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EXECUTIVE SUMMARY

This document, Deliverable 6.17 - Ice discharge from glaciers to the ocean: Model-based demonstration
of calculations of ice discharge from selected glaciers to the ocean, aimed to predict the contribution of
glaciers to sea level rise, has been carried out as part of Task 6.4-Natural hazards in the Arctic. This
deliverable describes a modelling-based approach developed by Universidad Politécnica de Madrid
(UPM) to quantify the partitioning of solid ice discharge into its two main components, namely iceberg
calving and submarine melting. For Greenlandic glaciers, it can take advantage of using, as part of its
input data, those produced by the freshwater runoff product developed by the Geological Survey of
Greenland and Denmark (GEUS), and the modelling-based estimates of solid ice discharge (obtained as
sum of iceberg calving and submarine melting) can be validated against those produced by the solid ice
discharge product developed by GEUS.

This deliverable is conceived as a demonstration to stakeholders, who, in our case, are primarily
researchers interested in estimating the current contribution of glacier wastage to sea-level rise and the
future projections of such contributions under various scenarios of greenhouse gasses emissions. The
demonstration is based on a video (ca. 20 min.) available through the INTAROS YouTube channel and the
education material available though the INTAROS website. There is also a shorter version (a trailer, ca. 4
min.) of the video, aimed to provide an overview of the contents of the longer version.

This written report provides a more detailed account of the coupled glacier dynamics-fjord circulation
model in which the procedure for partitioning the ice discharge into its main components is based.
Alternatively, there is a simpler version of the model, which is a coupled glacier dynamics-buoyant plume
model that greatly reduces the computation time, while still providing sufficiently accurate results. The
glacier dynamics model is defined by the Stokes system of partial differential equations, an associated
constitutive relationship, together with an iceberg calving model, and is solved using the finite-element
ELMER/Ice code. The fjord circulation (and submarine melting) model is defined by Boussinesq form of
the Navier-Stokes equation set, plus the Holland and Jenkins equations defining the thermodynamic
equilibrium at the fjord-glacier front interface and is solved using the finite-volume MITgcm code. The
plume parameterisation model that replaces the fjord circulation model in the simplified version of the
coupled model is programmed using MATLAB.
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1. Introduction

This section describes the motivation and aims of the work carried out within INTAROS Task 6.4 using
data and methods available from the iAOS, aiming to give a response to the stakeholder needs.

1.1. Motivation and aims. Stakeholder needs

Mass losses from glaciers and ice caps (henceforth, glaciers) are projected to account for 79 to 157
mm of global mean sea-level rise (SLR) to the end of the 21% century, depending on the emission
scenario (Huss and Hock, 2015). Between 10 and 30% of these losses correspond to frontal ablation,
dominated by calving and submarine melting in regions such as peripheral Antarctica, Svalbard and
the Russian Arctic (Huss and Hock, 2015; Hanna et al., 2020). Although the global glacier volume is only
~ 0.6% of the ice sheet volume (Greenland and Antarctica), current glacier contribution to SLR is close
to that of the ice sheets (IPCC, 2019), primarily due to the high sensitivity of glaciers to atmospheric
and oceanic forcing (Rignot et al., 2010; Motyka et al., 2013; Straneo and Heimbach, 2013; Luckman
et al., 2015; Holmes et al., 2019). The Greenland ice sheet (GrlS) is another important contributor to
SLR, currently at a pace roughly twice that of the Antarctic ice sheet (IPCC, 2019). About 60% of the
GrlIS mass loss is attributed to negative surface mass balance from surface melt and runoff at the lower-
altitude zones at the margins, and the remaining 40% to solid ice discharge from marine-terminating
glaciers (Csatho et al., 2014; Enderlin et al., 2014; van den Broeke et al., 2016).

Beyond the SLR issue, the freshwater input from glacier wastage generates considerable changes in
fjord stratification (De Andrés et al., 2020) and sediment distribution (Mugford and Dowdeswell, 2011;
Overeem et al., 2017), affecting surrounding marine ecosystems (Meire et al., 2017; Oliver et al., 2018;
Hopwood et al., 2018), atmospheric CO, intakes (Meire et al., 2015) and regional ocean circulation
(Bamber et al., 2018; Oliver et al., 2018). Thus, studying processes occurring at the glacier-fjord
interface is key to understand ongoing changes and to generate future projections.

In the Arctic region, frontal ablation in an important component of the glacier and ice-sheet mass
losses (Huss and Hock, 2015). As the main components of frontal ablation (iceberg calving and
submarine melting) are difficult to evaluate separately, frontal ablation is often approximated by the
solid ice discharge through flux gates close to the calving front (Fig. 2.1.1 below). This approximation
is valid as far as there are no glacier front position changes. Otherwise, a correction term accounting
for such changes has to be introduced. Additionally, if the flux gate is not sufficiently close to the glacier
front, a further correction must be applied to account for the surface mass balance between the flux
gate and the calving front.

The submarine melting at the glacier front (or below the floating ice tongues or ice shelves, which are
very scarce in Artic glaciers) is strongly influenced by the subglacial discharge at the glacier front of
surface meltwaters that reach the glacier bed through crevasses and moulins. Therefore, the
estimation of solid ice discharge and of freshwater runoff are essential for calculating the mass balance
of glaciers and ice sheets. On the other hand, being able to estimate the partitioning of solid ice
discharge into its two main components (iceberg calving and submarine melting) is fundamental to
support the projections of glacier mass losses and its contribution to sea-level rise (e.g., Edwards et
al., 2021).
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Finally, we note that frontal ablation estimates can be validated by subtracting from the geodetic mass
balance estimates (which provide the total mass balance of the ice masses under investigation) the
surface mass balance (and the basal mass balance, wherever relevant). The recent availability of glacier
geodetic mass balance observations at global (planetary) scale, such as those by Hugonnet et al.
(2021), and the availability of such estimates, as well as many at the regional scale, at databases such
as the Fluctuation of Glacier database hosted by the World Glacier Monitoring Service (WGMS, 2021a),
which also stores the world-wide collection of glacier surface mass observations, opens the door to
further studies allowing the validation of the results obtained by using independent methods and data
sources. Furthermore, the use of these geodetic methods provides directly SLR contributions (except
for a correction to account for the change of the fraction of the glacier already below sea level),
without requiring estimates for calving and submarine melting (e.g., Zemp et al., 2019).

The above summarizes the main stakeholder needs in the context of this deliverable and motivates
the focus of the deliverable, which has been conceived as a demonstration for stakeholders aiming:

1) To present two useful data tools developed by the Geological Survey of Denmark and Greenland
(GEUS) to estimate the solid ice discharge and the freshwater runoff from the whole of the
Greenland ice sheet or its individual basins. This is the focus of Section 2.1.

2) To show a modelling-based procedure, developed by Universidad Politécnica de Madrid (UPM),
allowing to estimate the partitioning of solid ice discharge into its two main components (iceberg
calving and submarine melting). This is the focus of Section 2.2.

The demonstration is based on a video available through the INTAROS YouTube channel and the
education material available though the INTAROS website (http://intaros.eu/). There is a longer
version of the video (ca. 20 min.) and a shorter one (a trailer, ca. 4 min.) aimed to give a brief overview

of the contents of the longer version. This written report is aimed to provide supporting material to
the contents of the video demonstration. In particular, getting a deep understanding of the modelling-
based approach to calculate the partitioning of the solid ice discharge into its two main components is
facilitated by the supporting material presented in Section 2.2.
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1.2. Whom is this deliverable addressed to?

The above aims are a direct response to the stakeholders needs described in the motivation. In our
case, the stakeholders are: 1) the scientists interested in the estimates of the mass losses from the
Arctic glaciers and the Greenland ice sheet and their contribution to sea-level rise; 2) the scientists
interested in the projections of mass losses from glaciers and ice sheets, for which understanding the
partitioning of ice discharge into iceberg calving and submarine melting is key to well-founded
forecasts. The deliverable can also be useful to researchers wishing to understand the physical
processes behind the mentioned partitioning of solid ice discharge. In this way, this deliverable is
mostly addressed to researchers. While Section 2.1 (and its corresponding part in the video) describes
some tools that can be useful to end users, as the GEUS ice discharge and freshwater runoff products
are end products, Section 2.2 (and its corresponding part in the video) describe a rather complex
modelling-based procedure to split ice discharge into iceberg calving and submarine melting. Although
any user with a Earth-science background and a basic mathematical background can easily follow the
video and understand the basics of how the modelling-based procedure works, following all of the
details of the procedure (as given in the present report), and applying it for glacier-fjord systems other
than that presented as example in the report require some additional skills in numerical modelling and
computing.

Of course, the results compiled by scientists using the GEUS tools and/or by applying the UPM
procedure (e.g. on contributions of glacier/ice-sheet wastage to sea-level rise) can then be useful to
other end users, such as coastal planners of policy makers. But this deliverable, in its original form, is
mostly addressed to researchers in the field of Earth sciences.

