recent experimental measurements using Particle Image Velocimetry (PIV) data have
found the velocity of the turbulent plume over a vertical ice-interface correlates with
1/3rd power of the buoyancy ux [Kerr & McConnochie 2015, McConnochie & Kerr
2016 a b]. Ablation experiments over a vertical ice-block in uniform salinity gradi-
ent were also conducted for both laminar [Huppert and Turner, 1980] and turbulent
[Huppert and Josberger, 1980; McConnochie and Kerr, 2016b] boundary layer. The
experiments showed that the meltwater spreads into the interior and forms a series
of double diffusive layers, with layer thickness predicted by the theoretical scaling.
Based on the experimental data McConnochie and Kerr [2016b] showed that, be-
yond a critical height determined by a strati cation parameter, interface temperature
and meltrate decrease with increasing strati cation, and the ablation rate decreases
with height. Experiments on the side melting of an ice-block, drifting in a uniform
ambient current [Fitzmaurice et al. 2016], have found that the melt rate increases
non-linearly with the strength of the current. Fitzmaurice et al. 2016, also reported a
ow separation at the drifting ice-front beyond a critical ow speed.

1.2.3 Observational studies

The ow eld near the ice-water interface is very dif cult to measure and the avail-
able data are limited. One of the seminal work on the observations of boundary
layer ow properties under Erebus Glacier Tongue Jacobs et al. [1981] reports the
formation of thermohaline steps induced by melting. In situ measurements Stevens
et al. [2014] show the presence of a strong boundary layer shear ow next to the ice
face along with a strong strati cation inside the ice-cavity [Jenkins, 2011a; Stevens
et al., 2014] created by a stable gradient in salinity and an unstable gradient in tem-
perature in those ice-shelve cavities ( gure 1.6b). Recently eld measurements using
an autonomous underwater vehicle (AUV) under Pine Island Glacier (gure 1.6a)
have shown rough bathymetry under the ice shelf [Dutrieux et al., 2014] , Patton
et al. [2016] tabulated several observations of ice-slope gradiant as a function of the
basin width where the slope varies between 0 40 . As the ice melts the fresher
melt water plume ows over this rough bathymetry. The fresh water plume shields
the ice-interface from the ambient ocean. The ow structure changes over different
slopes and so do the turbulent properties at the ice ocean boundary layer. As a result
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Figure 1.6: Observations from the Autonomous Underwater Vehicle (AUV) under

Pine island glacier (PIG) a)High resolution Ice-bathymetry data [Dutrieux et al.,

2014], b) Distribution of the slope angle under the glacial tongue around various

Antarctic basins [Patton et al., 2016], ¢) Swath of the AUV, pro ling the salinity un-
der the ice-cavity of PIG [Jenkins, 20114].

the rate of ice-loss over different parts of the rough ice bottom changes according to
the turbulent properties and the ice shelf evolves dynamically. Ambient strati ca-
tion impacts the plume dynamics and forms thermohaline staircases [Kimura et al.,
2015]. Satellite and air borne observations around Flichner-Ronne Ice shelf [Makin-
son et al., 2011; Padman et al., 2018], Larsen C Ice shelf [Mueller et al, 2012] and at
the frontal zone of Ross Sea ice shelf [Arzeno et al., 2014] show a strong correlation
in the meltrate with the strength of the ambient tidal current ( gure 1.7). However

at the base of the ice-shelves no such correlation was found [Stanton et al., 2013].

1.2.4 Ocean modelling and ice Ocean parameterization

Modelling of basal melting in a regional ocean model is quite challenging. Most
of the present ocean models focus on the ow- eld at scales ( > O(1) km) while the
typical meltwater plume is only O(100) m wide [Dutrieux et al., 2014; Le Brocq et al.,
2013; Sugden et al., 1991]. Therefore, these models can not resolve the convective
plume and rely on parametrising the small scale turbulent processes occurring inside
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Figure 1.7: a) Reanalysis of the tidal ow speed around Antarctic basin based on
mooring data. b) enlarged view of the tidal ow distribution around Ronne and
Flichner ice shelf in the southern Weddell Sea [Padman et al., 2018].

the boundary layer next to the ice-face.