1.3. Structure of the document
This document is structured as follows:

e Chapter 1 contains an introduction, which first motivates the work done and introduces its
scientific background, from which the stakeholder needs naturally arise, as well as the deliverable
aims addressed to satisfy such needs. It also includes a brief account of the stakeholders to which
this demonstration-based deliverable is addressed.

e Chapter 2 is the bulk of the deliverable and contains an account of both the solid ice discharge and
the freshwater runoff data products developed by GEUS (Section 2.1) and a detailed account of
the modelling-based approach developed by UPM to separate the solid ice discharge into iceberg
calving and submarine melting (Section 2.2). This provides also support material to the
accompanying video demonstration on which this deliverable strongly relies.

e Chapter 3 summarizes how the above-mentioned data and modelling tools satisfy the stakeholder
needs stated in Chapter 2 and describes the data and modelling gaps.

e Chapter 4 provides some outlook and presents some recommendations for roadmap, mostly
aimed to fill the gaps outlined in Chapter 3.

e Chapter 5, finally, is a summary of this report with emphasis on its relation to other work packages
(WPs) and tasks within the INTAROS project.
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2. Demonstration of calculation of ice discharge to the ocean

2.1. Observation-based ice discharge calculations
Contributors: Kenneth Mankoff.

The total volume of freshwater from Greenlandic marine-terminating glaciers into the ocean comes
from two sources: Ice discharge and freshwater discharge. Ice discharge is divided at the ice/ocean
boundary into solid ice discharge (i.e., iceberg calving) and submarine melt. Freshwater discharge is
the liquid water from the ice sheet surface melted far upstream that flows out either from streams
that enter the fjords, or subglacially at the base of marine terminating glaciers.

Submarine melt is controlled by 1) the temperature of the fjord water especially at the bottom, and 2)
the amount of subglacial freshwater discharge flowing out at the base of the glacier. Submarine melt
is discussed further in Section 2.2. Here we address 1) the total ice discharge across flux gates upstream
of the terminus — that is, the sum of iceberg calving and submarine melt, and 2) the subglacial
component of the freshwater discharge.

2.1.1. Solid ice discharge

We have created a high spatial (glacier scale) and temporal (bi-weekly) estimate of where and when
solid ice and submarine melt (combined) discharges into the surrounding fjords and seas. This is an
“operational” product from 1968 until last month, updating approximately every 12 days with a one-
month lag. Discharge is provided for every marine terminating outlet glacier. The product is described
in detail in Mankoff et al. (2020a) and is available through the INTAROS data portal and the GEUS
dataverse repository (https://dataverse0l.geus.dk/dataverse/ice discharge).

Inputs to this product are ice sheet surface velocity, both from MeaSURes (Howat 2017; Joughin 2018;
Joughin et al. 2010; Joughin et al. 2018) and the PROMICE Sentinel Ice Velocity product (Solgaard et
al., 2021), and the BedMachine dataset (Morlighem et al., 2017) for ice thickness. From these two
properties (velocity and thickness), ice volume flow rate across flux gates is computed as velocity times
ice thickness times gate width times ice density (Fig. 2.1.1).

Figure 2.1.1 Solid ice discharge through a flux gate.
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Time series are provided for individual glaciers (Fig. 2.1.2), sectors and regions, and the entire
Greenland ice sheet. Errors in ice discharge can be estimated, from those of its individual components,
following the procedure described in Sdnchez-Gadmez and Navarro (2018).
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Figure 2.1.2 Discharge time series for eight major glaciers.

2.1.2. Freshwater runoff

In addition to ice discharge (which is the sum of iceberg discharge and submarine melt) we provide a
dataset of freshwater runoff. The subglacial component of this runoff a key driver of the submarine
melt portion of the ice discharge (Mankoff et al., 2016; De Andrés et al., 2018). We have created a high
spatial (outlet scale) and temporal (daily) estimate of where and when liquid freshwater (i.e., rainfall,
melted ice, and melted snow) discharges into the surrounding fjords and seas from 1958 through 2019.
This product is generated from the HIRHAM (Langen et al., 2017) and MAR (Fettweis et al., 2020) RCMs
and the ArcticDEM surface topography (Porter et al., 2018). Land runoff is routed using traditional
topographic routing techniques. Subglacial meltwater is assumed to penetrate to the bed within the
grid cell where it is generated and is routed instantaneously to the coastal outlet using traditional
subglacial routing techniques, assuming the subglacial pressure is equal to the pressure of the
overhead ice. The freshwater product is described in Mankoff et al. (2020b) and it can be accessed
through the INTAROS data portal and is stored in the GEUS Dataverse repository
(https://dataverse01.geus.dk/dataverse/freshwater). An example of freshwater discharge product is
shown in Figure 2.1.3.
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Figure 2.1.3 Example of freshwater discharge product. 100 m ice basins (blue lines) and outlets (blue dots) and
land basins and outlets (green lines and dots respectively) cover Disko Island. Each outlet has a runoff time series,
but the entire island runoff (summed) is shown below for ice (upper graph) and land (lower graph).

2.2. Model-based ice discharge calculations. Partitioning of ice discharge into
iceberg calving and submarine melting

Contributors: Francisco Navarro, Eva De Andrés, Marina Gonzdlez, Jaime Otero, Maria Isabel de
Corcuera, Javier Lapazaran.

2.2.1. Building the glacier-fiord and glacier-plume coupled models: components, governing
equations and set up

The first step is to get a clear view of the system and its components (Fig. 2.2.1). On one side, we have
the glacier, which, although made of water in solid state, can be physically treated as a super-viscous
fluid. On the other side, we have the fjord, which is the water component of the system and
encompasses a combination of both laminar and turbulent flow dynamics. In our glacier-fjord system,
the turbulent regime will be mostly due to the high-energy inputs of subglacial meltwater discharges,
which generate turbulent ascent plumes attached to the submerged icefront face. The initial approach
includes the complete fjord circulation, and the second approach parameterizes the turbulent plume
to decrease the time of computation. The interface between the glacier and the fjord (or plume)
components is where submarine melting occurs, depending on and affecting both glacier and fjord
(plume) dynamics. Therefore, four different sets of equations are considered (one for each
component): the glacier, the fjord, the buoyant plume and the submarine melting.
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Interface

Figure 2.2.1 Schematics of the different components of the system.

To solve the equations governing the system dynamics, the solutions of each component of the system
are approximated by different numerical discretizations. Three approaches, finite elements, volumes
and differences, are used to solve the glacier, fjord and plume components, respectively. These are
implemented using ELMER/Ice, MITgcm and Matlab software packages. ELMER/Ice and MITgcm will
be configured to suit our physical problem, domain geometry and boundary conditions, while a Matlab
routine will be developed to solve the plume model parameterization.

The submarine melt model (interface in Fig. 2.2.1) is used in both the fjord and the plume model as
boundary conditions to close the set of equations. Computed melt rates of the glacier front are
incorporated into the glacier dynamics model by reshaping its domain through a modified glacier
geometry.

COMPONENT 1: THE GLACIER DYNAMICS MODEL (Otero et al., 2017)

Dynamical model equations and flow law

Ice is treated as an incompressible, continuous and highly viscous fluid. The dynamical model is
described by the Stokes system of equations, describing the conservation of linear momentum and
mass:

V-o+pg+F=0, (2.1)
V-u=0,

where o is the Cauchy stress tensor, u is the velocity vector, g is the gravity acceleration vector and
pi is the ice density. A body force F is added to account for the lateral friction in our 2D model. The
shape factor (Nye, 1965) is here extended to the full-Stokes formulation by defining the body force F
as (Jay-Allemand et al., 2011):

F=—pg-t(1-f)t (2:2)

where t is the unit vector tangent to the top surface and the shape factor f; can be estimated from a
scalar function of the glacier’s transversal shape (Jay-Allemand et al., 2011), such that:
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2 (0.186Wh>_1 (2.3)

= —tan"~
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where the ice thickness is given by the difference between the surface and bed elevations, h;(x) =
zs(x) — z,(x), and wy, (x) is the half-width at the glacier surface.

We adopt Nye’s generalization of Glen’s flow law (Glen, 1955; Nye, 1957) as the constitutive relation,

which links the deviatoric stress T to the strain rate &:

2.4
T=2n¢ (2.4)

The effective viscosity 7 is written as

1 - 1— (2.5)
n =5 (EA) /MG

where [;, represents the second invariant of the strain rate tensor, 4; is the softness parameter in
Glen’s flow law and E is an enhancement factor. We use typical values of n =3 and A4; =
0.1 bar—3a~?! (Cuffey and Paterson, 2010; Vieli et al., 2002).

Cauchy and deviatoric stresses are linked through the equation

c=1t—pl, p=-tr(0)/3, (2.6)

where p is the local pressure (i.e., compressive mean stress) and I is the identity matrix.
Continuum damage mechanics model

The fracture-induced softening accounts for the loss of load-bearing surface area due to fractures
under a scalar damage variable D. The enhancement factor E can be linked to the damage D (Borstad
et al., 2012; Krug et al., 2014) as

1 (2.7)

E=a—on

For undamaged ice (D = 0), E = 1 and the flow regime is unchanged. As damage increases (D > 0),
E > 1, ice viscosity decreases, and flow velocity increases.

In this thesis, we assume that D is nonzero within the 2 km closest to the glacier front, linearly
increasing towards the terminus, where it reaches a maximum value of 0.4 (Krug et al., 2015).

Free surface evolution and Boundary conditions

The time evolution of the glacier free surface is governed by

9z (2.8)

Zs
Er P

where zg is the surface elevation, t is time, ug and wg are the horizontal and vertical components of
the flow velocity at the surface, respectively, and b,, is the surface mass balance.
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The upper surface of the glacier is a traction-free zone with unconstrained velocities. At the ice divide
at the head of the glacier, horizontal velocity and shear stresses are set to zero (Fig. 2.2.2).