Estimation of the melting requires the knowledge of uxes (heat and salt) from
the ice-water interface into the ice and from water into the ice-water interface. Ice is
poorly conductive and the diffusivity of salt in ice is negligible [Cameron and Bull,
1962]. Based on the ice core record the heat ux into ice can be neglected without
a reasonable violation of energy conservation. Therefore the turbulence uxes ef-
fectively control the ice-ocean interface uxes. In large scale models these uxes are
parameterised based on turbulent exchange velocity. A simpler, less computationally
expensive approach uses a single exchange velocitygts based on combined heat and
salt transfer coef cient for the estimation of heat ux and is represented as,

u

_— (1.4)
OTturb + QL%L

gts =

Here u is the friction velocity related to the stress at the ice-wall, gt and g%%l
are the turbulent and molecular counterparts of the transfer coef cient respectively.
Here just the heat ux is solved explicitly with implicit solution of the salt ux and

an interface temperature estimated from the linear liquidus relation, known as the 2
equations parameterization. A more sophisticated approach [Holland and Jenkins,
1999] solves both the heat and salt uxes based on respective exchange velocities
(9T, 9s) along with similar interface temperature relation, also know as the 3 equation

parameterization [Jenkins, 1991].

Q= rwewdt(Tw Ti) (1.5)
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Q5 =rugs(Sw S), (1.6)

Ti= aSy+ bTy (1.7)

T, is the interface temperature, T, is the ambient temperature, r, Gy is the density
and the specic heat of water and gt/ gs evolved from being considered constant
[Hellmer and Olbers, 1989] to

u
91/s= 75 (1.8)
GTurb + T/o|S

based on a laboratory experiment over horizontal hydraulically smooth ice-surface
[Kader and Yaglom, 1972]. Here, gL’of are based on molecular properties, viz. Pr
and Sc, while g1 is a function of xed Richardson number (ration of buoyancy to
shear instability) and Obukhov length [McPhee et al., 1987].

The above parameterisation often undermines the convective boundary layer which
is partially incorporated into the parameterization using plume model. The meltwa-
ter at the ice-wall forms a positively buoyant plume moving up against the ice-face.
The dynamics of the plume and the heat and salt transfer at the ice-face are based
the bulk conservation of mass, momentum and buoyancy uxes across a buoyant
plume with local or distributed source of buoyancy [Batchelor, 1954, Morton et al.,
1956]. Instead of explicitly solving the diffusive uxes boundary, they are estimated
based on the bulk conservation of uxes across the plume width. This ?buoyant
plume theory' has been predominantly applied to different engineering and geo-
physical applications, from a ventilated lling box over a heated wall [Cooper and
Hunt, 2010], dynamics of a volcanic ash cloud [Baines and Sparks, 2005] to density
current over a slope [Wells and Wettlaufer, 2005]. Reed Macayeal [1984] rst applied
this theory on glacial melting, later Jenkins et al., 1991 coupled BPT to the melting
parameterization at the ice-ocean interface.

Recent applications of BPT based ice-ocean parameterisation involves both the
study of a Greenlandic tidewater glacier [Cowton et al., 2015; Slater et al., 2016a;
Magorrian and Wells, 2016; Carroll et al., 2016] and Antarctic ice shelves [Holland
and Feltham, 2006; Payne et al., 2007; Jenkins, 2011b]. Magorrian and Wells [2016]
has developed a model for the locally planar sloping ice-face in a linearly strati ed
ocean based on turbulent buoyant plume theory (BPT). They have proposed scaling
laws for melt rate as a function of the far eld oceanic conditions and the slope of
the ice face. However, the boundary layer properties have not been fully addressed
in this study. The portability of the plume theory is often compromised with the
over-simpli cation of the ow eld, where a 2D turbulent symmetry is used for
closure. Another major assumption of the BPT is that the turbulence in the inner
boundary layer of the plume next to the ice wall is shear driven and the mean ow
is represented by a quadratic drag law and thermal and saline Stanton numbers
[Jenkins 1991, 2011].

Present parameterization schemes used in these models to estimate the heat ux
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across the ice-face are often not coupled to the grid resolution. The validity of the
ice-ocean parameterization based on BPT in an oceanic ow conditions can only be
tested either using laboratory experiments with melting ice boundary layer or using
turbulence resolving numerical studies. The actual underlying process at these ice-
ocean boundary is still not fully understood.