For boundary conditions at the bed, we use a friction law that proportionally relates the sliding velocity
(u;) to the basal shear stress (g, ):

Cu, = oy, (2.9)
where the friction coefficient C is determined using the inverse Robin method described in Arthern
and Gudmundsson (2010) and Jay-Allemand et al. (2011), which evaluates the mismatch between
observed and modelled surface velocities by using a cost function. Every four-week period we calculate
a continuous function for the surface velocity using a sixth-degree polynomial regression to be used in
the inversion procedure.

At the glacier terminus, we set back stress (normal stress) to zero above sea level and equal to the
water-depth-dependent hydrostatic pressure below sea level (see Otero et al., 2017).

Calving model

Calving is assumed to be triggered by the downward propagation of transverse surface crevasses near
the calving front as a result of the extensional stress regime (Benn et al., 2007). The depth reached by
a crevasse is that where the longitudinal tensile strain rate tending to open the crevasse equals the
creep closure resulting from the ice overburden pressure (Nye, 1957; Todd and Christoffersen, 2014).
The “net stress” g, can then be calculated as

On = 27,5ign(Tyy) — pigd + By, (2.10)
which is considered positive for extension and negative for compression. The first term on the right-
hand side of Eq. 2.10 represents the opening force of longitudinal stretching (Otero et al., 2010); 7,
represents the effective stress (12 = 12, + 12,) and is multiplied by the sign function of the
longitudinal deviatoric stress, 7., to ensure that crevasse opening is only produced under longitudinal
extension (T, > 0). The second term on the right-hand side is the ice overburden pressure, which
leads to creep closure, where d is the crevasse depth. The last term represents the pressure exerted
by the water filling the crevasse, which contributes to open the crevasse. Calving takes place when
surface crevasses reach the sea level.

Numerical solution

The glacier is divided each time step into a quadrilateral mesh with 10 vertical layers and a horizontal
grid size of ~50 m in the upper glacier and ~25 m near the terminus. The Stokes system of Eqns. 2.1 is
solved by a finite element method using Elmer/Ice (Gagliardini et al., 2013) and the 2D stress and
velocity fields are computed along the central flowline (Fig. 2.2.2). The new surface elevations are
computed, using the free-surface evolution equation, from the surface mass-balance input and the
surface velocities produced by the flow model and the grid nodes are shifted vertically to fit the new
glacier geometry (for further details see Otero et al. (2017).
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Figure 2.2.2 Schematics of the glacier-calving model and its domain mesh (from Otero et al. (2017).

At the terminus, the grid nodes are shifted down-glacier according to the velocity vector and the length
of the time step, and the terminus position is then updated according to the calving criterion used.

Every four weeks (four time steps), we estimate the best-fit friction coefficient (Eqg. 2.9) to be used for
these four model runs. The choice of the initialization time step was made as a compromise between
the time resolution needed for capturing the sudden changes in velocity and an acceptable
computational cost.

COMPONENT 2: THE FJORD CIRCULATION MODEL (De Andrés et al., 2018)

The water movement inside a given fjord is the result of different processes, such as thermohaline
instabilities, convection-driven circulation due to meltwater discharges, pressure gradients, wind
advection or tidal currents (Fig. 2.2.3). The equations governing the fjord water circulation and the
numerical methods used to solve them are detailed below.
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Figure 2.2.3 Schematics of fjord circulation processes (from Schild et al., 2018).

Mathematical formulation of fjord circulation

The equations governing the 2D motion of an incompressible stratified fluid in a rotating system are
described here. Given that the dimension of our considered fjord domain will be much smaller than
the Earth’s radius, the subsequent equations assume a Cartesian system of x — z coordinates.

Water density in the ocean is a complex function of temperature, salinity and pressure, p(T, S, p),
which can be found in Jackett and Mcdougall (1995). However, for most applications water density can
be assumed as linearly dependent upon both temperature and salinity, such that

p = pollL — g (T = To) + Bs(S = So)l, 211
where p, = 1028 kg m? is the reference density for T, = 10 2C and S, = 35 psu. a; and B are the
coefficients of thermal expansion and saline contraction of water, taking the values of 1.7 x 10* K*
and 7.6 x 10, respectively. Although in our fjord model we use the comprehensive density equation
described in Jackett and Mcdougall (1995), it is reasonable to leave Eq. 2.11 within the text of this
report to understand the effect that both T and S exert on water density.

One of the first statements in fluid mechanics is that mass must be conserved. Thus, any imbalance
between convergence and divergence must create a local compression or expansion of the fluid. The
material derivative of mass per unit volume (i.e., density, p) must therefore equal zero to ensure
conservation of mass:

dp dp 0

0
G ot E(PU)'F&(PW) =0,

(2.12)

where t is time and uand w are the horizontal and vertical components of the velocity vector,
respectively. Armed with the Boussinesq Approximation, by which ocean density variations, p’, (caused
by the existing stratification and/or fluid motion) are small (< 3%) compared with the reference value
Po

. 2.13
p=po+ p'(xzt) with |p'| < p,, (2.13)

we can simplify (2.12) to obtain
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o w_ (2. 14)
ox 9z

This is the so-called continuity equation for incompressible fluids, which physically means that
conservation of mass has become conservation of volume.

The conservation of linear momentum is expressed here in terms of the two components (horizontal
and vertical) of the velocity vector:

du 1 0dp (2. 15)
— —fw = ————+ Ay, V21,

dt w ; Ox + hﬂ,V u

dw 10p 1 (2. 16)
—_— fu=-—-—--—— Ay ,V

dt po aZ pg + h,v w

In Egs. (2.15) and (2.16), all forces are expressed per unit volume. The terms on the left-hand side show
the acceleration of a fluid particle as it moves along with the flow, which can be partitioned into the

. d . d d .
local time rate of change (E) and the advective terms (ua + WE) for both velocity components u

and w. f, is the reciprocal Coriolis parameter for inertial reference systems (f, = 2( cos ¢), dependent
on the angular frequency of Earth's rotation (1) and on the latitude (¢). Note that we do not include
here the Coriolis f-parameter, since the velocity along the y-dimension is not considered in our 2D
model. The right-hand side terms represent the effects of pressure, gravity (second term in Eq. 2.16)
and viscous stress, where Aj, ;, accounts for the horizontal and vertical kinematic-viscosity coefficient
(quotient of dynamic viscous coefficient over density). These viscous coefficients might vary depending
on the processes to be studied, so they must be properly adjusted in the model.

We consider the elevation of the sea surface (h) as a free boundary that evolves in time and space
according to

oh o' (2.17)

ot ox
where H is the initial and local water depth. ti” accounts for the vertically averaged horizontal velocity
(uf = %f_OH u(z)dz) and evolves according to the momentum equations 2.15 and 2.16.
The heat and salt budgets are calculated by virtue of equations 2.18 and 2.19, respectively, which

express the time evolution of T and S, accounting for advective (part of the material derivative in the
left-hand side) and diffusive (right-hand side) processes:

dT (2.18)
— = K; VT

dt T v )

as (2.19)
— = K. V?

at = KsVS,
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where K is the thermal diffusivity (conductivity divided by the product of density and heat capacity,
all for seawater) and Ks is the salt diffusion coefficient. The values of these two coefficients are
variable depending on the phenomena under study and play a key role at small-scale processes.
Therefore, K1 and Ks must be tuned to fit our purposes.

Solving this set of equations any relevant process in the ocean could be represented. Its complexity is
obvious, so we rely on numerical methods to solve it. For further details see Cushman-Roisin and
Beckers (2011).

Numerical modelling: MITgcm

The Massachusetts Institute of Technology general circulation model (MITgem, http://mitgcm.org) is

a very versatile tool for modelling fluid dynamics problems, since it has been developed to resolve a
wide-scale range of processes (Marshall et al., 1997a, 1997b). In the ocean, it permits simulating from
local turbulent fluxes to global ocean circulation, under both realistic and idealized set-ups. It has been
widely used in researches focused on submarine melting and fjord circulation modelling (Carroll et al.,
2015; Cowton et al., 2015; Sciascia et al., 2013; Slater et al., 2015; Xu et al., 2012, 2013).

The MITgcm is a substantially evolved version of the finite-volume software initially developed by
Marshall et al. (1997a, 1997b). It solves the Boussinesq form of the Navier—-Stokes equation set on a
generalized curvilinear grid. The finite-volume discretization is rendered horizontally variable on either
a regular cell grid (Arakawa and Lamb, 1977) or on an irregular shaved-cell grid (Adcroft et al., 1997),
and vertically fixed on z-levels, which makes the model very suitable for representation of complex
geometries, typical of ocean basins. The most computational demanding part of the algorithm is that
of the pressure correction to the velocity field, which ensures that the evolving velocity field remains
non-divergent, while it is efficiently implemented in the algorithm. The kernel algorithm is firmly
rooted in the incompressible Navier-Stokes equations, but can be used under hydrostatic, quasi-
hydrostatic and non-hydrostatic assumptions, which leads into the chance to use the model for high-
resolution phenomena simulations, which is the case for sudden subglacial discharges. Moreover, the
finite volume approach, in which property fluxes are defined normal to the faces that define the
volume elements, leads to a very natural and robust discrete analogue of divergence.

The MITgcm also includes a routine, developed by Xu et al. (2012), where the thermodynamic
equilibrium at the ice-ocean interface (Fig. 2.2.1) is implemented as boundary conditions, and icefront
melt rates can be estimated.

How to run the fjord model

There are several steps to properly run MITgcm simulations (see Fig. 2.2.4). To facilitate future work,
we briefly list these steps below, but specific detailed information can be found in MITgcm
documentation (http://mitgcm.org).

1. Configuration of the code.

a) Packages to be used, in our case: Geophysical fluid dynamics, Open Boundaries, External forcing,
Icefront thermodynamics and Diagnostics.

b) Assumptions implied: non-hydrostatic, free sea surface.
c¢) Grid domain size (nX, nY, nZ); time of simulation (runTime).

d) Number of CPUs to run in parallel (N tiles).
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e) Files to be read: grid cell size (dx, dy, dz), time resolution (dt), bathymetry (bathy), initial conditions
(IC), boundary conditions (BC), glacier front and subglacial discharge (Qsg).

2. Compilation of the code and executable file generation: mitgcmuv.exe.
3. Routine to create readable files for the executable-file compiled.
4. Running the model.

5. Routine to extract data results and visualize the simulations.

MITgcm
(set up)

SIZE PACKAGES

Grid GFDs C _—
ompilation
(Nx, Ny, N2) OBCs i
ICEFRONT
CPUs DIAGNOSTICS
(Ntiles) RBCS

Fjord Model Simulations | .
Matlab (mitgcmuv.exe) > *.bin results
(input data)

Y

Domain
(dimensions and size)
Matlab routine to

el extract data results

(dx, dy, dz / dt)

and
Bathymetry visualize the simulations
(data)
Initial Conditions

(temperature, salinity profiles) \

Boundary Conditions Routine to generate *.dat results
(temperature, salinity profiles) input data files

Ice front FIGURES
(position, depth, length)

Subglacial discharge
(location, magnitude)

Externall/lnternal Forcing
(location, evolution)

Figure 2.2.4 Schematics to run MITgcm simulations

Model set up and calibration

To adjust the model to our purposes, we first need to evaluate the sensitivity of the fjord model to
free parameters and grid resolution (Fig. 2.2.5). We simulated a real fjord (Hansbukta, SW Svalbard,
see physical settings in Section 2.2.2), where observations of fjord temperature and salinity were used
as initial and boundary conditions. We tested the sensitivity of the modelled fjord temperature and
salinity to viscous and diffusive coefficients and calibrated them to match the available observations
of temperature and salinity. Then, subglacial discharge fluxes (Q4) were also tested and adjusted
every two weeks from April to August of 2010. The sensitivity of submarine icefront melting and near-
front temperature and vertical velocity to horizontal grid resolution were also evaluated.
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Figure 2.2.5 Fjord domain grid. The glacier front is located to the left and the fjord mouth to the right. Mean sea
level is at z = 0 m and the fjord bottom (bathymetry) is represented by the interface between the darker and
lighter parts (white part representing bedrock). Vertical grid resolution is constant (1 m) over the entire domain,
while horizontal grid resolution is higher near the glacier front (1 m), with grid size linearly increasing to the fjord
mouth (~40 m).

e Sensitivity of fjord properties to viscous (Ayy) and diffusive (Kp, ;) coefficients.

Since turbulent entrainment processes are parameterized by constant eddy diffusivity and viscosity
(Egns. 2.15 to 2.19), the correct orders of magnitude for these parameters are crucial to properly
characterize the fjord model behaviour (Fig. 2.2.6). We run the fjord model during the first week of
August 2010, varying both horizontal and vertical Ay, from 0.014 to 0.14 m* s™, and K}, ,, from 1.4 -
103 to 0.14 m? 5. The experiments showed that the horizontal and vertical salinity distribution in the
fjord is strongly sensitive to both coefficients, Ay, ,, and K}, ,,, while this did not happen for temperature
(Fig. 2.2.6). Combining our experiments with previous studies (Slater et al., 2015; Xu et al., 2013) we
concluded that 4y, ,= 0.014 m* s™ and K}, ,,= 0.0014 m” s are the best-fit values, so they will be fixed
for our purposes.

. Sensitivity to Diffusive coefficients Sensitivity to Viscous coefficients
0 T +
\ "o,
<10 % -10 . qh'
% ~ 3
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L \
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-60 kv = 0.14 m2/s 60
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Figure 2.2.6 Modelled salinity profiles of Hansbukta fjord for different values of viscous (An,) and diffusive (Kp,v)

coefficients. Observed profiles are represented by red crosses.

e Sensitivity of fjord properties to subglacial discharge.
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During the melting season, fjord surveys in the vicinity of the glacier front are difficult and risky due to
the occurrence of iceberg calving. Thus, values of Q4 are difficult to quantify due to the lack of
observations near the front. For this reason, glacier mass balance models are commonly used to
estimate surface melting (in response to atmospheric forcing), which are usually considered in the
literature as immediate subglacial discharges. However, there is much uncertainty about the number
and extent of the different catchments that collect this surface melting, the time that it takes the
meltwater to reach the waters of the fjord, how much of the meltwater flows on the surface or
subglacially, how is the network of discharge channels developed under the glacier body, or how many
subglacial discharge channels, and of what size, inject the meltwater into the fjord. Due to all the above
uncertainties, and given that we are using a 2D model (with spreading and diffusive limitations due to
the lack of the third dimension), we decided to test the sensitivity of the vertical average of the
modelled fjord temperature and salinity (excluding the first 5 m of the top layer, since we do not
consider atmospheric forcing or melting of floating ice) to Q4. According to freshwater runoff
estimates from Hansbreen in summer of 2010, and given that we have no data about size or number
of discharging channels, we tested discharge velocities ranging from 0 to 0.2 m s to assess a wide
range of possibilities (Fig. 2.2.7). We then adjusted Qg4 values so they produced modelled temperature
and salinity that best matched observations every two weeks, ensuring better submarine melt rates
estimates. The resulting best-fit Q5  fluxes (velocities implemented through a 1 m2-grid cell) ranged
from 103 in early April to 5-10%2 m3 s in August, and they were used in our coupled-model studies (De
Andrés et al., 2018 and De Andrés et al., 2021, respectively).

Tmod-Tobs (°C)

Smod-Sobs (psu)

O. .l ‘O.bSI — l0.1. — ‘O.l’l5l .‘ l0.2

Figure 2.2.7 Sensitivity of the model to subglacial discharge fluxes in terms of a) temperature and b) salinity.
Different colors are used for representing each simulated time period (weeks 1-17), see the legend.

e Sensitivity of the fjord model to grid resolution.
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Sensitivity of submarine melt rates to spatial grid resolution was tested within a period of maximum
melting, using Qg4 of 0.1 m3 s~! and August-2010 fjord properties. Horizontal size of the grid cells
embedded into the high-resolution zone of the domain were varied (while maintaining the same order
of magnitude) from 0.9 to 4 m, so no variations in viscous or diffusive coefficients were needed.
Submarine melt rates were calculated and compared, and the results are shown in Fig. 2.2.8. The
analysis of sensitivity to horizontal resolution was made in terms of vertical velocity (tangential to the
front face) and temperature, which are the dominant controls on determining submarine melt rates.
The temporal averages of both variables were calculated over the simulation period, and the maximum
values of both variables were identified along the water column, in the cells immediately adjacent to
the glacier front. The same calculations were made for the submarine melt rates estimated by the
model.

Dependency to
horizontal grid resolution
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Figure 2.2.8 Sensitivity of the modelled variables to spatial resolution. Temperature (T) in blue, vertical velocity
(w) in green and submarine melt rates (SMR) in red. Kinematic viscosity and diffusive coefficients set to 0.014
and 0.0014 m? s, respectively, and time step fixed t0 0.5 s.
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The minimum cell size that allowed the stability of the model without changing the size of the time
step was 0.9 m. The maximum cell size that allows us to use the same coefficients (viscosity and
diffusion) without involving a change of their order of magnitude, is 4 m. From Fig. 2.2.8, it is inferred
that the temperature in the cells contiguous to the front varies slightly (<9% across the range of cell
sizes), which indicates that the plume-environment mixing processes are well resolved. However, the
maximum speeds reached in these cells vary enormously (~ 50%) with decreasing grid-cell resolution.
This suggests that the kinematic viscosity coefficients used in our model are valid only for cell sizes of
1 m or less, considering that the time step should be adjusted for cell sizes smaller than 0.9 m. For cell
sizes greater than 1 m, the value of the viscous coefficients should be adjusted, in order to account for
the (probably turbulent) unresolved processes and to reach the expected speeds. This sensitivity of
velocity to spatial resolution also translates into sensitivity in terms of submarine melting estimates.
Thus, the maximum melt rates take place for cell sizes of 0.9 and 1 m, with almost zero variation
between both (~ 0.1%). Therefore, we can state that our model is adequately resolving the velocity
and temperature fields in the vicinity of the front for 1-m cell resolution, assuring the optimum values
of submarine melt rates.

COMPONENT 3: THE SUBMARINE MELT MODEL

The thermodynamic melt rate (rh) parameterization of the ice-ocean boundary is based on the set of
three equations developed by Holland and Jenkins (1999), where subscripts b, and i indicate boundary
and ice, respectively:

2.20

Tb = /1le + AZ + A3pb' ( )
. 2.21

Cowpyr(T = Ty) = —th[Ly + Cpi (T; — T)], (2.21)
(2.22)

pys(S —Sp) = —m(S, — S)).