1.3 Direct Numerical Simulations

Direct Numerical simulations (DNS) are becoming more effective in analysing the
structure of the boundary layer. DNS is capable of resolving all scales of motion and
ensures an accurate description of boundary layer processes including meltrate. First
applied on a heat transfer problem over horizontal surface with low Prandtl number
(Pr<2) with laminar boundary [Kim and Moin 1989], what had come a long way over
the past three decades. It has been applied to convective boundary layer at a heated
wall [Kwamura 1998, 1999] with high enough Reynolds number for a purely turbu-
lent boundary layer. DNS has been successfully applied for passive scalar transport
at a thermally convective boundary for laminar and turbulent [Herlina and Wissink,
2014] boundary layer. Recently, Gayen et al. [2015] rst applied DNS for the study of
the binary melt (i.e melting caused by the transport of both heat and solute) at the
convective boundary layer at ice-salt water interface for both uniform and strati ed
ambient. The results replicated the bidirectional ow, also observed in laboratory
experiments [Kerr and McConnochie, 2015]. A subsequent DNS study by Gayen
et al. [2016], on the dissolution of ice into saline water, for the case of planar vertical
interface has showed detailed turbulent structures otherwise dif cult to estimate in
lab experiments. The simulated dissolution rates are in close agreement with the ex-
periments and predicts a theoretical 4/3 power law of the thermal forcing [Josberger
and Martin, 1981; Kerr and McConnochie, 2015]. The DNS also showed the presence
of a logarithmic layer in both the velocity and scalar elds in the boundary layer
and hints that over a vertical interface boundary layer turbulence could be driven by
shear instability.

Most of the earlier DNS study focused on the melting boundary layer next to
verical ice-face. However, the ice-ocean interface is subjected to much complex ge-
ometry (gure 1.6a) and ow structure (gure 1.6a and 1.7). Most importantly it is
still unclear how convection is important on the heat transfer at the ice-ocean bound-
ary layer. Laboratory experiments also suffer from several limitations like domain
length scales, replicating oceanic ow structure in laboratory scale and maintaining
the consistent ambient condition. This motivates us to employ turbulence resolving
simulations of the ice-ocean interface with varying geometry and ow conditions.
The present study only addresses the melting of the ice-face only, DNS studies of
freezing processes are not included as a part of the present thesis.



81.4 Thesis Outline 15

1.4 Thesis Outline

The rst section of the thesis talks about the effects of ice bathymetry over the convec-
tive boundary layer at the ice-ocean interface. Changes in the turbulent ow structure
and resulting heat and salt transfer rate and related ice ablation has been studied us-
ing a 3 dimensional DNS model. Mechanisms for production of turbulence has been
discussed. The second section of the thesis deals with the effects of ambient current
on the convective melting at the ice-ocean interface. The conjugate heat and mass
transfer by convective plume and ambient shear has been studied and mechanisms
for heat and mass transfer has been analysed. Based on this study different melting
parameterisation based on the ow regime has been proposed. The third chapter
of the thesis talks about the effects of subglacial discharges on the resulting gravity
currents on the melting of Antarctic ice shelves. The nal and fourth chapter of the
thesis discuses the conclusion and future works.
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Chapter 2

Effects of slope on the boundary
layer transport at a ice-seawater
Interface

The effects of the slope of an ice-seawater interface on the mechanisms and rate of
ablation of the ice by natural convection are examined using turbulence resolving
simulations. Solutions are obtained for ice slopes q = 2° 90, at a xed ambient
salinity and temperature, chosen to represent common Antarctic ocean conditions.
For laminar boundary layers the ablation rate decreases with height, whereas in the
turbulent regime the ablation rate is found to be height independent. The simu-
lated laminar ablation rates scale with (sin )4, whereas in the turbulent regime
it follows a (sing)?® scaling, both consistent with theoretical predictions developed
here. The reduction in the ablation rate with shallower slopes arises as a result of
the development of stable density strati cation beneath the ice face, which reduces
turbulent buoyancy uxes to the ice. The turbulent kinetic energy budget of the ow
shows that for very steep slopes both buoyancy and shear production are drivers of
turbulence, whereas for shallower slopes shear production becomes the dominant
mechanism for sustaining turbulence in the convective boundary layer. Based on the
present study we present a modi ed parameterization for convection driven melting
as,V' 8.98 (DT )*3(sing)?® mlyr, where DT, is the thermal driving.

2.1 Introduction

Recent studies report that the rate of loss of the grounded ice mass of West Antarctica
has increased by 70% since 2002 [Paolo et al., 2016]. A net mass loss from Antarctic
ice sheets has contributed to global ocean sea level rise [Cazenave and Llovel, 2010;
Piecuch and Ponte, 2014] and its contribution is expected to become larger in the
future. Melting of glacier tongues is also contributing to a stronger fresh water layer
over the Weddell Sea and this can result in reduced production of Antarctic Bottom
Water, an important component in the global thermohaline circulation [Lavergne