The first equation (2.20) represents a linearization of the liquidus relationship (i.e. the freezing
temperature of seawater at a given depth), where T}, , p , and S, are the temperature, hydrostatic
pressure, and salinity at the ice-ocean boundary, respectively. For seawater, 1; = —5.73 - 1072 2C is
the freezing point slope; 1, = 8.32 - 1072 2C is the freezing point offset; and A; = 7.61 - 10~* e&C m™
is the depth-dependent freezing point slope. Conservation of heat and salt in the ice-ocean
thermodynamic equilibrium are represented by equations 2.21 and 2.22, where the specific heat
capacity for seawater (Cy,,) and ice (Cy;) take the values of 3974 and 2009 J kglK?, respectively. The
velocity-dependent turbulent transfer coefficients of heat and salt, yr g, are also considered
proportional to the plume vertical velocity:

1/2 (2.23)
Yrs = Cd/ I'rsU,

where C;/z and I'r ¢ are the drag and turbulent-transfer coefficients, respectively. The thermal and

haline Stanton numbers are defined by C;/ZFT,S, for which we take the values proposed by Jenkins et
al. (2010) (see also Table 2.2.1 at the end of this section).
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COMPONENT 4: THE LINE PLUME MODEL (De Andrés et al., 2020, 2021)

The parameterization of the buoyant plume formed by discharges of subglacial meltwater is described
here. The buoyant plume theory is a common tool for gaining insight into plume dynamics and the
dominant controls on their variability (Carroll et al., 2015, 2016; Cowton et al., 2016; Jenkins, 2011).
The limited information we have on plume geometry suggests that the truncated line plume model
(Jenkins, 2011) (Fig. 2.2.9) is the most appropriate one for plumes driven by subglacial discharge at
tidewater glaciers (Fried et al., 2015; Jackson et al., 2017).

Tidewater Glacier
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I Ice
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[
[
| —>
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| ocean ToSs
I y water
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|flow

Figure 2.2.9 Schematics of a) the buoyant plume formed from freshwater subglacial discharges in tidewater
glaciers, and b) the 1D-line plume model representing the buoyant plume phenomenon (from Jenkins, 2011).

Mathematical formulation of buoyant line-plumes

The model is steady in time and homogeneous over the plume cross-section (“top hat”), leaving the
along-flow direction (z in our case, assuming vertical ice face) as the only independent variable. The
evolution of the plume properties, thickness (D), vertical velocity (U) and density (p) along the vertical
tidewater face, is described by three ordinary differential equations that express the conservation of
fluxes of mass, momentum and buoyancy:

d 2.24
E(DU) = é+l’h, ( )
d 2.25
E(DU2)=Dg’—Cdu2, ( )

(2. 26)

d
E(DUp) = épg +1hpp —v(P — pp),

where subscripts a and b indicate ambient and boundary (at the ice-ocean), respectively.

The reduced gravity is defined as
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. (pa—p) (2.27)
Po

and the entrainment rate is considered as a linear function of the plume velocity, i.e.

)

2.28
e=alU, ( )

where « is the entrainment coefficient.

Since p is calculated from observations of temperature and salinity, Eq. 2.26 is split in two equations
which conserve the fluxes of heat and salt in the plume, such that:

d _ _ (2. 29)
E(DUT) = &Ty + Ty —yr(T —Tp),

d . : (2.30)
E(DUS) =eéS, +mS, —ys(S—Sp) .

Turbulent transfer coefficients of heat and salt, yr s, where previously defined in Eq. 2.23 and are both
dependent on the plume velocity.

The plume model is closed using the thermodynamic equation of state (TEOS-10, McDougall and
Barker, 2011) to calculate the plume and ambient densities (o and p,, respectively) and the melt rate,
1 (also denoted R,;,), calculated by virtue of Eqns. 2.20-2.23, which state the heat and salt balance at
the ice-ocean interface as well as the requirement that the interface temperature is at the local
freezing point (previously described in Section 2.2.4).

Numerical modelling and calibration

The MATLAB software was selected to build up our routine to solve the above-described line-plume
model equations. The model is initialized by prescribing the ambient conditions, T,(z) and S,(2), a
given width of the subglacial channel (W) and the velocity at which the freshwater is discharged
through the subglacial channel (Usg = Qsg/Achanner)- Sensitivity analysis of plume properties to S, (2)
and Qg4 were performed to evaluate the plume model behaviour and to calibrate a.

¢ Model sensitivity to the entrainment coefficient («):

We run our plume model considering a 150-m deep fjord, a fixed W of 100 m and a constant Qs of
120 m3 s’1. To simulate the ambient fjord waters, we assumed a linearly stratified water column due
to salinity gradient, such that S,(z = 0) = 26 gkg*and S,(z = —150) = 34 g kg, while maintaining
constant temperature, T,(z) = 1 2C. Based on specialized plume-model literature (Carazzo et al.,
2006; Kaminski et al., 2005) and fjord-applied studies (Mankoff et al., 2016; Slater et al., 2016; Stevens
et al., 2016) we run our model for values of a ranging from 0.08 to 0.12. According to Eq. 2.28, higher
values of a lead into larger entrainment rates of ambient waters into the plume, causing heavier, wider
and slower plumes, which also translate into smaller melt rates (R,;) (Fig. 2.2.10). For our coupled
model, we will use @ = 0.1, since it is an intermediate value and has been successfully used in multiple
line plume model studies (Jackson et al., 2017; Slater et al., 2016).
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Figure 2.2.10 Modelled plume-vertical profiles of a) thickness, b) velocity, c) melt rate, d) temperature, e) salinity,
f) T-S diagram and g) density, resulting from different values of « (0.12 in blue, 0.10 in black and 0.08 in red).
Ambient profiles are shown in grey lines.

e Model sensitivity to ambient salinity (S,(z)) and subglacial discharge (Qg4):

In this test, we run our plume model considering also a 150-m deep fjord and a fixed W of 100 m. Using
constant @ = 0.1, Q54 was varied here from 60 to 180 m* s™. We tested the model performance under
two configurations for the ambient fjord waters. The first one equals those of the previous experiment:
we assumed a linearly stratified water column due to salinity gradient, such that S,(z = 0) = 26 gkg
Yand S,(z = —150) = 34 g kg*. The second configuration becomes simpler by assuming a constant
salinity profile, S,(z) = 34 g kg™. Both configurations keep a constant temperature profile, T,(z) = 1
9C. Regarding the impact of (4, we observe that, for both ambient configurations, higher fluxes
produce higher plume velocities (Fig. 2.2.11b), which translates into higher melt rates (Fig. 2.2.11c)
than those obtained from lower @, fluxes. Moreover, the higher the Q4, the lighter the plume, which
reaches its neutral buoyancy (plume density equals ambient density, just for the stratified
configuration) at a depth higher up than those heavier plumes resulting from lower discharge fluxes
(see dashed horizontal lines in Fig. 2.2.11g). The effects of ambient salinity on modelled plume
properties are shown in Fig. 2.2.11 (red lines are for the linearly stratified ambient waters and blue
lines for uniform ambient profiles). We see how stratification exerts a dampening effect on plume
velocity, resulting on slower, thicker and lighter plumes. Stratification also reduces the submarine melt
rates along the glacier front (Fig. 2.2.11c) and promotes plume suppression of the neutral buoyancy
depth (Fig. 2.2.11g). To diminish the errors caused by these two variables in our coupled model, Q5,4
and S, (z) will be inferred and constrained, respectively, from observations.
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Figure 2.2.11 Plume model results from considering Q,, from 60 to 180 m® s™ under two different ambient
profiles. Red lines are results from linearly stratified fjord waters and blue lines from vertically homogeneous
fjord properties. The modelled plume properties are a) thickness, b) velocity, c) melt rate, d) temperature, e)
salinity, f) T-S diagram and g) density. Black lines correspond to the ambient profiles.

COUPLING THE ICE-OCEAN MODEL COMPONENTS

We begin by describing the glacier-fjord coupled model. Both the glacier and the fjord models are
asynchronously called by an offline master script, whose code we wrote in GNU bash (Unix shell). The
latest version developed and run in this project was the “script_for_coupling_model_v6.sh “. As
sketched at the beginning of this Section 2.2.1, the coupling between our glacier and fjord models is
accomplished through two main mechanisms (see schematics of Fig. 2.2.12): 1) Depth-dependent
submarine melt rates, m(z), are daily estimated and weekly integrated, SMR(z), by the fjord model.
These SMR(z) are used to modify the shape of the submerged part of the glacier front (Fig. 2.2.12).
The resulting changes in the front shape define a new glacier model domain, which is remeshed by the
glacier model and might imply changes in the glacier stress regime near the front (Todd and
Christoffersen, 2014). 2) Front position changes resulting from the glacier dynamics model modify the
fjord domain length and the submerged part of the front. The submerged ice front (left fjord boundary)
is assumed to remain vertical at any time (even in the absence of iceberg calving), since changes in ice-
front shape does not have a significant effect on submarine melt rates (Slater et al., 2017). Velocity
fields in the fjord are linked to grid cell position rather than actual locations. Although this implies a
potential shift of the fjord velocity field, we ensure coherent motion near the glacier front at each
simulated week. Following similar studies (Seroussi et al., 2017), glacier and fjord models are run with
different spatial and time resolutions to ensure appropriate simulation of the relevant processes
involved in each model. They run asynchronously and automatically, exchanging information every
modelled week. The choice of this frequency of intercommunication between both models is
supported by two main arguments: 1) there is no significant variation in submarine melting within a
single week of simulation, and 2) the glacier-model time-step is one week.
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Note that our fjord model is unable to reproduce any variation of potential forcing with a time scale
shorter than a week, such as short-term variations in subglacial discharge intensities (peaks in surface
melting due e.g., to heavy rain events or surface temperature peaks) or sudden intrusions of Atlantic-
water masses through the fjord mouth. Although the submarine melt rates might vary significantly
because of these processes, the available observations are too sparse to account for them.