et al., 2014]. Much of the acceleration of ice loss has been attributed to increased ow
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or warming of circumpolar deep water entering cavities beneath oating ice shelves,
where it can cause faster melting, retreat of the grounding line and a speed-up of
glacier advance [Jenkins et al., 2010; Jacobs et al., 2011]. The rate of melting has been
studied using General Circulation Models (GCMs) [Swingedouw et al., 2008; Hellmer
and Olbers, 1989; Spence et al.,, 2014; Snow et al., 2016] and the Regional Ocean
Modelling System (ROMS) [Galton-Fenzi et al., 2012a]. Modelling of the Pine Island
Glacier and its grounding line, for example, has shown a tight coupling between the
ice sheet interior and the surrounding ocean water properties and ablation rate [Rydt
and Gudmundsson, 2016]. However, the underlying dynamics of ice melting are
quite complex and poorly understood. The melting crucially involves the transport
of heat and salt through a thin boundary layer at the ice face, whereas the models
cited above resolve the ow- eld only at scales larger than O(100) m and rely on
assumptions and parameterisations in order to invoke the roles of the convection and
turbulent processes that control the melt (or ablation) rate. These parameterisations
are also not coupled to the grid resolution, thereby exacerbating the uncertainty in
the resulting model solutions [Morrison et al., 2011; Gladish et al., 2012]. In contrast
turbulence-resolving simulations, such as the Direct Numerical Simulations (DNS)
recently reported by Gayen et al. [2016], along with theoretical modelling, serve as
tools to understand the mechanisms governing the melting process. The results from
theory and DNS are also likely to provide improved parameterisations for larger scale
models, thus enabling more accurate predictions of future ice-shelf melting rates.

Laboratory experiments with a small ice block, immersed in warm water with a
vertical salinity gradient, showed a laminar boundary layer next to the ice face and
the formation of double diffusive horizontal intrusions [Huppert and Turner, 1978,
1980; Carey and Gebhart, 1982]. Experiments on the ablation of a relatively tall (O(1
m)) and vertical ice surface in colder and saline (35 gkg 1) water of uniform far-
eld conditions [Josberger and Martin, 1981] achieved a turbulent boundary layer.
A recent experimental study [Kerr and McConnochie, 2015] revisited the turbulent
ablation of a vertical wall with ambient water temperatures (0 6 °C) and salinity
(35 gkg 1) close to those of Antarctic waters, and showed that the melt rate is inde-
pendent of height. The results also imply that natural convection is driven by the
salinity buoyancy. Diffusion of salt to the ice interface lowers the melting tempera-
ture, allowing the ice to melt (or dissolve) even when the interface temperature is less
than 0 °C [Woods, 1992; Kerr, 1994; Wells and Worster, 2011; Kerr and McConnochie,
2015].

Scaling laws for the natural convection boundary layer properties and ablation
rate have been proposed for various ow scenarios. For a laminar boundary layer
next to a vertical ice interface a balance between vertical advection by mean ow
and lateral diffusion of solute leads to an ablation velocity that scales to the  1/4
power of the height, and the 1/4 power of buoyancy anomaly, the latter predomi-
nantly provided by the salinity eld [Josberger and Martin, 1981; Carey and Gebhart,
1982; Nilson, 1985; Wells and Worster, 2011]. For a turbulent boundary layer, on the
other hand, a turbulent parameterisation [such as the use of a constant turbulent
diffusivity; Josberger and Martin, 1981] is necessary. A recent theoretical model for
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dissolution [based on an established scaling for turbulent heat transfer for natural
convection, Holman, 2010], predicts that the ablation velocity scales as V DTf’3,
where DT, = T, T_ is the difference between the ambient temperature T,, and the
freezing point at ambient salinity T_ [Kerr and McConnochie, 2015]. The salinity
dependence of T, implies that the temperature difference DT, and therefore the ab-
lation rate, are determined by the transport of solute to the ice interface. The quantity
DT, is referred to as the “driving temperature difference' because this temperature
difference is the cause of melting and represents the source of the latent heat required
for melting. However, it is not to be confused with the source of momentum, which

is the solutal buoyancy. Kerr and McConnochie [2015] also show that the theoretical
model is consistent with earlier estimation of iceberg melt rate from ocean measure-
ments [Morgan and Budd, 1978; Budd et al., 1980; Shepherd et al., 2004], as well as
with their own laboratory experiments.

In large scale ice-ocean models the boundary layer turbulence is assumed to be
driven by shear instability of an ambient current or buoyant plume. Where a buoyant
plume is modelled it represents a contribution of natural convection at the ice-ocean
interface due to either melting of the interface or a subglacial discharge of fresh water
[Payne et al., 2007; Jenkins, 1991, 2011a]. Plume models have used the conservation
of momentum and heat [Morton et al., 1956; Ellison and Turner, 1959] for a one-
dimensional convective plume with “top hat' pro les across the plume, providing
a parameterisation of turbulent uxes to the ice face. The wall plume model is
further developed by incorporating the ux equation for salt transport through a
solutal boundary layer under a sloping ice interface [Jenkins, 2011a; Magorrian and
Wells, 2016; Slater et al., 2016a]. For a vertical ice face McConnochie and Kerr [2016]
have improved the model through laboratory measurements of entrainment into the
turbulent plume. Like the parameterisations for the case of an ambient current, use
of the plume model assumes that turbulent uxes to the ice face are a result of
instability of the mean shear in the plume.

Three-dimensional Direct Numerical Simulations of the dissolution of ice into
sea water have to date focussed on natural convection alone, and a vertical planar ice
face. For a range of typical Antarctic water temperatures and salinities the computed
dissolution rates [Gayen et al., 2016] are in excellent agreement with the laboratory
experiments by Josberger and Martin [1981] and Kerr and McConnochie [2015] and
with the predicted 4/3 power dependence of ablation rate on the difference between
the far- eld water temperature and the interface melting temperature. The DNS also
showed that the ablation rate is independent of height when the boundary layer
is turbulent at large values of the Grashof number, which implies that the ow is
independent of further increase in the size of the computational domain. Another
important result from the DNS is logarithmic pro les in velocity and density elds
within the boundary layer. This is associated with production of the eddies by the
mean shear at a rate comparable to that from convective instability in this vertical
natural convection at the Grashof number achieved.

The focus of this paper is the effects of ice face slope on melting rates. Obser-
vations of glacier tongues on the seaward side of the grounding line indicate that
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The focus of this paper is the effects of ice face slope on melting rates. Obser-
vations of glacier tongues on the seaward side of the grounding line indicate that
the ice-water interface has a wide range of slopes [Jenkins et al., 2010]. Melting near
the grounding line is of particular interest, as this is where melting is most likely
to in uence the glacier dynamics and the overall rate of loss of grounded ice, hence
sea level rise [Rignot et al., 2013].The focus of this paper is the effects of ice face
slope on melting rates. Observations of glacier tongues on the seaward side of the
grounding line indicate that the ice-water interface has a wide range of slopes [Jenk-
ins et al., 2010]. Melting near the grounding line is of particular interest, as this is
where melting is most likely to in uence the glacier dynamics and the overall rate
of Under a sloping ice face the ow and melting are expected to be complicated by
a component of the buoyancy force orthogonal to the sloping face, leading to a grav-
itationally stable salinity strati cation in the boundary layer. Attempts to describe
the melting of a sloping ice boundary [Jenkins, 2011a; Magorrian and Wells, 2016]
have used the turbulent buoyant plume theory. However, there are no turbulence
resolving simulations to test the scaling for boundary layer properties and melting
rate. The energy pathways for production of turbulence, an important consideration
for the formulation of a parameterisation, are also unknown. Here we investigate the
effects of slope on the ablation rate and boundary layer properties for ice in contact
with uniform and quiescent surrounding sea water using scaling theory and Direct
Numerical Simulation. The simulations show complex boundary layer structures
and support a new scaling prediction. The energy pathways to turbulence are also
examined.

2.2 Formulation of the problem and solution techniques

The ow eld is solved in a rectangular domain shown in gure 2.1 with length L
parallel to the slope, depth W normal to the ice face and a width D in the spanwise
direction (normal to the plane of the schematic). Ice-water interface conditions are
applied at one boundary (the ice face) of the computational domain ( gure 2.1). The
domain and coordinate system are rotated relative to gravity in order to represent
the ice slope. Gravity is always directed downward. The ow eld is represented
by G = [upn, Vv, U], where the wall-normal ( h), spanwise (y) and slope-parallel (z)
directions are up, v and u,, respectively. The co-ordinates and velocities are relative
to areference frame xed at the planar ice water interface. This is the most convenient
reference frame and we make no assumption about the relative speeds of the glacier
advance and ablation. We solve the incompressible continuity, Navier-Stokes, heat
and salt equations:

r =0 (2.1)
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Figure 2.1: Schematic of the simulation domain shown in respect to the schematic

that of a typical ice-shelf in Antarctica. The ice face of length L is in contact with

seawater beneath at initial temperature T,, and salinity S,. At the bottom right, the

domain has an open boundary condition using a sponge layer. Interface conditions

at the ice (Tint; Sint and dissolution velocity V) are evaluated from heat and salt ux
balances at that boundary.
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