The latest version of the glacier-plume coupled model developed and run in this project was the
“script_for_coupling_plume_model_v6.sh “. As described above for the glacier-fijord model, the
coupling between our glacier and plume models is also accomplished through the same two main
mechanisms (see schematics of Fig. 2.2.12): 1) Depth-dependent submarine melt rates are estimated
weekly by the plume model and used to modify the morphology of the submarine glacier front. The
glacier model is run with a new domain, which is accordingly remeshed to fit the new front geometry.
2) Front position changes resulting from the glacier dynamics model modify vertical plume domain
(the submerged part of the front), which is assumed to be vertical at any time (Slater et al., 2017).

In order to facilitate the information for the reader, all parameters and some model variables used in
our coupled model have been summarized in Table 2.2.1.

| Available Ice Model | Ocean Models developed in this thesis
Glacier Fjord

H_I
Interface

A\ \/ J/

Ice Model OUPut | Front | Fior;‘?‘glume input | Ocean Model
set up + data Position e, set up + data
X
input New « Submarine output
Front Shape Melt Rates |

Figure 2.2.12 Flow diagram of modelling and coupling among the different system components.
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Table 2.2.1 Model variables and parameters used within Section 2.2.1, grouped in terms of the different
components of the coupled model.

Parameter/variable

Description

Value and units/
Equation/s (units)

9
Glacier component

Pi

Fom> 3 3

C
d
Fjord component

p

Cow
Cpi
Cy*r,
o
m
Plume component
Ca
é
a

Gravity acceleration

Ice density

Shape factor

Half width at the glacier surface
Effective viscosity

Power for polythermal glaciers
Glen’s softness parameter
Enhancement factor

Scalar local damage

Surface mass balance
Bottom-friction coefficient
Crevasse depth

Seawater density

Seawater reference density
Reference ocean temperature
Reference ocean salinity
Thermal expansion coefficient
Saline contraction coefficient
Reciprocal Coriolis parameter
Viscous kinematic coefficient
Water depth
Thermal-conductivity coefficient
Salt diffusive coefficient
Subglacial discharge flux

Weekly submarine melt rates

Freezing point slope for seawater
Freezing point offset
Depth-dependent freezing point
Specific heat capacity for seawater
Specific heat capacity for ice

Thermal Stanton number
Haline Stanton number

Melt rates

Drag coefficient
Entrainment rate

Entrainment coefficient

9.8 ms>

917 kg m3

Eqg. 2.3

From observations (m)
Eg. 2.5

3

0.1 bar®a?

1to4.6

0to0.4

From observations (m week™)
From inversion, Eq. 2.9
From tuning (m)

Eq. 2.11
1028 kg m3

10°C

35 psu or g kg!

1.7 - 1074K?

7.6 -107*

~107*s?

0.014 t0 0.14 m?s’?

From bathymetry obs. (m)
0.0014 to 0.14 m?s?
0.0014 to 0.14 m?s?

From observations (m3s)

From m, Egns. 2.20-2.22 (m week™?)

—5.73-1072 eC
8.32-1072oC
7.61-10~* eCm*
3974 J kglK
2009 J k'Kt
1.1-10%

3.1-10°°
From Egns. 2.20-2.22 (m s})

251073
From Eq. 2.28
0.08 to 0.12
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2.2.2. Partitioning into calving and submarine melting using the coupled models. A case study for
Hansbreen-Hansbukta glacier-fjord system

PHYSICAL SETTINGS & DATA

Hansbreen Glacier-Hansbukta Fjord system is a branch of the Hornsund fjord, in South-west
Spitsbergen, Svalbard, at ~ 77 °N (Fig. 2.2.13a). Hansbreen is a tidewater glacier about 16 km long and
2.5 km wide. It has a 1.5 km-wide calving front, with a vertical face that is ~ 100 m-thick at the central
flowline, of which 50-60 m are submerged. Surface velocity increases towards the terminus, reaching
values up to ~ 7 m week™ (Fig. 2.2.13b). Iceberg calving usually starts in May and ends in October,
showing a mean annual calving rate of ca. 250 m a™ between 1989 and 2000 (Blaszczyk et al., 2009).
Hansbukta is a ~ 2 km-long and shallow fjord (< 80 m in depth), with water depth close to the central
part of the glacier front of around 55-57 m.

Observational input data to the glacier model include surface velocities, front positions, ice-mélange
coverage, surface elevation, bedrock topography and surface mass balance. Ice surface velocities (Fig.
1b) were measured daily, from May 2005 to April 2011, at stakes located close to the flowline (Puczko,
2012) and from terrestrial laser scanner for the velocities at the glacier terminus (data provided by
Jacek Jania [University of Silesia] from surveying and data processing by Jacek Krawiec [Laser 3D], Artur
Adamek [Warsaw University of Technology] and Jacek Jania). Front position data and ice-mélange
coverage from time-lapse camera images taken every three hours (Fig. 2.2.13c) were processed and
averaged over weekly intervals between December 2009 and September 2011 (Otero et al., 2017).
Surface mass balance (SMB) was obtained from European Arctic Reanalysis (EAR) data, with 2 km
horizontal resolution and hourly temporal resolution, constrained by automatic weather stations and
stake observations (Finkelnburg, 2013). Mean SMB and surface meltwater (SMW) at each flowline
point was calculated by applying bilinear interpolation to the available 2-km resolution hourly
accumulation and ablation data (Fig. 2.2.13c). The surface elevation came from the SPIRIT Digital
Elevation Model (DEM) for gentle slopes, with a 30 m root-mean-square (RMS) absolute horizontal
precision and 40 m resolution. Bedrock topography was inferred from ground-penetrating radar (GPR)
data (Grabiec et al., 2012; Navarro et al., 2014).

Available oceanographic data overlap glaciological data only from April to August of 2010, limiting our
modelling period to ~20 weeks. Oceanographic data consists of conductivity-Temperature-Depth
(CTD) profiles in Hansbukta (Figs. 2.2.13d, e). All the data were vertically averaged every 1 dbar (1 kPa).
Data gaps (CTDs for missing weeks) were linearly interpolated, maintaining the vertical structure of
the water column (i.e., the interpolation was applied to each vertical level; Fig. 2.2.13d, e).
Temperature (salinity) in Hansbukta experience strong seasonal variability, ranging from -1.8 to 3 °C
(34.6 to 31.8 g kg™?), from April to August, respectively.
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Figure 2.2.13 a) Hansbreen-Hansbukta system, Svalbard (inset), displayed on an ASTER image in UTM
coordinates (m) for zone 33X. The white triangle represents the position of a time-lapse camera used to measure
front position. The modelled flowline is defined by the red line (extended into Hansbukta) and blue dots indicate
the locations of the stakes for velocity measurements (orange dots are not used in our analysis). Yellow circles
in Hansbukta indicate the location of the CTD stations (~ 300 m from front) used to provide ambient fjord-water
properties; time evolution of b) ice surface velocities, increasing towards the terminus and measured at the blue
stakes in a); c) surface meltwater estimates (SMW, blue line) and ice mélange cover (red line; F: free, P: partial,
C: complete ); and d) temperature and e) salinity profiles in Hansbukta (measured at yellow CTD stations in a),
from April 1 to August 9, 2010, coincident with the yellow region in b) and c). Coloured lines represent
observations. Grey lines are interpolations, showing a continuous warming (freshening) in temperature (salinity)
with time.
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EVALUATION OF THE PERFORMANCE OF THE COUPLED MODELS

We here analyse the differences between the coupled glacier—fjord and glacier-plume models and
their performance on predicting the observed glacier front positions, so we can evaluate the goodness
of each coupled model. Note that both models were run under weekly forcing. Therefore, given the
steady-state nature of the plume model, there is just a weekly estimation of submarine melt rates. The
transient fjord model, however, allows to estimate weekly submarine melt rates based on daily
calculations. With our experimental design, our results do not provide information on the differences
in submarine melting under equal conditions (which has been already addressed, e.g. Carroll et al.,
2015), but on what each model is capable of representing under equal forcing conditions, and its
effects in terms of submarine melting, calving rates and front position changes.

Submarine melting

A common characteristic for both models is that submarine melt rates (SMR) increase as summer
progresses (Fig. 2.2.14), becoming maximum in week 17 (early August). We can interpret that part of
this increase in submarine melting is due to warmer fjord waters and the increase in (54 as summer
progresses (Fig. 2.2.13b, d). The SMR produced until week 7 is similar in both models, < 1 m week™,
and it is consistent with the low Qg4 /W (< 0.002 m* s™") and with the ambient temperature (< -1 °C)
during these weeks (see Fig. 2.2.13d). An important aspect is that maximum SMR takes place at the
sea surface (Fig. 4a) in the glacier-plume model. Having in mind that temperature profiles in Hansbukta
are vertically quasi-homogeneous (Fig. 2.2.13d), the fact that maximum SMR occurs in the vicinity of
sea level is the result of plume velocities and temperatures being highest at that level (e.g., around
0.53 m st and 2.8 °C, respectively, in week 16). This aspect differs from the results obtained with the
fjord model, in which the melting profile indicates that the maximum SMR occurs at intermediate
depths, at around 30 m (Fig. 2.2.14), where velocities and temperatures reach, for example, 0.55 m s
and 2.6 °C, respectively, in week 17.

In the case of the glacier-fjord model, the maximum SMR between weeks 1 and 11 is lower (there is
even refreezing), ranging from ~ 0.01 m week™ in April to ~ 2 m week™ at the end of June. That is, the
relative differences in maximum SMR between both models are larger in the first week, by
approximately 90%, becoming smaller as they approach week 11, when the relative difference
between maximum SMR is reduced to 33%.

From week 11 the glacier-plume model (-fjord model) shows maximum SMR of ~ 4 (2.5) m week™,
obtained in week 12 —early July— and ~ 16 (16) m week™" during weeks 17 and 18 —middle August. The
relative differences between the maximum SMR obtained with both models is reduced as the summer
progresses up to week 17 (SMR differences are minimum), then starting to grow again, but with
maximum SMR higher for the fjord model.
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Figure 2.2.14 Time-evolution of weekly submarine melt rates (SMR) estimated with (a) the glacier-plume and
(b) the glacier-fjord models. The submerged part of the ice front (all the coloured parts of the panels) increases
with time, as a consequence of Hansbreen advance towards Hansbukta basin.

Front position

In the absence of water in crevasses, both the glacier-plume and the glacier-fjord models exhibit a
similar pattern of continuous advance of the glacier front and no calving events when submarine
melting is not taken into account (Scenario 0 in Fig. 2.2.15a, b). Both models show discontinuous
progress under scenarios 1 and 2 of melting (realistic and enhanced scenarios, respectively), indicating
that stronger subglacial discharge might lead to more calving. However, there is no difference in
cumulative calving between scenarios 1 and 2 in the glacier-plume model, while a difference is
observed in the glacier-fjord model (Fig. 2.2.15c). In scenarios 1 and 2, the first calving event occurs
one week earlier (week 14) in the plume model compared with the fjord model (week 15). The total
frontal ablation over the summer due to calving, under Scenario 1 (Scenario 2), amounts to ~ 32 (30)
m in the plume model, while for the fjord model it is of ~ 17 (32) m (Fig. 2.2.15c). This might indicate
that higher submarine melting in the fjord model amplifies the instability of the glacier front,
promoting more calving. Overall, the three melting scenarios tested in our experiment predict glacier
front positions more advanced than those observed, which means that submarine melting alone is not
able to reproduce the observed front position.
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Keeping fixed the more realistic melting scenario of subglacial discharge (Scenario 1, see sensitivity
tests in Section 2.2.2, COMPONENT 2: THE FJORD CIRCULATION MODEL), we analyse the effect that
different values of crevasse water depth Dw (0, 2 and 3 m, kept constant throughout the simulation
period) cause on the front position for the glacier-plume (Fig. 2.2.15d) and glacier-fjord (Fig. 2.2.15e)
coupled models. The most evident feature in both cases is the positive relationship between Dw and
calving. With Dw # 0, the first calving event occurs between weeks 10-11 in both models, but for Dw
=2 m (Dw = 3 m), the plume model accumulates a total of ~ 70 (82) m of calving, higher than the 62
(73) m obtained with the fjord model (Fig. 2.2.15f). With identical configurations, both models predict
very similar front positions. In both models, the best-fit corresponds to Dw = 2 m, with a
root—-mean-squared error (RMSE) with respect to observations of ~ 12 m.
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Figure 2.2.15 Time-evolution of Hansbreen front position and cumulative calving (right panels) resulting from
the glacier-fjord (middle panels) and glacier-plume (left panels) models: (a), (b) and (c), the model run with no
influence of crevasse water pressure (Dw = 0 m) and assuming three different scenarios of submarine melting;
(d), (e) and (f), realistic submarine melt scenario (Sc 1) and three different values of Dw (0, 2, 3 m); (g), (h) and
(i) the model also runs with Sc 1 of melting, but Dw is now a function of surface melting (with f-ratios of 75, 100
and 130. Observed front positions are represented with black dots.
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In a second experiment, we set Dw as proportional to the surface melting throughout the summer,
i.e., Dw « f -SMW (see Fig. 2.2.13c), and analyse the sensitivity of the front position to parameter
funder melting Scenario 1. In Figs. 2.2.15g and 2.2.15h, we present the front positions of Hansbreen
obtained with the glacier-plume and the glacier-fjord models, respectively, for f = 75,100, 130. As
in the previous experiment, a positive relationship between Dw and calving rates is observed (Fig.
2.2.15i), though in this case as a function of parameter f. In the glacier—-plume model, the first
significant calving event occurs at week 11 for f = 100 and 130, and at week 12 for f = 75. These
first calving events coincide with those of the glacier—fjord model, except for f = 100, whose first
event takes place on week 12. However, none of the two models is able to capture the first observed
calving event in week 10, as it was predicted when fixing Dw = 2, 3. The cumulative calving in the
glacier—plume (glacier-fjord) model over the entire simulated period is 94 (91) m for f = 75,116 (114)
m for f = 100 and 144 (141) m for f = 130 (Fig. 2.2.15i). These results indicate that the submarine
melting generated by the plume model has a similar effect on calving than that resulting from the fjord
circulation model. The best fit configuration in both coupled models is that of Scenario 1 of melting
and f = 75, for which the RMSE with respect to the observed front position is of ~ 10 m in both cases.
In fact, the squared errors of the two models (under the best-fit configuration) calculated every week
show similar deviations with respect to observations (Fig. 2.2.16). Overall, both best—fit model
predictions overestimate the glacier front position (more advanced than observed), although larger
deviations concentrate within weeks 10-12, with longer observed glacier lengths (Fig. 2.2.16),
corresponding to the middle-end of June 2010. Such deviations coincide with the first and isolated
retreat event observed, which is not reproduced at all by any model or scenario. In fact, the first
simulated retreat actually occurs from week 12 to 13 for both models under the best-fit configuration.
In the glacier-plume model, however, the largest deviation from observations is of 25 m and takes
place on week 17 (see Fig. 2.2.15), when the glacier front starts an uninterrupted retreat. This differs
from the glacier-fjord model, where the maximum deviation, of 21 m, occurs at the end of the
simulation period (week 20), when the glacier has already retreated close to its initial position.
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Figure 2.2.16 Model residuals. Simulated vs observed front positions (glacier length) of the best—fit configuration
(Scenario 1 of submarine melting and factor f = 75 for crevasse water depth) resulting from the glacier-plume
(red crosses) and the glacier—fjord (blue blades) models.
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ICE DISCHARGE PARTITIONING: SUBMARINE MELTING + CALVING

Comparing the trends of cumulative calving and cumulative maximum submarine melting, we see a
similar pattern for both models (Fig. 2.2.16). The curve follows a discontinuous increase, where the
flat segments of the curve correspond to front advances subjected to submarine melting alone. The
steps, on the other hand, represent episodes of calving. It seems that melting acts to undercut the
front until the undercut section calves off. As described earlier, the first simulated front retreat
corresponds to week 12 to 13, accounting for almost 20 (12) m of calved front in the glacier-plume
(-fjord) model, when total maximum submarine melting of around 18 (10) m were already
accumulated until that week. These ablation differences between both models become smaller
towards the end of the simulation (when differences in the fjord boundary conditions between models
are smaller). At the end of the 20-week simulation, the glacier-plume (-fjord) model accumulates
total calving and maximum submarine melting of 94 (91) and 118 (108) m, respectively. These results
give a 1:1.2 ratio of linear frontal ablation between the two mechanisms, calving and submarine
melting, for both the glacier-plume and the glacier-fjord models. This ratio arises because at the end
of the time series there has been a short period of melting but not calving, leaving the terminus
undercut and primed for the next calving event. However, if measured immediately after the last
calving event (week 19), the ratio would be much closer to 1:1, meaning that calving keeps pace with
melting with no apparent multiplier effect.
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Figure 2.2.17 a) Comparison of cumulative calving against accumulation of maximum SMR resulting from
glacier-plume (solid line) and glacier—fjord (dashed line) models along the simulation period. Note that the first
simulated front retreat (calving > 0 m) corresponds to week 12 to 13 (Fig. 2.2.15g, h, i). Ice discharge partitioning
into calving and submarine melting obtained from b) the glacier-plume and c) the glacier-fjord coupled models.

Given that we have the weekly submarine melt profiles (melt at all depths) and that calving always
results in a vertical icefront, we can calculate the frontal ablation area lost by each mechanism and
obtain the ice discharge partitioning for Hansbreen during the melt season of 2010 (Fig. 2.2.15b, c).
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3. Synthesis on achievements concerning stakeholder needs and
data gaps

The main needs by the stakeholders summarized at the end of Section 1.1 have been satisfied through
the demonstration for stakeholders (both video and this accompanying written report) developed in
the frames of INTAROS Deliverable 6.17. In particular:

e The GEUS solid ice discharge (https://dataverse0l.geus.dk/dataverse/ice discharge) and
freshwater runoff (https://dataverse01.geus.dk/dataverse/freshwater) products, available
through the INTAROS data portal and the GEUS dataverse repository provide, respectively, high
spatial scale (glacier/basin scale) and high temporal resolution (12 days and 1 day, respectively)
estimates of solid ice discharge and freshwater runoff from all of Greenland glaciers (limited, of

course, to the marine-terminating ones in the case of solid ice discharge). Further information on
these data products can be found in Mankoff et al. (2020a and 2002b, respectively).

e The modelling-based approach developed by UPM allows separating the contributions to solid ice
discharge by its two main components, iceberg calving and submarine melting. In addition to this
report and its accompanying videos (long and short versions, available through the INTAROS
YouTube channel and the education material of the INTAROS website), further information on this
modelling approach can be found in De Andrés et al. (2018, 2020, 2021).

The two most notable gaps detected are:
e Data gaps: Two main data gaps have been detected:

= The GEUS solid ice discharge and freshwater runoff tools are available only for Greenland
glaciers, but not for the rest of the Arctic. Having available similar data products for other
Arctic regions, such as the Canadian Arctic, Svalbard and the Russian Arctic, would be most
beneficial for e.g., getting updated estimates of contribution of mass losses from Arctic glaciers
and ice sheets to sea-level rise. How to fill this data gap is further discussed in Chapter 4.

= As The UPM modelling-based approach is very data demanding, it is not easy to find glacier-
fjord systems for which the various required data are available. In the case study developed in
Section 2.2.2 we saw that, even for an intensively monitored glacier-fjord system such as
Hansbreen-Hansbutka, the necessary observations overlapped only over s very short period.

e Modelling gaps: The modelling-based approach developed by UPM to quantify the separation of
solid ice discharge into iceberg calving and submarine melting shows the three following most
notable limitations:

= The operational version available is a two-dimensional model, although it allows for
approximate three-dimensional estimates such as those described at the end of the video
demonstration. The INTAROS UPM research team is currently working on overriding this
limitation by developing a fully 3-D version of the coupled glacier-fjord/plume model.

= |t has been developed for tidewater glaciers, so it is not immediately applicable to floating
tongues and ice shelves. This, however, is not an important limitation for the Arctic region, as
such kind of floating ice bodies are rather scarce in the Arctic.
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= |tis extremely data-demanding, requiring a variety of data that are seldom available for many
Arctic glaciers. Moreover, it does not use — as input — observational data such as the solid ice
discharge available through the corresponding GEUS data product (the freshwater runoff from
the GEUS product can, however, be readily incorporated as input data to the model). This is
because the coupled glacier-fjord model computes by itself the amounts of iceberg calving and
of submarine melt at the glacier front, whose sum is the solid ice discharge (assuming no front
position changes; otherwise, they must be added). This, however, provides an independent
data validation for the GEUS ice discharge product (or conversely). It would be useful, anyway,
to develop a simpler procedure (first approach) to allow the partitioning of ice discharge into
iceberg calving and submarine melting directly using the output from the GEUS solid ice
discharge and freshwater runoff discharge products.

How to fill the above data and modelling gaps is further discussed in Chapter 4.

4. Outlook and recommendations for roadmap

The GEUS solid ice discharge and freshwater runoff products available through the INTAROS data
portal and the GEUS Dataverse repository, as well as the UPM modelling-based approach to quantify

the contributions of iceberg calving and submarine melting to solid ice discharge, have a large potential

to estimate the current contributions of Arctic glaciers and ice sheets to sea-level rise, as well as gaining

insight into the physical underlying processes, thus improving their prediction capability and leading

to more accurate projections of sea-level rise under given greenhouse gasses emission scenarios.

The main recommendations for roadmap are linked to filling the data and modelling gaps described in

the previous chapter. In particular:

To develop products like the GEUS solid ice discharge and freshwater runoff products for
Greenland for other Arctic regions, i.e., the Canadian Arctic, Svalbard, and the Russian Arctic. In a
similar way as GEUS has assumed this responsibility for the Greenland ice sheet and its outlet
glaciers, other research Institutions in Canada, Svalbard and Russia could take on the responsibility
for such task regarding their corresponding Arctic territories. This would require a sustained
investment, but would be most beneficial for getting improved and updates estimates of the
contribution of Arctic glacier wastage to sea-level rise.

To establish, as recommended in Deliverable 6.16, super sites where multi-disciplinary data are
acquired, with the aim of overcoming the problem of the lack of observations co-located in time
and space, as required e.g., by the UPM-developed model-based approach to separate the
components of solid ice discharge.

To improve the modelling-based approach developed by UPM, which separates solid ice discharge
into iceberg calving and submarine melting, along the lines described below:

= To create an operational fully three-dimensional version of the coupled glacier-fijord/plume
model developed so far. This work is under way, and rather advanced, but will not be
completed before the termination of the INTAROS project. Its completion, however, will be a
notable legacy of INTAROS project.
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= Toextend the model, currently applicable to tidewater glaciers, to encompass floating tongues
and ice shelves. The necessary changes would mostly affect to the glacier component of the
coupled glacier-fjord/plume model and its finite-element gridding routine.

= Todevelop an alternative approach, based on a simpler model, capable to directly use as input,
in addition to the GEUS freshwater runoff product results (the model already has this
capability), the results generated by the GEUS ice discharge product, in such a way that the
procedure could directly estimate the approximate partitioning of this discharge into iceberg
calving and submarine melting. Such a quantification of the respective shares would be less
exact than that produced by the currently available model (or its 3-D extension) but would be
much less data demanding (in fact, the most critical data would be readily available) and much
less computational-time consuming.

5. Summary

We here summarize the main aspects of Deliverable 6.17, with emphasis on its relation to other work
packages, and individual tasks and deliverables of INTAROS project.

D6.17 is one of the outcomes of Task 6.4-Natural hazards in the Arctic, which is part of the Work
Package 6-Applications of iAOS towards Stakeholders. This deliverable describes a modelling-based
approach developed by UPM for the calculation of solid ice discharge as the sum of iceberg calving and
submarine melting, so allowing the partitioning of ice discharge into its two main components, which
is of much interest for the forecasting of the contribution of glacier wastage to sea-level rise. Note that
sea-level rise, considered as a planetary-scale natural hazard, is one of the focal themes of Task 6.4-
Natural hazards in the Arctic. Moreover, D6.17 provides a tool for validation of the observation-based
estimates of ice discharge such as those provided by the solid ice discharge product developed by GEUS
and introduced in D6.16 (Task 6.4), whose error can be estimated as described in its Section 4.3.4. The
modelling approach is highly data-demanding, and hence it was conceived to be applied to selected
Greenland and Svalbard glaciers. In particular, the coupled glacier dynamics-fjord circulation, and its
alternative, simpler version glacier dynamics-buoyant plume model, have been applied to Hansbreen
glacier-Hansbutka fjord system, in southern Svalbard. The plume parameterisation model was first
tested for the Saqqarliup Sermia glacier- Saqqarleq fjord system, in central-western Greenland.

The coupled model can be fed, for subglacial discharge, by the output of the observation-based

estimates of freshwater runoff provided by freshwater runoff product developed by GEUS and

introduced in D6.16. Other typical input data to the model are:

e Glacier surface velocities (e.g. SAR remotely sensed velocities such as those provided by the
European Space Agency (ESA) Sentinel-1 mission, available through the Copernicus Open Access
Hub (https://scihub.copernicus.eu/).

e Glacier ice-thickness data such as those from the Glacier Thickness Database (GlaThiDa
Consortium, 2020; Gartner-Roer et al., 2014; Welty et al., 2020), maintained under the frameworks
of the Global Terrestrial Network for Glaciers (GTN-G, https://www.gtn-g.ch/), jointly run by three
operational bodies (the World Glacier Monitoring Service (WGMS), the US National Snow and Ice
Data Center (NSIDC), and the Global Land Ice Measurements from Space (GLIMS) initiative) and
hosted by WGMS (https://www.gtn-g.ch/glathida/).
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e Surface mass balance data and glacier front position changes such as those available from the
Global Glacier Change Bulletin (GGCB) series (WGMS, 2021b) and the Fluctuations of Glaciers (FoG)
database (WGMS, 2021a) and browser hosted by the WGMS (http://wgms.ch/fogbrowser/).

e Glacier outlines from the Randolph Glacier Inventory (RGI Consortium, 2017), hosted by the
National Snow and Ice Data Center (NSIDC) (https://www.glims.org/RGl/).

The latter three databases were among those assessed under various tasks, and associated

deliverables of INTAROS WP2-Exploitation of existing observing systems, namely:

e Task 2.1 (Assessment of existing Arctic Observing Systems and identification of essential gaps
relative to EAV and stakeholders needs) D2.7-Report on present observing capacities and gaps:
Land and cryosphere.

e Task 2.2 (Exploitation of existing data towards improved data products) D2.8-Report on
exploitation of existing data: Land and cryosphere.

e Task 2.4 (Synthesis and recommendations) D2.10-Synthesis of gap analysis and exploitation of the
existing Arctic observing systems and D2.11-Report on the maturity of existing observing systems
in the Arctic.

Moreover, ice-thickness data such as that stored in GlaThiDa database are collected by ground-

penetrating radar (GPR) systems such as VIRL7 and VIRLS, the latter being an improvement of the

former, developed by UPM under INTAROS Task 3.1-Coastal Greenland of WP3-Enhancement of

multidisciplinary in situ observing systems. The corresponding information is part of deliverables:

e D3.1-Report on technical development and system design: Coastal Greenland

e D3.6-First implementation of the observing system: Data delivery and report on results of the
observing systems in the coastal Greenland

e D3.10-Final implementation of the observing system: Data delivery and report on results of the
observing systems in the coastal Greenland

The GEUS-developed solid ice discharge and freshwater products have been made accessible trough
the INTAROS data portal, as part of Task 5.3-Integrate data from existing repositories into iAOS of WP5-
Data integration and management.

The video demonstrations (long and short versions) generated as part of the present deliverable have
been made available through the YouTube channel and the education material of the INTAROS website
as part of Task 7.4-Interdisciplinary science dissemination of WP7-Dissemination and outreach.

Finally, the recommendations for Roadmap described in Chapter 4 will be used as input of D1.10-
Roadmap for sustainable Arctic Observing System of WP1-Requirements and strategy for a Pan-Arctic
system.
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